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Part 1

General Introduction






Chapter 1

Introduction and Organization of

the Thesis

1.1 Overview of Thesis

By nature, Ecology and Epidemiology are two distinct fields of research. A lot of works
have already been done in these two subjects.

The main objective in the present investigation is to observe the dynamics of some eco-
logical and epidemiological issues with some ecological and epidemiological factors. The
present thesis is divided into two parts based on ecological and epidemiological issues.
The first four chapters deal with the problem of ecological issues such as Phytoplankton-
Zooplankton-Fish dynamics; prey-predator dynamics where prey population is subdi-
vided into juvenile prey and adult prey; effect of harvesting and additional food in a
food chain model (devoted two chapters). The last four chapters deal with the prob-
lems of some epidemiological issues such as Cholera (devoted two chapters), Malaria and
Japanese Encephalitis.

The above issues are modelled with the help of ordinary differential equations. Basi-
cally all the mathematical models represent dynamical systems. In most of the models,
the dynamics have been represented through autonomous dynamical system and some
are represented through non-autonomous dynamical systems (Chapters 6, 8, 9). The
dynamics of such system have been analyzed through local and global stability analysis.
To study the global dynamics a suitable Liapunov functions and geometric approach
are used. Moreover, the bifurcation analysis and exclusive numerical analysis have been
performed to substantiate the analytical findings.



CHAPTER 1. INTRODUCTION AND ORGANIZATION OF THE THESIS

Before entering to describe the main motivation and objective of the thesis, I would
like to take opportunity to present the brief historical literature reviews on ecological
and epidemiological problems.

1.2 Historical Literature Reviews on Ecological and

Epidemiological Problems

1.2.1 Historical Literature Review on Ecological Problems

An ecosystem model is the mathematical representation of an ecological problem, which
is studied to gain understanding of the real system. First well-known ecological model
on the predator-prey dynamics was developed by Lotka [138] in 1925 and then Vito
Volterra [242] in 1926. This model consists of a pair of ordinary differential equations
with a prey species and the other its predator. The dynamics of this particular type
of model and its various modifications have received great attention since last 90 years
or so. The book of Gause (1935), ‘the struggle for existence’ is a good representa-
tive of some mathematical models on ecology. In 1956, Lotka [139] published a book
on mathematical modelling on ecological system. In this book, different predator-prey
mathematical models had been discussed. Rosenzweig and MacArthur [191] studied the
graphical representations and stability conditions of a predator-prey system in 1963. In
1967, MacArthur and Wilson [144] investigated the interaction between different species
in an island. DeAngalis et al. [56] explored a modelling study on trophic interaction in
1975. Maynard-Smith [151] studied different types of mathematical models on ecological
system in 1978. In 1980, Freedman [72] investigated some deterministic mathematical
models on population ecology. It is noted that bifurcation is a common feature of a
predator-prey dynamics. In 1981, Hassard et al. [91] studied the theory and application
of Hopf bifurcation on a nonlinear system. Freedman and Waltman [73] investigated
about the persistent of three species predator prey system. In 1985, Freedman and
So [74] explored the global stability analysis of persistence of a simple food chain model.
An important contribution in the field of ecological system has been made by J. D. Mur-
ray. We find an extensive literature on this subject in his book ‘Mathematical Biology’
(1989). Freedman and Mathsen [75] studied the effects of ratio-dependency on the persis-
tence of predator-prey system in 1993. In 1996, Chattopadhyay [42] reported the effects
of toxic substances on a two-species predator-prey system. Li and Muldowney [131] re-
ported the geometric approach on the global stability of a nonlinear system in 1996. In
the same year, Perko [181] investigated the general theory of dynamical system. Bazykin
et al. [22] studied the dynamics of different types of interacting populations in 1998. In
1999, Stone and Hart [228] reported the effects of immigration on the dynamics of a
simple population model.



1.2. HISTORICAL LITERATURE REVIEWS ON ECOLOGICAL AND
EPIDEMIOLOGICAL PROBLEMS

It is noted that functional response has a great importance for the study of predator-prey
dynamics. In ecology, it is the intake rate of a predator as a function of food (prey) den-
sity. At first, the concept of functional response has come from the work of Holling [98] in
1959. Then in 1977, Levin [129] investigated predator-prey system with different types of
functional responses. After that, many research works have been done on predator-prey
models with different types of functional responses. Gunog and DeAngelis [85] studied
the effects of Holling type I functional response on predator-prey dynamics in 2011. In
2015, Madhusudanan and Vijaya [145] investigated the effects of Holling type II func-
tional response function on predator-prey dynamics. Morozov [156] reported the role
of Holling type III functional response on predator-prey interaction in 2010. Note that
all these functional responses are prey dependent. In 1989, Arditi and Ginzburg [10]
studied the impact of the ratio (prey and predator) dependent functional response on
a predator-prey model. In 1992, Berryman [25] reported the necessity of ratio depen-
dent functional response on predator-prey system. Kuang and Beretta [123] analyzed a
ratio-dependent predator-prey model in 1998. Xiao and Jennings [252] investigated bi-
furcation analysis of a ratio-dependent predator-prey system in 2005. Li and Xiao [130]
studied the bifurcation analysis of a predator-prey system with Holling and Leslie type
functional responses in 2007. Yu [256] reported the effects of Bedington-DeAngalis type
functional response on a predator-prey dynamics in 2014. It is better to mention that the
use and types of functional responses are debatable issues whether a specific dynamics
is to be prey dependent/predator dependent or both. Recently, scientists are thinking
that it is better to represent the dynamics phenomenologically not mechanistically.

Plankton are multiple group of organisms that live in the water column of large bodies
of water on sea, lake, river etc. and are the primary food source for the living ani-
mal in aquatic ecosystem. These are directly consumed by Zooplankton. So, the study
about the dynamics of Phytoplankton and Zooplankton is very important in our society
since these are the primary food source for all living organisms on the earth. In 1961,
Hutchison [103] reported the dynamics of Plankton and its impact on the predator-prey
system. Steel and Henderson [226] investigated the dynamics of the Plankton popula-
tion through mathematical model in 1981. After that in 1992, Steel and Henderson [227]
reported the impact of predation in Plankton system. Huxel and MaCann [104] inves-
tigated the food web stability and the influence of trophic flow on the predator-prey
system in 1998. In 2002, Chattopadhyay and Pal [39] studied the impact of viral infec-
tion on the Zooplankton-Phytoplankton system through mathematical model. Again, in
2003, Chattopadhyay et al. [40] reported the effects of nutrient on the Phytoplankton
dynamics in the presence of viral infection. In 2007, Pal et al. [169] investigated the
impact of toxin for the occurrence and termination of planktonic bloom. In the presence
of environmental fluctuation, Pal et al. [170] studied the effects of competition for the
occurrence and control of planktonic bloom in 2009. The research is still going on. I like
to devote a chapter on this issue.
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It is well known that, refuge is the behavior of a prey which helps to escape itself from the
predation by a predator. It has great effect to stabilize or destabilize of a predator-prey
system. In 1987, Sih [215] studied the impact of prey refuge on the stability of a predator-
prey system. Ruxton [195] reported the effects of using refuge in a short time duration
of a predator-prey system in 1995. In 2006, Huang et al. [100] investigated the impact
of prey refuge on a predator-prey system with Holling type III functional response. Liu
and Han [135] studied the influence of prey refuge on a diffusive predator-prey system in
2011. In 2012, Jana et al. [107] investigated the global stability and bifurcation analysis
of predator-prey system in the presence of prey refuge. In the same year, Sarwardi et
al. [208] studied the effects of prey refuge on a competitive predator-prey system. In
2013, Devi [58] has reported the effects of prey refuge on a ratio-dependent predator-
prey model.

Due to the prey refuge behavior, the predator population cannot consume always suf-
ficient amount of foods for their growth. In such a case, the additional food supply
may control this food crisis. Srinivasu et al. [223,224] reported the impact of additional
food on pest management and biological controls of predators. In 2012, Kar et al. [115]
investigated the role of supplying additional food on an exploited predator-prey sys-
tem. In the same year, Gakkhar and Singh [79] studied about the control of chaos in
a predator-prey system by supplying additional food to the system. Prasad et al. [185]
reported the effects of additional food to the dynamics of predator-prey system with
mutually interfering predators in 2013. In 2014, Sahoo and Poria [198,201] investigated
the role of additional food to control the chaos and its effects on time delay in an eco-
epidemiological model. Sen et al. [211] have studied the impact of supplying additional
food in a predator-prey model with harvesting in 2015.

Now, harvesting is the collection of mature crops from the field. It is highly demandable
area of research for the conservation biologist and ecologist who work on the biological
conservations, because of continuous harvesting may cause the extinction of harvested
population. So, the optimal use of harvesting is necessary to save the population and
to maximize the harvesting. It has great effects on the predator-prey dynamics. In
1983, Hannesson [89] reported the effects of harvesting on a ecologically interdependent
fish species. Ragozin and Brown [188] studied the harvesting policies and non-market
valuation of a predator-prey system in 1985. Then, Clark [49,50] investigated the bio-
economic modelling, fishery management and also the optimal management of renewable
resources. After that, Flaaten [69] reported the role of bio-economics of sustainable har-
vest between competing species in 1991. In 1998, Dai and Tang [54] investigated the
effects of harvesting on the global dynamics of predator-prey system. Peng et al. [180]
studied the impact of predator harvesting on predator-prey dynamics in 2009. In 2015,
Pal et al. [172] reported the effects of predator harvesting in a fuzzy parameter based
predator-prey model. Madhusudanan and Vijaya [145] studied the impact of quadratic
harvesting on a predator-prey system with Holling type functional response in 2015. The
above studies influenced me to study the dynamics of food chain models with additional
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food and harvesting.

It is noted that in 1987, Ives and Dobson [106] studied the effects of anti-predator be-
havior in the dynamics of a predator-prey system. Abrams and Matsuda [2] investigated
the effects of adaptive predator and anti-predator behavior in a two prey one predator
system in 1993. In 1998, Krivan [121] studied the effects of optimal anti-predator behav-
ior of prey on predator-prey dynamics. In 2007, Ramao-Jiliberto et al. [189] reported the
effects of pre-encounter and post encounter inducible defence in a predator-prey system.
Choh [48] investigated the impact of predator-prey role reversals, juvenile experience and
adult anti-predator behavior on the predator-prey dynamics in 2012. In 2015, Tang and
Xiao [230] studied the impact of anti-predator behavior and bifurcation analysis of the
predator-prey dynamics. Gakkhar and Gupta [80] investigated the effects of prey pre-
dation, competition and commensalism in a predator-prey system in 2016. The above
studies motivated me to study the dynamics of prey-predator system by dividing the
prey population into two groups such as juvenile prey and adult prey.

1.2.2 Historical Literature Review on Epidemiological Prob-

lems

An epidemic model is a simplified means of describing the transmission of communicable
disease through individuals. The work of mathematical modeling of spread of infectious
disease was started in 1760 by Daniel Bernoulli [24]. In 1926, McKendric [152] inves-
tigated about the application of mathematics to medical problems. In the next year,
Kermack and McKendric [119] published the first authentic work on mathematical mod-
elling of infectious disease. They considered a simple deterministic model of an epidemic
problem and analyze the spread of the disease. After that many works of modelling of
infectious disease had been done by many researchers. In 1975, Bailey [18] studied the
applications of mathematical theory applied to the infectious disease modelling. May
and Anderson [150] investigated the regulation and stability of a host-parasite system in
1978. In 1979, Cooke [52] studied the stability of a vector disease model. Hethcote [93]
investigated the asymptotical behavior of a deterministic epidemic model in 1973. In the
same year, Hethcote [94] studied the effects of vaccination for controlling the epidemic.
In 1976, Hethcote [95] explored the dynamical analysis of various type of communicable
disease model. Hethcote and Van den Driessche [96] reported the impact of nonlinear
type incidence rate on the infectious disease models in 1991. In 1995, Smith and Walt-
man [222] studied the dynamics of microbial competition in a disease transmission model.
Zhao [262] published a book on “Dynamical System in Population Biology” in 2003. In
the same year, De Barros et al. [57] investigated the SI type epidemic model in a fuzzy
environment by taking transmission parameter as fuzzy. In 2006, Wang [243] studied the
backword bifurcation of an epidemic disease model. Zhang and Zhao [259] explored an
epidemic model in a periodic environment in 2007. Teng, Liou and Zhang [233] investi-

7



CHAPTER 1. INTRODUCTION AND ORGANIZATION OF THE THESIS

gated the persistence and extinction of a disease in a non-autonomous system in 2008.
Again, in 2008, Wang and Zhao [244] studied the threshold dynamics of an epidemic
model in a periodic environment. In 2010, Nakata and Kuniya [163] investigated the
global dynamical analysis of a SEIRS type mathematical model on infectious disease
in a periodic environment. The study of infectious disease is of great importance for
human health and social environment. The present thesis aims to study the dynamics
of such diseases e.g. Cholera, Malaria and Japanese Encephalitis by constructing some
mathematical models.

Cholera is an infectious disease that causes severe watery diarrhea which can lead to
dehydration. It is caused by eating contaminated food or drinking water with a bac-
terium called Vibrio Cholerae. Adams [3] studied the dynamics of bacteriophages to
reduce the bacterium Vibrio Cholerae in 1959. Capasso and Paveri-Fontana [32] investi-
gated the dynamics of a Cholera disease transmission in European Mediterranean region
in 1979. Again, Chakraborti [33] reported the interaction between the organism Vibrio
Cholerae with bacteriophage in 1996. In 2001, Codeco [51] investigated the role of the
aquatic reservoir for the transmission of Cholera disease. Alam et al. [6] explored the
effects of seasonality on the transmission of Cholera disease in 2006. In the same year,
Jensen et al. [110] investigated the role of bacteriophage to control the Cholera disease
outbreak. In 2008, Emch et al. [65] studied the effects of seasonality on the transmis-
sion of Cholera disease from 1974 to 2005. Nelson et al. [165] reported the dynamics
of Cholera disease transmission as well as the interaction between host, pathogen and
bacteriophage in 2009. In 2010, Gazi et al. [82] worked on the impacts of environmental
fluctuation on the transmission dynamics of Cholera disease. Liao and Wang [132] stud-
ied about the applications of mathematical model on Cholera disease and its stability in
2011. Zhao et al. [263] explored the impact of imperfect vaccination on the transmission
of Cholera disease in 2012. In 2013, Zhou and Cui [264] investigated the impact of time
dependent transmission rate on the dynamics of Cholera. After that Wang et al. [248]
studied the effects of human behavior on the transmission of Cholera in 2015. In the
same year, Wang and Wang [247] have also reported the impact of bacterial growth and
spatial movement on the transmission of Cholera. I gain some motivation on the above
works and would like to present two chapters on this issue by constructing a suitable
mathematical models.

In our social life Malaria is an infectious disease of humans transmitted by mosquito
and other animals caused by parasitic protozoans. Symptoms of Malaria are fever, fa-
tigue, vomiting and headaches. Therefore, research on Malaria transmission is very
important to us. In 1988, Aron [12] investigated the modelling study on the dynamics of
a Malaria disease. Bouma [28] reported that the climate change has great impact on the
transmission dynamics of Malaria disease in 1994. In 1999, Craig et al. [53] investigated
the effect of climate change on the transmission dynamics of Malaria in sub-saharan
Africa. Singh et al. [219] studied the effects of environmental and ecological fluctuation
on the transmission of Malaria in 2005. Wyse Ana et al. [251] investigated the effects
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of treatment intensities to control the Malaria disease in 2007. In 2008, Wei et al. [249]
studied the impact of time delay on the dynamics of Malaria disease. Cai and Li [29] re-
ported the effects of direct transmission on the transmission dynamics of Malaria in 2010.
Chitnis et al. [46] studied different types of intervention strategies to control the Malaria
disease transmission through mathematical model in 2010. In the same year, Saker [202]
investigated the effects of delay on the transmission of Malaria disease. Again, Govella
Nicodem [83] studied the impact of using insecticide treated bed-nets to reduce Malaria
disease in 2010. In 2011, Lou and Zhao [141] investigated about the biological control
of Malaria disease by introducing larvivorous fish. There are lot of works on this issue.
I would also like to contribute a chapter on this burning problem.

Japanese Encephalitis (JE) is a vector borne viral disease occurred in South Asia, South-
east Asia, East Asia and Pacific. It is transmitted to humans through bites from infected
mosquitoes of the Culex species. Japanese Encephalitis Virus (JEV) is transmitted from
pigs or birds to mosquitoes through the bite of mosquitoes. It causes several thousand
of deaths in the whole world in every year. Very few mathematical models have been
developed to study the dynamics of Japanese Encephalitis disease and its control strate-
gies. In 1993, Mukhopadhyay et al. [158] formulated a mathematical model to study
the dynamics of Japanese Encephalitis disease. Again, in 1994, Mukhopadhyay and
Tapaswi [159] investigated a SIRS type mathematical model on Japanese Encephalitis
disease. Tapaswi et al. [232] studied the complex dynamics of Japanese Encephalitis
among mosquito, reservoir and human in 1995. In 2005, Keiser [118] investigated the
impact of irrigated rice agriculture on the dynamics of Japanese Encephalitis disease. E
Erlanger et al. [64] studied the different dynamics of Japanese Encephalitis in present,
past and future in 2009. In 2012, Singh et al. [221] reported a persistent threat to the
human population due to Japanese Encephalitis. In 2013, Bandyopadhyay et al. [20]
studied the incidence of Japanese Encephalitis in west bengal. Flohicle [70] investigated
the role of climate change, landscape and viral genetics on the spread of Japanese En-
cephalitis disease in 2013. In the same year, Lindahl [133] reported the life cycle of
Japanese Encephalitis Virus (JEV) among pigs, mosquito vectors and human. Then,
Sharma et al. [213] studied the spread of Japanese Encephalitis disease in Asam in 2014.
Still now, there are many cases of JE in India. With this view, I like to devote a chapter
on this issue.
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1.3 Motivation and Objective of the Thesis

Ecological system is concerned about the interaction among same or different organisms
with abiotic components of their living environments. Practically, it is very necessary
to study such systems for keeping the existence of human being. In this regard, differ-
ent works are going on this field mathematically. But till now, there exists also some
unexplored directions in this field. So, in this research work, one of the objectives is
to integrate mathematically different factors influencing the dynamics of predator-prey
ecological system.

With the development of human life, different infectious diseases are attacking the hu-
man population around the globe. Epidemiology is the study on analysis of different
patterns, causes and effects of such diseases identifying the various risk factors and sug-
gest some measures for control. These diseases make several thousands of death due
to their unknown behavior and due to lack of appropriate control strategies. For this
reason, the study is necessary to explore the actual dynamics of these diseases. Since
1760, many research works have been performed mathematically. But, still there exists
some directions which are yet to be unveiled in epidemiology. Therefore, our other ob-
jective is to investigate mathematically different epidemiological problems considering
the influence of different factors on the system.

Many researchers [39,40,77,170] have worked on the dynamics of Phytoplankton and
Zooplankton interaction model. Recently, Yunfei et al. [257] have discussed two species
food chain model taking Phytoplankton as prey and Zooplankton as a predator with har-
vesting of both. It is known that Phytoplankton is the primary producer in a food chain.
These are consumed by Zooplankton. Again, both Phytoplankton and Zooplankton are
consumed by different Fish species. So, the growth rates of Fish species mainly depend
on the availability of Phytoplankton and Zooplankton. Fish and other aquatic organ-
isms are very essential to be processed into various food and non-food products such as
shark skin leather, pigments made from the inky secretions of cuttlefish, isinglass used
for the clarification of wine and beer, fish emulsion used as a fertilizer, fish glue, fish oil
and fish meal. So, Fish is very important food source in human society. Though there
are different predator-prey models, but no one considers Fish population separately as
a predator. Hence, the study of dynamics of Fish species with Phytoplankton and Zoo-
plankton is necessary. This point directs us to focus on the study of interactions among
three species such as Phytoplankton, Zooplankton and Fish in a predator-prey model
which has biological importance on the real world.

The life of an organism has been divided into different stages in a stage structured
mathematical model. Every species always experience immature stage and mature stage
of their life in the real world natural ecosystems and it performs different kinds of feature
at each stage of growth. So, the ecological models with stage structure is more rational
than without stage structure. In anti-predator behaviour, prey groups actively defend

10
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themselves by attacking or mobbing a predator and save their offsprings from predation.
Tang et al. [230] investigated the bifurcation analysis of a predator-prey model with anti-
predator behavior of prey species in which anti predator behavior had been considered for
all prey members. But, in reality it is seen that only adult prey can protect their infants
(juvenile prey) from predation of predator by showing anti-predator behavior. There is
no research papers including stage structure on prey species and anti-predator behavior
of adult prey population. This vacuum has motivated us to work on predator-prey math-
ematical model with stage structure and anti-predator behavior of adult prey population.

There are several motivations such as conservation of a species, control of a pest pop-
ulation, chaos control, disease control etc. behind the supply of additional food in a
predator-prey system. Supplying additional food in a predator-prey system is the great
topics to many researchers due to its eco-friendly nature. Recently, Sahoo and Poria [200]
have published a research paper on the impacts of additional food in a predator-prey
system with harvesting. They have considered the additional food on top predator pop-
ulation and top predator can consume only the middle predator. But, in reality it is
seen that the top predator can consume both prey and middle predators. So, this idea
has inspired us to work on the predator-prey mathematical model in the presence of
additional food to the top predator.

Already, many research works have been done on the predator-prey system by taking
refuge by the prey species. The using of refuge parameter decreases the predation rate of
predator. Therefore, the concept of refuge by prey should have important effects on the
predator-prey interaction. Many studies have suggested that refuge for prey are crucial
in explaining prey persistence. Chakraborty and Das [37] have reported the impact of
incorporating constant prey refuge parameter on a predator-prey system with alternative
food to predators. In this model, it has been shown that the supply of alternative food to
the predator has a significant effect to stabilize the predator-prey dynamics considering
refuge on the prey species. But the effect of additional food on super predator and refuge
on predator may provide some interesting dynamics. We like to observe such dynamics
by considering a food chain model.

It is well known that, Cholera is an infectious disease caused by the bacterium Vibrio
Cholerae to be contaminated with food and drinking water. The poor sanitation, con-
taminated drinking water, poverty etc. are the main risk factors for the Cholera disease
transmission. There are many mathematical models on Cholera disease dynamics and
its control strategy. Experimentally, it has been proved in the paper of Jensen et al. [110]
that bacteriophages can reduce the density of bacterium Vibrio Cholerae. So, the rapid
decay of bacterial culturability and the predation of Vibrio Cholerae by bacteriophages
have been observed in the dynamics of Cholera model. Therefore, bacteriophage has a
great importance to control the Cholera disease transmission. This fact inspires us to
incorporate bacteriophage in the Cholera disease transmission model including the time
periodic nature of the disease transmission rates.
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There exist many research papers of the Cholera disease transmission and its control
strategies. But, the parameters involved in these model are crisp in nature. In the
real world, every parameter related to the disease transmission model is changing with
respect to time due to human activities and natural disasters. Thus, these parameters
should not be crisp in nature always i.e., these may be uncertain in nature. There are
very few works on fuzzy parameters based disease transmission model. Recently, Pal
et al. [172] reported the impact of taking fuzzy parameter on predator-prey harvesting
model. This article intends us to consider the parameters involved in a Cholera disease
transmission to be uncertain in nature.

The other important disease to study is Malaria. It is a vector borne fatal disease
caused by a parasite. It spreads in human population through the bites of infected
mosquitoes. There are mainly four types of Malaria parasites such as Plasmodium fal-
ciparum, P. vivax, P. ovale and P. malariae, infect humans. It causes several thousands
of death in every year. It still remains global threat for humans across the whole world
though the medical science has been developed. Therefore, the actual dynamics of the
Malaria disease transmission and new possible effective control strategies need further
investigation. Wang et al. [246] investigated a mathematical model on Malaria disease
transmission in a periodic environment. According to the transmission mechanism of
Malaria disease they divided mosquito population into two subpopulations such as sus-
ceptible mosquito and infected mosquito. Again, human population is also divided into
three subpopulations such as susceptible human, infected human and recovered human.
Here, it has been considered that the disease transmission rates are time periodic. In
their model, the control parameters were not considered to eradicate the Malaria disease
from human population, which are most important parameters. This idea motivated us
to develop the interaction between mosquito and human population with some control
parameters which are time dependent.

Japanese Encephalitis (JE) virus is a single-stranded RNA virus which belongs to the
genus Flavivirus. JE virus is transmitted into humans through the bite of an infected
mosquito mainly Culex species. It grows in the body of the amplifying vertebrate hosts
primarily pigs and wading birds. It makes several thousands of death in every year in
India and other parts in the world due to lack of investigation of proper dynamical behav-
ior using suitable control strategies. So, the study about the authentic dynamics of this
disease and its control strategies are necessary. Tapaswi et al. [232] developed a three-
populations such as mosquito, reservoir and human interaction Japanese Encephalitis
disease transmission model. In their model, only stability analysis of the system around
different equilibrium points was discussed and no control strategies are considered to
control the disease. This influenced us to develop a Japanese Encephalitis disease trans-
mission mathematical model among mosquitoes, reservoir and human populations with
some suitable control parameters.
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1.4

Organization of the Thesis

In the proposed thesis, some real life Ecological and Epidemiological problems are con-
sidered and solved. The proposed thesis has been divided into following four parts and
eleven chapters.

Part I: General Introduction

Chapter 1: Introduction and Organization of the Thesis

Part II: Studies on Dynamics in Some Ecological Problems

Chapter 2: Stability Analysis of Coexistence of Three Species Prey-Predator
Model

Chapter 3: Stability and Bifurcation Analysis of a Stage Structured Prey-Predator
Model with Ratio-dependent Functional Response and Anti-predator Behavior of
Adult Prey

Chapter 4: Effects of Supplying Additional Food in a Tritrophic Food Chain
Model with Harvesting Only

Chapter 5: Effects of Additional Food in a Predator-Prey System Incorporating
Refuge and Harvesting

Part III: Studies on Dynamics in Some Epidemiological Problems

Chapter 6: Dynamics of Cholera Outbreak with Bacteriophage and Periodic Rate
of Contact

Chapter 7: Dynamical Study in Fuzzy Threshold Dynamics of a Cholera Epidemic
Model

Chapter 8: Threshold Dynamical Behaviors of a Malaria Disease in Control Pa-
rameters Based Periodic Environment

Chapter 9: Stability and Bifurcation Analysis of Japanese Encephalitis Model
with/without Effects of Some Control Parameters

Part IV: Summary, Extension and Bibliography

Chapter 10: Summary and Future Research Work

e Chapter 11: Bibliography
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CHAPTER 1. INTRODUCTION AND ORGANIZATION OF THE THESIS

Part 1

(General Introduction)
The Part I contains only one chapter (Chapter 1).

Chapter 1: Introduction and Organization of the The-
sis

This chapter contains an introduction giving an overview of the development along with
the historical literature reviews on Ecological and Epidemiological problems.
Part 11
(Studies on Dynamics in Some Ecological Problems)
This part is divided into four chapters (Chapter 2, 3, 4 and 5) and in those chapters
different ecological models are derived and solved.

Chapter 2: Stability Analysis of Coexistence of Three
Species Prey-Predator Model

In this chapter, we have proposed a prey-predator model for the study of dynamical
behaviors of three species such as toxin producing Phytoplankton, Zooplankton and
Fish in a Fishery system. The stability condition, existence condition of equilibrium
and bifurcation have been also established. In this chapter, Holling type II functional
response has been considered to analysis the proposed model. All equilibriums of the
proposed system are determined and the behavior of the system is also investigated near
the positive equilibrium point. Hopf bifurcation analysis has been done with respect
to the consumption rate of Zooplankton (f) and releasing rate of toxin substances (p)
produced by unit biomass of Phytoplankton. Finally, some numerical simulations has
been performed to verify our theoretical results.

Chapter 3: Stability and Bifurcation Analysis of a
Stage Structured Prey-Predator Model with Ratio
- dependent Functional Response and Anti-predator
Behavior of Adult Prey

In this chapter, a three species predator-prey model such as (i) juvenile prey and (i7)
adult prey and (éi7) predator population has been developed. It is considered that the
growth rate of juvenile prey depends on the adult prey populations and then the juvenile
prey population becomes adult. The functional responses for predator to consume both
the juvenile prey and adult prey population have been considered as ratio dependent.
Also, the anti-predator behavior has been considered on adult prey population. Then,
the boundedness of all solutions of our proposed mathematical model has been discussed.
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Also, we determine different equilibria and there existence conditions. Then, the stabil-
ity conditions of the system around these equilibria have been analyzed. Global stability
analysis of the interior equilibrium has been done. After that, the Hopf bifurcation anal-
ysis with respect to the anti-predator behavior of adult prey has been discussed. Finally,
some numerical simulations have been performed to test our theoretical results.

Chapter 4: Effects of Supplying Additional Food in
a Tritrophic Food Chain Model with Harvesting Only

In this chapter, we propose and analyze a three species predator-prey system in presence
of additional food for predators. It is assumed that the middle predator is acting as
a prey as well as predator and the top predator consumes both prey as well as middle
predator. It is also considered that a constant amount of additional food for the top
predators exists in the ecosystem. The effects of top predator harvesting are investi-
gated. Then the existence and stability conditions of the equilibria have been discussed
analytically. The Hopf bifurcation analysis of the system with respect to predation rate
of prey to the top predator and the harvesting effort have been analyzed both analyti-
cally and numerically. Pontryagins maximum principle is used to determine the optimal
harvesting of top predator population to maximize the discounted net revenue. From
our analysis, it is seen that the additional food has significant effects to prevent the ex-
tinction risk of top predator population and also to increase revenue collection. Finally,
some numerical results have been given in support of our analytical findings.

Chapter 5: Effects of Additional Food in a Predator-
Prey System Incorporating Refuge and Harvesting

In this chapter, a food chain model has been developed among three species such as prey
population, predator population, super predator population. Here, it is assumed that
prey population grows logistically and predator population consumes prey only. But,
the predator population is consumed by a super predator population. In this model, it
is assumed that the predator population shows refuge behavior to the super predator
population. Due to having the refuge characteristic of the predator population, the super
predator feels the lack of food. To maintain the growth of the super predator properly,
a constant amount of additional food is supplied to the system. Henceforth, partially
the predator population is also benefited with this additional food. On the basis of
this notions, a food chain model has been derived in which the extinction conditions of
super predator population has been explored. Also, stability analysis of the model has
been shown along with Hopf bifurcation analysis to examine some parametric values for
which the system losses its stability. To get optimal harvesting of super predator, the
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Pontryagins maximum principle has been used. Finally to study the feasibility of the
model, some numerical simulations have been presented.

Part II1
(Studies on Dynamics in Some Epidemiological Problems)
This part is divided into four chapters (Chapter 6, 7, 8 and 9) and in those chapters
different epidemiological models are derived and solved.

Chapter 6: Dynamics of Cholera Outbreak with Bac-
teriophage and Periodic Rate of Contact

In this chapter, a Cholera epidemic model with periodic transmission rate has been con-
sidered and discussed. It is shown that the disease free equilibrium point is globally
asymptotically stable and also seen that the Cholera disease is disappeared if the basic
reproduction number is less than one. When the basic reproduction number is grater
than one, then the endemic equilibrium is globally asymptotically stable. Finally, nu-
merical simulations have been given for the existence of the analytical results.

Chapter 7: Dynamical Study in Fuzzy Threshold Dy-
namics of a Cholera Epidemic Model

In this chapter, a fuzzy mathematical model on Cholera disease has been developed
in which all parameters related to the Cholera disease have been considered as fuzzy
numbers. Here, total human population is divided into three subpopulations such as
susceptible human, infected human and recovered human. Also, the bacterial popu-
lation is the Vibrio Cholerae in the environment. Then the existence condition and
boundedness of solution of our proposed mathematical model have been discussed. Also,
the different equilibrium points and the stability condition of the system around these
equilibrium points have been analyzed. The global stability condition of the proposed
system around the endemic equilibrium point has been also discussed. Finally, some
numerical simulations have been shown to test the theoretical results of the system.

Chapter 8: Threshold Dynamical Behaviors of a Mala-

ria Disease in Control Parameters Based Periodic En-
vironment

In this chapter, a Malaria disease transmission model has been developed in which the
transmission rates from mosquito to human as well as human to mosquito and death
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rate of infected mosquito have been constituted by two variabilities: one is periodicity
with respect to time and another is based on some control parameters. Here, total vector
population is divided into two subpopulations such as susceptible mosquito and infected
mosquito as well as the total human population is divided into three subpopulations such
as susceptible human, infected human and recovered human. The dynamical behaviors
of the system associated with reproduction number with respect to control parameters
have been investigated theoretically and numerically both. The biologically feasible equi-
libria and their stability properties have been discussed and the existence condition of
the disease has been illustrated numerically. At last, Hopf bifurcation analysis has been
done analytically and numerically for autonomous case of our proposed model.

Chapter 9: Stability and Bifurcation Analysis of Japan-
ese Encephalitis Model with/without Effects of Some
Control Parameters

In this chapter, a mathematical model on transmission of Japanese Encephalitis disease
has been developed considering some control parameters and time dependent environ-
mental carrying capacity. Here, total vector population is divided into two subpopu-
lations such as susceptible mosquito and infected mosquito. Here also, total reservoir
population (i.e., the population in which the encephalitis virus grows) such as pig, horse
etc has been considered which is divided into three subpopulations such as susceptible
reservoir, infected reservoir and recovered reservoir. Total human population is also
divided into three subpopulations such as susceptible human, infected human and recov-
ered human. The dynamical behaviors of the system have been investigated. Here, the
reproduction number associated with the system has been analyzed with respect to con-
trol parameters theoretically and numerically both. The biological feasible equilibria and
their stability properties have been discussed and the existence condition of the disease
has been illustrated numerically. For a certain set of parametric values, the effectiveness
of control parameters in our proposed model has been checked numerically. At last, Hopf
bifurcations have been made numerically without considering control parameters for the
case of constant environmental carrying capacity of mosquito.
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Part IV

(Summary, Extension and Bibliography)
This part is divided into two chapters (Chapter 10 and 11) and in those chapters sum-
mary, future research works and bibliography have been presented.

Chapter 10: Summary and Future Research Work

In this chapter, a summary of the thesis and the scope of future research work have been
discussed.

Chapter 11: Bibliography

In this chapter, the references have been presented.
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Chapter 2

Stability Analysis of Coexistence of
Three Species Prey-Predator Model

2.1 Introduction

The study of dynamics of prey-predator systems is one of the dominant subjects in math-
ematical ecology due to its universal existence and importance. Thus prey-predator
models have been in the focus of ecological science from the early days. It has been
turned out very soon that prey-predator system can show different dynamical behaviors
such as steady-states, oscillations, bifurcations [36,68, 136, 143,187,241, 245] depending
of the model parameters. This system has been studied by many mathematicians and
ecologists [50,168] in population dynamics.

Planktons are microscopic organisms that float freely with oceanic currents and in other
bodies of water. They are made by tiny plant (called Phytoplankton) and tiny animals
(called Zooplankton). It is observed that Phytoplankton are primary producer. They
prepare carbohydrates using energy from sunlight, inorganic chemicals and dissolved car-
bon dioxide gas with the help of chlorophyll [63]. They are consumed by Zooplankton
which are microscopic animals and also a most favorable food source for Fish and other
aquatic animals. Phytoplankton are normally present within marine and fresh waters
in low concentrations but may proliferate to form dense concentrations of cell on water
surfaces referred as “blooms”. The high concentrations of pigment containing Phyto-
plankton may impart on color to the water resulting in their description as “red tides”,
“brown tides” etc. Harmful Algal Blooms (HAB) [205] may also occur on the ocean bot-
tom caused by either microscopic or macroscopic algal species. Harmful Algal Blooms
(HAB) are noxious to marine ecosystems or to human health and can produce great so-
cioeconomic damage. There are many research papers on interaction of Phytoplankton
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and Zooplankton [36,102,114,146,174,184,253,257] in the prey-predator models.

Among several thousands of species of Phytoplankton, a few species produce toxin, such
as Alexandrium sp., Amphidinium carterae, Chrysochromulina polylepis, Cooliamono-
tis, Dinophysis sp., Gambierdiscus toxicus, Gynnodinium breve, Gymodinium catena-
tum, Pseudo-nitzschina sp., Pyrodinium bahamense, Prymnesium patelliferum and P
parvum. In 2002, Chattopadhyay et al. [1,38] investigated that the toxin substance as
well as the toxin producing Phytoplankton affect the growth of Zooplankton population
and it has an impact on Phytoplankton and Zooplankton interaction. After that in 2006,
Gakkhar and Negi [77] constructed a mathematical model of viral infection in the toxin
producing Phytoplankton-Zooplankton system and they analyzed existence condition of
equilibria, stability condition, bifurcation etc. Later in 2011, Chatterjee et al. [43] talked
about the bottom up and top down effect on toxin producing Phytoplankton and the
formation of the planktonic blooms. There are many mathematical models on the toxin
producing Phytoplankton-Zooplankton interaction such as [196,207] etc.

It is seen that the ecological system is often deeply perturbed by human exploiting
activities. During the past half century, the rapid technological advances and the sig-
nificant increases in human population have been occurred. Henceforth, the amount of
world fishes has been greatly reduced. The trophic interactions of food webs are signifi-
cantly dependent on the capacity of predators to find, kill and consume prey population.
It plays an important role in shaping of entire ecosystem. The success rate of individual
predator depends on several factors which include the existence of the populations. The
most important component in such models is the density of prey that determines the
functional response [177,178].

From the above literature review, it is observed that many investigations on the predator
prey dynamics have been done. In spite of that, till now there exists some lacunas in
the study of prey predator dynamics such as:

Generally, it is seen that Fish provides a good source of high quality protein and it
also contains many vitamins and minerals. For this reason, it is consumed as a food by
many species including human being throughout the world. So, the study of existence
for Fish population is very much essential in our society. Again, the existence of Fish
populations naturally depends on Phytoplankton and Zooplankton. From the literature
survey, it is seen that there are many papers on interaction between Phytoplankton and
Zooplankton. But till now, no one has studied the interaction among Phytoplankton,
Zooplankton and Fish population together.

To remove above lacunas a prey-predator system for three species such as Phytoplank-
ton, Zooplankton and Fish has been developed in this chapter. Here, it is assumed that
Fish population consumes both Phytoplankton and Zooplankton. Also, it is assumed
that Zooplankton consumes only Phytoplankton. Therefore, the speciality in this chap-
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ter is that Zooplankton act as a predator in one side as well as a prey in another side.
And Phytoplankton is purely prey and Fish is purely predator. In this chapter, our
objective is to study the dynamical behaviors of these three species which are theoreti-
cally beneficial to maintain the sustainable development of a prey-predator system. The
sufficient condition for stability of the system has also been established at the positive
equilibrium point using Routh Hurwitz criterion and then condition of Hopf bifurcation
also be investigated. Finally, the numerical results have been provided to study more
realistic features of the proposed model.

2.2 Model Formulation !

In this chapter, the co-existence of three species such as Phytoplankton, Zooplankton
and Fish as a prey and predator has been considered. To develop this model the follow-
ing assumptions have been made

(1) P(t), Z(t) and F(t) denote respectively the density of toxin producing Phytoplank-
ton, Zooplankton and Fish at any instant of time t subject to the non-negative initial
conditions P(0)=Fy > 0, Z(0)=Z, > 0 and F(0)=F, > 0.

(77) The parameter r and K be the intrinsic growth rate and the environmental car-
rying capacity of Phytoplankton population and it is also assumed that the growth of
Phytoplankton is logistic.

(737) The parameter p denotes the rate of releasing the toxic substances produced by
per unit biomass of Phytoplankton.

(1v) The constant (3, 51 and d be the maximum uptake rate, the ratio of biomass conser-
vation and the natural death rate for Zooplankton species respectively where 0 < 5 < .

(v) The constants v and ; denote the maximum uptake rate for Phytoplankton and
Zooplankton by Fish population respectively.

(vi) The parameters S and S; be the ratio of biomass conservation of Fish popula-
tion for Phytoplankton and Zooplankton respectively where S < v and S; < 7.

(vii) The parameter ¢ is the natural death rate of Fish population.

(viit) The term % represents the functional response for grazing of Phytoplankton

by Zooplankton where « is the half saturation constant for a Holling type II functional

'Published in Nonlinear Dynamics, Springer, vol-81, 2015, 373-382, with title Stability analysis

of coezistence of three species prey-predator model.
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response.

(iz) Since Phytoplankton is consumed by Zooplankton, hence the rate of growth of
Zooplankton is proportional to consumption rate i.e., the functional response for Zoo-
plankton is %. Again since some Phytoplankton produces toxin, hence it is assumed
that the rate of death of Zooplankton is proportional to rate of consumption of Phyto-
plankton i.e., rate of death of Zooplankton is 2£Z. Obviously for existence of population

at+P’
of Phytoplankton, $; must be greater than p.

() The terms Z%Z and ij ]Ij represent the functional responses for grazing Phytoplank-

ton and Zooplankton by Fish population respectively.

Under the above mentioned assumptions, a mathematical model for coexistence of these
three species has been developed as follows:

dP _P( P> BPZ YyPF \
a K a+P a+P

7 PZ PZ ZF

dt a+ P a+P o+ P

dF SPF S1ZF

—_— = —oF

dt a+ P + a+ P /

2.3 Boundedness of Solutions

In this section, uniform boundedness of our proposed system has been presented.

Theorem 2.1 All Solutions of system (2.1) which initiate in R? are uniformly bounded
for suitably chosen positive parameter ¢ such that & < min(d,d) and .S > 5.

Proof. To get boundedness of solutions of system (2.1) a function W is defined as
follows

W:P+Z+%F.

Now, differentiating the above equation with respect to time ¢ it is obtained that

AW _ P dZ 5 dF
dt dt S dt

dt
——— P) BPZ YPF 61PZ_ B pPZ _’ylFZ YPF
-7 K a+P o+P «o+P a+P ao+P o+ P
vS51 ZF g
— — —0F.
Y S arp S
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Here, introducing a positive constant £ the above can be written as

dW K v vS1, ZF
W S L€ — (- 97 - 16 -9F - (n - 1H "

AL K
e — < — 2, )
e T EW S T+ ) (22)

provided that & < min(d,d) and S > 7.5;.
Now, solving the above equation (2.2) using theory of differential inequality the following
is obtained

0<W(P,Z,F) < %(1 — e~ + W(P(0), Z(0), F(0))e ",

where M = %1-5)2‘

Now, taking limit of the above inequality as ¢ tends to infinity, it is obtained that
M
W(P,Z,F) < —.
£
From this, it is concluded that the solution of the system lies in the region

M
S = [(P,Z,F)gRi:W:?—i—e, for any € > 0].

2.4 Equilibrium Points

To study the stability of the proposed model the equilibrium points in the system (2.1)
are necessary to calculate. Now, the possible equilibrium points of this system are given
by

(i) The trivial equilibrium point Ey = (0,0, 0).

(ii) The equilibrium point E; = (K,0,0) on the boundary of the first octant.

(iii) The planer equilibrium point By = (P, Z,0) on the P — Z plane where P = %

B1—p—d
7 __ ra(f1—p)(KB1—Kp—Kd—da)
and Z = )7 _

(iv) The another equilibrium point F3 = (P’,0, F’) on the P — F' plane where

P =29 > 0and F' = ra+P)(1- i)
S—6 0%

> 0.
(v) The positive equilibrium point E* = (P*, Z*, F*) where it is obtained as follows:
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Now, P* corresponds to a positive root of the following quadratic equation
f(P*)=P" + AP*+ B =0

where A = rsm (BKdv1 — BK Sy, + raSiy —rKS1y +vKp1S1 —yvKdS; —yKpSy) and
B = rslvl (BKday; — KraSiy —yKdaSy).
The roots of this quadratic equation are given by

—A+VA?2 - 4B
2

P =

So, for positive equilibrium points £E*, P* admits at least one positive value when any
one of the following cases is satisfied

(i) A<Oand B <0.
(i) A<0, B>0and A>—4B > 0.
(i) A>0,B < 0.
Again, for positiveness of Z* and F™* the following relations must be holds

da— (S —9)P
S
Py —d—p) —da
71

7* = >0

Fr = >0

Now, from the above inequalities it is obtained that

da < pr < Yol
fr—d—p S—46

which is the required condition for positive equilibrium point E*.

2.5 Stability Analysis

Let us consider the stability analysis of the deterministic differential equation (2.1) gov-
erning the evolution of the system. The stability of the equilibrium state is determined
by the nature of the eigenvalues of the variational matrix around the point F (P, Z, F),
we get

2rP afZ yaF BP ~P

r — = — J— —_—t J—

K (a+P)2 (a+P)2 a+P a+P
V(P A F) _ BiaZ paZ ’ylZF B8P d— pP mF _ mZ
= (a+P a+P Iﬁa—i—P a+P a+P a+P a+P
. S1F SP + S1Z 5
(oH»P)2 (a+P a+P a+P a+P
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Theorem 2.2 The trivial equilibrium point Ej is always unstable.

Proof. The variational matrix for Ej is

r 0 0
Veo=| 0 —d O
0 0 -9

It has eigenvalues r, —d and — § which shows that Fj is the saddle point. It is stable in
the direction of Z and F' and unstable in the S direction.

Theorem 2.3 The boundary equilibrium point F; is Locally asymptotically stable if
there exist two critical parameters Ry and R; such that Ry < 1 and Ry < 1 where

Ro = 022 and By = 535

Proof. Now, the variational matrix Vg, for the boundary equilibrium point FE; is given

by
BK K
-r T otk T at+K
Ve, = 0 2% —d— 25 0
sK
0 0 at+K 0

Here, the eigenvalues are A\y = —r, Ay = ﬂ—f{ —d— Cﬁr—KK and A3 = a‘sﬁ( — . Now, it
is known that E is locally asymptotically stable when three eigenvalues A1, Ay and A3
must be less than zero. Here, it is seen that Ay = —r < 0, since r > 0. So, for existence
of stability for F1, Ay < 0 and also A3 < 0

. BlK pK

€. —d— < 0 and —0<0

YNt K a+ K a a+ K

KB —p—d)—d KS—6(K
pe, BBizp=d)=da 4 K+a)
a+ K a+ K

. K(Bi—p—d) KS

€. <land —= <1

e da M S (a+ K)

e, Rp <land R; <1
where Ry = W and Ry = 5 OﬁSK) are known as critical parameters.

Theorem 2.4 The planer equilibrium point Fs exists if Ry > 1 and it is locally asymp-
totically stable if By, B3 > 0 and By By > Bs and otherwise it is unstable.

Proof. Now, the variational matrix Vj, for the equilibrium point Ey(P, Z,0) is given
by

by —by —bs
VE2 - b4 b5 _b6
0 0 bz
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2P aBZ ,6’_ _ P _ BiaZ _  paZ
where by =r K (a+P)2’b2 arp 03 = 355 i = e — e
_ BP _ SP 812
bs = 55 —d— a+P’ arp Vs = ptaip 0

Then, the characteristic equation for VE2 1s
1'3 + BlfL‘2 + 32I + B3 = 0

where By = —(by + bs + by), By = b1by + bsb; + bibs + boby, By = —b1bsby — babyby.

Now, Fs exists if Ry > 1 and by Routh-Hurwitz criteria, it will be locally asymptotically
stable i.e., the eigenvalues of the characteristic equation will be negative real parts if
By, Bs > 0 and B;By — B3 > 0 and unstable otherwise.

Theorem 2.5 Another planer equilibrium point Fj is locally asymptotically stable if
Bi, B; > 0 and B} Bj — B} > 0 and unstable otherwise.

Proof. The variational matrix Vg, for the planer equilibrium point E3 = (P’,0, F")
is given by

bll _b12 - b13
VE3 - 0 b22 O
b31 b32 b33

— g 2P yal” P’ _ BP pP nF’
where bll =r K (oc—l—P’ 27b12 a+p/7bl3 a—i—P/’bQQ at P’ d— atP’ ~ a+P
by = bsy = S and bys = — 4.

(onrP’)Q’ 32 — atp’ 33 = +P/

The characteristic equation for Vg, is
y* + Biy* + By + B = 0.

where B] = —(b11 + bz + bs3), By = b11b33 + bagbss + b11baa + bisbsy and B = —by1basbss —
bi3b31b9s. Now, Ej exists if Ry > 1 and by Routh-Hurwith criteria, the system will be
locally asymptotically stable i.e., the eigenvalues will be negative real parts if B}, B, > 0
and B} Bj — B} > 0. Otherwise the system will be unstable.

Theorem 2.6 The positive equilibrium point E* exists if Ry > 1 and it is Locally
asymptotically stable if 01,03 > 0 and 0,05 > 03 and otherwise it is unstable.

Proof. The variational matrix for E* = (P*, Z*, F*) is

011 —012 —013
Vi = 021 022 —023
031 032 033

— g 2rP* _ _aBZ _qoF™ _qyaF™ — P
where 011 = r e L (a+P*)2,012 (a+P*)270-13 = P
. ﬁlaz* paz* ’YIZ*F* ﬁ _d pP* "/lF* o ,le*

O21 = (a+P*)? - (a+P)2 + (a+P*)2’U22 (a+P* (a+P*) - (a+P*)7023 — a+tP*
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_ _SaF* _ SiZ*F* _ 5 F* _ Sp* VAR
031 = i P2~ (a1 P21 032 = oypr and 033 = o3P + at P 5.
Now, the characteristic equation of the variational matrix Vg« is

3 +01x2+02x—|—03 = 0.

where 01 = — (011 4 022 + 033), 02 = 022033 + 093032 + 011022 + 011033 + 012021 + 013031
and 03 = —011022033 — 011023032 — 012031023 — 012021033 — 031022013 + 013021032. Now,
E* exists if Ry > 1 and by using Hurwitz criteria, it will be locally asymptotically stable
if:

(1) 01,03 > 0 (i1) o109 — 03 > 0 holds.

Otherwise E* is unstable.

Lemma 2.1 If Ry < 1 then FE,, FE5 and E* does not exists. Hence existence of FEj,
E5 and E* implies that F; is unstable saddle point.

2.6 Bifurcation Analysis

In prey-predator model many parameters are used for describing the system. Prey-
predator models with constant parameters are often found to approach a steady state
in which the species coexist in equilibrium. But if parameters used in the model are
changed, other types of dynamical behavior may occur and the critical parameter val-
ues at which such transitions happen are called bifurcation points. The purpose of this
study is to determine the stability behavior of the system in presence of different density
dependent factors of the prey-predator interactions. To study the transition of the sys-
tem with respect to small changes in the density dependent factors. A Hopf bifurcation
occurs at points where the system has a non-hyperbolic equilibrium connected with a
pair of purely imaginary eigenvalues, but no zero eigenvalues. We have considered 3, p as
the bifurcation parameters and $* and p* represent the critical value or the bifurcating
value of the concerned bifurcation parameter.

Theorem 2.7 The positive equilibrium E* enters into Hopf bifurcation as [ varies
over . Let ¢ : (0,00) — R be the following continuously differential function of .

(B) = C1(B)Ca(B) — Cs(B).

Let 5*be a positive root of the equation 1 (5) = 0.
Therefore, the Hopf bifurcation of the interior equilibrium E(P*, Z*, F’*) occurs at § = [*
if and only if

(i) ¥(B*) =0
(44) La(B")La(B") + L1 (B")L3(B*) # 0
Proof. By the condition ¢(5) = 0, then the characteristic equation of the variational
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matrix Vg« from Theorem 2.6 can be written as

(2 +or)(x+01)=0

The roots of the above equation are pq, po, ps(say). Let the pair of imaginary roots at
B = B* are pq, po then we have p3 = —oy and py, ps = j:i\/fag).

As (") is a continuous function of all its roots so there exists an open interval

(B* — €, 5* +¢€) where p; and py are complex conjugate for 5. Suppose that their general
forms in this neighborhood are

p1(B)
p2(8)

X(B) +i£(B)
x(P) —i€(B)

Now, we shall verify the transversality condition (CKIZ—;”]')>ﬁ 5 #0,7=1,2.

Substituting, p;(8) = x(B) £ i£(B) into the characteristic equation and calculating the
derivative, we have

where
Li(B) = 3x* = 3% + 201X + 02
Ly(B) = 6xE€ + 201
Ly(B) = o1x* — 016% + ohx + 0
Ly(B) = 201 x€ + 03¢

Solving for &'(B) at 5 = [*, we have

ABPO) iy = LTI 1)
S e X B ey

if Lo(5*)La(B*) + L1(B*)L3(B8*) # 0. Thus the transversality condition holds and hence
Hobf-bifurcation occurs at g = *. Hence the theorem.

Theorem 2.8 At its positive equilibrium point E* for the parameter p the system
also undergoes a bifurcation.

Proof. The proof of this theorem is similar as the proof of Theorem 2.7.
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2.7 Global Stability Analysis

In this section, we now perform a global stability analysis of the proposed system (2.1)
around the equilibrium point E*(P*, Z*, F"*).

Theorem 2.9 Let U = (szp*)Q + 0 (Zfzz*)Q + (52@ where 01,05 > 0 are to be
chosen properly such that U'(E*) = 0 where E*(P*,Z*, F*) and U = (P, Z,F) >
0,VP,Z,F/E*. The time derivative of U is ‘fi—[tj < 0VP Z F € I'". It then follows
that % = 0,VP*, Z*,F* € T'" implies that E* of the system is Lyapunov stable and

Cg—g <0VP,Z,F € ' near E* implies that E* is globally stable.

Proof. Let us consider a function of the form
P — P*)? 7 — 7*)? F — F*)?
( ) + 6 ( ) + 0y ( )

U= 2 9 2

(2.3)

Taking time derivative of the above equation (2.3) we get

U P N _dF
E:(P_P)%+51(Z_Z)E+52(F_F)E
dP dZ

Now, substituting the value of 42, % and 2 from the model system (2.1) and putting

these values in the above equation we get

au
dt

= (P-P) [rP(l—P/K)— bPZ VPFl

a+P_a+P
LPZ 7 pPZ i F
a+ P a+P a+P
SPF S ZF

+ 2 —5F}

boaz-2)|

a+P o+ P

— (P-PY) [(ru ~ P/K) — af‘iZP - OAFP) (P - P*)]

B P pP nF
0L -7 - —d— - 7 -7
+ o )|:(Q+P a+P a+P ( )
SP n S1Z
a+P o+ P

4+ 8y(F — F¥) {

v oar - |( ~5)(F - )

By rearranging, we obtain

dU B *2_ BZ vF
— = (PP _r( 1+P/K)+Q+P+Q+P]
_ _ *2__ B P pP N
Wz =7 i oz+P+d+oz—|—P+oz—l—P]
[ SP S1Z
— Oo(F — F*)? | — — )
2( ) . a+PFP o+ P ]
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Thus, it is possible to set d1, 05 such that % < 0 and the equilibrium point £* is globally
asymptotically stable.

2.8 Numerical Simulation

In this section, the dynamical behavior of the proposed model (2.1) has been discussed
numerically using MATLAB. Due to unavailability of real data of all parameters asso-
ciated with the model, the hypothetical values to the different parameters have been
considered as follows:

r=6K =10.0,vy=03,5 =02,d=03,p=02,7 =04,5 =0.28,5 =0.35,0 =
0.28,a =0.2,8=0.5.

Now, for this data it is seen that Ry = —50.0 < 1 and R; = —0.005 < 1. So, according
to Theorem 2.3 the boundary equilibrium point E; = (10.0,0.0,0.0) is locally asymp-
totically stable. Again, Figure 2.1 also shows that there exists a stable equilibrium point
E; and though there exists Phytoplankton in the ecosystem then due to diminishing of
Zooplankton gradually Fish population is also decreasing. It is concluded that if there
is only Phytoplankton in the ecosystem and no Zooplankton then the Fish population
can be extinct eventually.

10f

Population

Figure 2.1: Stability of the equilibrium point E;.

Again, for the set of parametric values r = 8, K = 1.6,y = 0.5,8, = 0.4,d = 0.1,p =
01,71 =04, =04,5; =03,6 =02, =1.0,8 = 1.0 it is seen that Ry = 3.2 > 1,
B} =5.8500 > 0, B; = 0.7050 > 0 and BB, — B} = 49.1663 > 0, according to Theorem
2.4 we have a stable equilibrium point E3 = (1.00,0.0,12.0). From Figure 2.2, it is seen
that Ej3 is locally asymptotically stable and it is concluded that the Fish population can
be exists and increased constantly when there is a Phytoplankton in the ecosystem and
no Zooplankton in the ecosystem.
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Figure 2.2: Stability of the equilibrium point FEj.

Also, it is considered the following set of parametric values such as

= 1.5, K = 120.0,v = 0.5,8; = 0.6,d = 0.3654,p = 0.2,y = 0.6,5 = 04,5, =
0.5,0 = 0.5, = 1.0,8; = 0.68. For these parametric values, it is seen that Ry =
37.635 > 1, 01 = 1.5606 > 0,03 = 0.0028 > 0 and o109 — 03 = 0.7138 > 0, so according
to the Theorem 2.6 the positive equilibrium point E* is locally asymptotically stable.
Also, Figure 2.3 shows a locally asymptotically stable positive equilibrium point E* =
(106.6568,22.3314,5.5415) and from this figure, it is concluded that Phytoplankton,
Zooplankton and Fish population co-exist simultaneously.

Population
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Figure 2.3: Stability of the positive equilibrium point E*.

Again, for the parametric values r = 3.0, K =
=0.5,0 = 0.5, = 1.0, 8 = 1.0, the Figure 2.4 and Figure 2.5

0.1,’)/1 = 06,S =

04,5,

3.0,7 = 0.5,

= 0.94,d = 0.3,p =

both show phase space in which populations are tending towards the fixed point.
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Figure 2.4: Phase space diagram of Phytoplankton-Zooplankton and Phytoplankton-
Fish.

Zooplankton o 2

Phytoplankton

Figure 2.5: Phase space diagram of Phytoplankton-Zooplankton and Fish.

Now, the following parametric values have been considered to discuss the dynamical
behavior of our proposed model taking 3 as a bifurcation parameter.

r =15 K =150.0,7=0.5,8 =06,d =0.39,p=0.2,7 =0.6,5 = 04,5, =0.5,6 =
0.5,a=1.0.

Using this set of values, the critical value (5*) of the consumption rate () of zooplankton
is obtained as $* = 0.68. So, when § > [* we have a unstable limit cycle around the
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positive equilibrium point E* according to Theorem 2.7 and also, it is seen in Figure
2.6.

Fish

150

Zooplankton 0 o

Phytoplankton

Figure 2.6: Phase space diagram of the system (2.1) for g = 0.71.

Similarly, the instability for the system (2.1) have been shown taking p as the bifur-
cation parameter with the help of same parametric values. Now, by Theorem 2.8.,
we can determine the critical value of p and it is p* = 0.21. The system is unstable for
p > p* around its interior equilibrium point £*, taking p = 0.22 the solution curve to the
system (2.1) has been shown in Figure 2.7 which indicates that the system is unstable
around the interior equilibrium point E*.
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Figure 2.7: Phase space diagram of the system (2.1) for p = 0.22.
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Finally, for the parametric values K = 10.0,5; = 0.2,d = 0.3,p = 0.2, = 0.2,0 =
0.28,S = 0.28, the changes of the critical parameters Ry and R; with respect to the
parameters associated with them have been shown in Figure 2.8. From this figure, it
is observed that the value of Ry decreases from zero when parameter K increases from
zero and for this values of K, R; is nearly constant which is less than 1. Therefore,
for all plausible values of K, Rg and R; must be less than 1. Again, when parameter d
increases from the initial value zero then the values of Ry remains same which is —50 less
than one. Also, it is also observed that when p increases from zero then R, decreases
gradually from —16.67. But, when [, increases then R also increases and it is seen
that Ry must be less than one for all values of ; which are less than 0.5. From this
observation of sensitivity analysis, it is concluded that Ry and R; must be less than one
for all values of K, d, p and [; except (3, is grater than equal to 0.5 i.e., the equilibrium
point E; is locally asymptotically stable for all values of K, d, p and [; except [3; is
grater than equal to 0.5.

-100 -55
(o]

-50

-100 -100
0 0.1 0.2 0.3 0.4 0.5 0 0.2 0.4 0.6 0.8 1

Figure 2.8: Sensitivity analysis of Ry and R; where the solid line denotes Ry and dash-dot

line denotes R;.

2.9 Conclusion

Now a days mathematical ecology becomes a highly demandable area of research for
scientists, mathematician, ecologists etc. who works in the mathematical biology. They
are devoted their time to find out the solutions of different ecological problems such as
prey-predator interaction, existence and extinction condition of a species in natural en-
vironment and how different factors are influencing the dynamics of a population. This
factors may be come due to different human activities on the nature and natural disas-
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ters. In this chapter, we wanted to study a prey-predator mathematical model taking
Phytoplankton, Zooplankton and Fish as separate population. This type of system can
be seen in the ecosystems of ponds, lakes and marines etc.

In this chapter, we have thoroughly discussed analytically and numerically the dynamical
behavior of our proposed Phytoplankton, Zooplankton and Fish interaction mathemati-
cal model. It is seen that the boundedness of solutions of our proposed system depends
on death rates of both Zooplankton, Fish and also the uptake rates and conservation
rates of Phytoplankton and Zooplankton by Fish species. Our study ensures the exis-
tence of five possible equilibria such as vanishing, Zooplankton and Fish free, Fish free,
Zooplankton free and the coexistence one. From the stability analysis, it is seen that
the trivial equilibrium is always unstable. The boundary equilibrium F; will be locally
asymptotically stable if the two critical parameters Ry < 1 and Ry < 1. The planer
equilibrium points FEs, E3 and positive equilibrium E* exists if the parametric value
Ry > 1. Then, we study Hopf bifurcation of the system with respect to two parametric
values such as uptake rate § of Phytoplankton by Zooplankton and rate of releasing
toxic substances p produced by unit biomass of Phytoplankton. From the numerical
simulations, it is seen that for § > f* and p > p* the system shows unstable solution.
So, it can be concluded that these two parameters have a significant role to stabilize
the proposed system. Also, the global stability analysis of the interior equilibrium has
been investigated and it will be globally asymptotically stable under certain condition.
The sensitivity analysis of the two parameters Ry, and R; have been done. From the
sensitivity analysis of the parameter Ry, it is shown that Ry must be less than 1 when
the parameters K, d, p and (3, increases but Ry must be grater than 1 when f; is grater
than equal to 0.5. From this analysis, it can be concluded that Ry and R; has important
role for the local stability of equilibrium points.

Gateway from Chapter 2 to Chapter 3

In Chapter 2, we have studied some interaction dynamics among Phytoplankton, Zoo-
plankton and Fish which is nothing but a food chain model. Stage-structure dynamics
is an important phenomenon in population ecology. Chapter 3 is devoted to study the
effects of anti-predator behavior of adult prey species on the dynamics of prey-predator
system.

37



CHAPTER 2. STABILITY ANALYSIS OF COEXISTENCE OF THREE SPECIES
PREY-PREDATOR MODEL

38



Chapter 3

Stability and Bifurcation Analysis of
a Stage Structured Prey-Predator
Model with Ratio-dependent
Functional Response and

Anti-predator Behavior of Adult

Prey

3.1 Introduction

The study of interaction among different species and their surrounding natural environ-
ment is an important topic in theoretical ecology. At present not only researchers from
biology but also researchers from other fields like economics, geology, applied mathemat-
ics, environmental science etc have shown their interests to investigate the interactions
between two or more species. The systematic mathematical analysis can lead to better
understanding of such type of interactions. Since the work of Lotka [138], various kinds
of mathematical models on prey-predator interaction [77,102,175,177,250] have been
explored to explain the relationship between prey and predator. It is natural that two
or more species living in a common habitant are often attached to one another by
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interacting in several ways. Choice of suitable growth rate is an important aspect in
studying the interactions between a prey and its predator populations. However, in the
existing literature, several mathematicians and theoretical ecologists have contributed
their different conceptual notions about the growth rate of predator population. Nor-
mally, the rate of prey consumption by an average predator is known as functional
response which can be classified as (i) prey dependent (ii) predator dependent and
(737) multi species dependent. In prey dependent, the functional response is affected
by only prey population, in case of predator dependent, functional response can be
determined by considering both predator and prey populations and in multi species de-
pendent the species other than the focal predator and its prey influence the functional
response. Traditionally in prey-predator mathematical models, the functional response
has been considered depending upon density of prey population only. In 1989, Arditi and
Ginzburg [10] suggested a ratio dependent functional response which is a particular type
of predator dependence. Here, the response only depends on the ratio of prey population
size to predator population size and it is quite better than prey dependent functional
response. Although, the mathematical form of the ratio dependent functional responses
are more complex than the other types, there are very few number of existing literature
in prey-predator models in which these types of responses have been considered. In 2004,
the ratio dependent functional response was considered by Fan and Li [66]. After that,
Banerjee [21] developed a prey-predator model considering the ratio dependent func-
tional response in 2010. In these two papers, a ratio dependency has been considered
on Holling type IT only. There are also some mathematical models [19,75,123] in which
the ratio-dependent functional response has been considered to analyze those models.
In 2013, Tewa et al. [234] studied the effects of Holling type II functional response on
a disease induced prey-predator system. Xu and Li [254] investigated the impact of
Hassell-Verley type functional response on a predator prey system in 2015. In 2016,
Tripathi et al. [238] studied the effects of Crowley-Martin type functional response on a
delayed induced prey-predator model.

Although biologists routinely label the animals as predators or prey, the ecological role
of individuals is often far from clear. There are many examples [8,48,109,182,225] of role
reversals in predators and prey, where an adult prey attacks vulnerable young predators.
This implies that a juvenile prey that escapes from predation and becomes adult and
then it can kill juvenile predators. The juvenile prey to adult prey results in behavioral
changes later in life: after becoming adult, these prey kill juvenile predators at a faster
rate than prey that had not been exposed. Anti-predator adaptations are mechanisms
developed through evolution that assist prey organisms in their constant struggle against
predators. Throughout the animal kingdom, adaptations have evolved for every stage
of this struggle. There are very few mathematical models [230] in which anti-predator
behaviors have been considered to analyze the nonlinear system.
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In 2014, Pal and Mandal [173] studied a mathematical model with modified Leslie-
Gower type prey-predator model with Beddington-DeAngelis functional response and
strong Allee effect. After that Zhang et al. [261] investigated a diffusive prey-predator
model with disease in the prey in 2014. Again, in the same year Pal et al. [171] reported
the impact of omnivory and predator switching on a three species prey-predator model.
Bhattacharya et al. [26] studied a disease induced prey-predator model with immune
response on infected prey in 2014. In 2015, Cai et al. [30] studied the dynamics of Leslie-
Gower type predator-prey model with the allee effects. Huang et al. [101] investigated
the impact of environmental toxin on a prey-predator system in 2015. In the same year,
M. Al-Omari [5] reported the effect of state dependent delay and harvesting on a stage
structured prey-predator model. In 2016, Tang and Liu [231] studied Hopf bifurcation
on a stage structured prey-predator system.

Basically there are few research articles available in the prey-predator system with anti-
predator effects. But till now there exist some gaps in the literature which are as follows:

It is seen that in the existing literature, anti-predator behavior has been taken on whole
prey species. But in the reality, it is not correct, because only adult prey can attack their
vulnerable predators to save the infants from the predation of predator. Again, most of
the research papers on mathematical modelling of prey-predator system the functional
responses have been considered as prey dependent. But in many experimental works, it
was showed that functional response has been depended upon both prey and predator.

To overcome these difficulties, a prey-predator model with stage-structured has been
considered in this chapter. Here, we have developed a prey-predator system in which
two prey species such as juvenile prey as well as adult prey and one predator species
have been considered. There are very few papers on prey-predator mathematical model
with anti-predator behavior. Anti-predator behavior are mechanisms developed through
evolution that assist prey organisms in their constant struggle against predators. The
existing paper considered the anti-predator behavior on the whole prey species [230].
But in reality, it is seen that adults prey attack their vulnerable predators and save the
younger prey from predation. This motivated us to introduce the anti-predator behavior
only on the adult prey population. Also, the ratio dependent functional response function
has been considered along with the anti-predator behavior of adult prey population.

3.2 Model Formulation with Anti-predator Effects

In this work, we are going to discuss a prey-predator mathematical model with stage
structured prey populations. In this model, it is assumed that the recruitment rate of
juvenile prey is proportional to the density of existing adult prey population. It is also
assumed that juvenile prey becomes adult prey after staying sometimes in the juvenile
stage. But, the study of anti-predator behavior is very important in ecology due to
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morphological changes and attack of adult prey. Now, according to the model developed
by Tang and Xiao [230], it is seen that the growth rate of predator population has been
decreased by a anti-predator behavioral term (nzy) involving the densities of all prey
populations. But from the literature survey [48,109,182], it is seen that only the adult
prey can save itself from the attack of predator due to its morphological changes. In com-
munal defense, adult prey groups actively defend themselves by attacking or mobbing
a predator. Mobbing is the harassing of a predator by many prey animals. For exam-
ple, red colobus monkeys exhibit mobbing when threatened by chimpanzees, a common
predator [8,225]. So, in this model, only the adult prey has been considered to reduce the
growth rate of predators. Due to this reason, we consider a stage structured prey popula-
tion with juvenile prey or immature prey and adult prey or matured prey with biomass
densities x(t) and y(t) at any time ¢ respectively. Here, z(¢) be the biomass density
of predator population at time ¢. As we have assumed that, matured prey population
is strong enough to bear an anti-predator characteristics, therefore, the anti-predator
behavior is taken as a bilinear form of both the state variables y and z with 7 as the
per capita rate of anti-predator behavior of adult prey to the predator population. In
population ecology, the intra-specific competition is an interaction between the members
of the same species competed for limited resource. Ruan et al. [194] investigated the
effects of density dependent mortality on predator prey model. So, in this work « is
taken as a death rate due of intra-specific competition between the adult prey species.

Again, in population dynamics, the functional response is very important to describe the
actual nature of both prey and predator population. Now, for the traditional predator-
prey model, the functional response depends upon only density of prey population. But
according to Berrymen [25], the predator per capita growth rate should decline with its
density also. Therefore, to satisfy the above both criteria a functional response should
be a function of prey and predator both [10,21]. In this regard, the following functional
responses of predator for consuming juvenile prey and adult prey should be considered
as

Bz Py
and
z 4 kix + koy z+ kix + kay

respectively. Hence, considering above realistic criteria, a prey-predator model has been
developed in this chapter as follows:

dz 3 J brxz )

— = — Br —dyx — ——MmM—

dt R T T hir + Ky

dy Bayz

A —doyy — > — — =25 1
dt 537 2y oy z 4+ ]{?137 + kg’y (3 )
dz phaz  mPyr L _

dt 24+ kix+ky 2+ kir+ koy s )
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with nonnegative initial conditions z(0) > 0,4(0) > 0 and z(0) > 0.
Here, the other parameters involved in the proposed model are described as follows:

e ~: recruitment rate of juvenile prey.

e [3: portion of juvenile prey who becomes adult.

e [3;: predation rate of predator to the juvenile prey.

Bo: predation rate of predator to the adult prey.

e ,i: conservation rate of juvenile prey to the predator.

e /i: conservation rate of adult prey to the predator.

7: rate of anti-predator behavior of adult prey to the predator.

a: death rate of adult prey due to intra specific competition.

dq, do, d3: natural death rates of juvenile prey, adult prey and predator respectively.

k1, ko: saturation constants for the functional responses.

3.3 Boundedness of Solutions

In this section uniform boundedness of the solutions of our proposed system have been
discussed.

Theorem 3.1 All solutions of the system (3.1) will be uniformly bounded in R} if
<1 p <1andd=min{d,ds}.

Proof. Now, we construct a function
W=zx+y+-=z.
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Taking time derivative of W and putting the values of %, % and %, we have
dw brxz 9 Boyz
= = — By —dyp — — —dyy — gt — — ¥
o vy — Br — dix Z+k1x+k2y+ﬁx 2 O T T oy
pbizz 1 Bayz
+ + —dsz —nyz.
kit hy 2t kwtkey 2
dW brxz
- = —dix —doy —a)® —dazy — ——"" (1 —
o WY = b = day —oy” = dz — — = kzy( 1)
Payz
— 2 (1) —ny=
z+k‘1:1:—|—k:2y( ) =y
o dW 2 .
e, < vy —dix —doy —ay” —dzz —nyz, it p <1 and pu; <1
aw
i.e., o < vy —dix — doy — ay® — dsz.

Let us introduce a positive real number ¢ then multiplying 6 with W and adding with
the above equation and applying the theory stated in [27], we have

aw
E—HFW < yly—de—ay+0)— (dy — §)x — (ds — 9)=.
AW : :
e~ + oW < y(y—dy—ay+90), taking 6 = min{dy,ds}
AW (0 +7 —do)?
e, +oW < 1o Q. (say)
ie, W < %(1 — e F W(0)e™.

For t — o0, we have W < %.
Hence, all the solutions of the system (3.1) are bounded in the region

S ={(z,y,2) € R% : W =%+, for any € > 0}.

Note: If the conservation rate of juvenile prey and adult prey to the predator are
less than one. Then the solutions of the system (3.1) will be uniformly bounded.

3.4 Equilibria and Stability Analysis

In this section, we find all the possible equilibria and discuss their stability analysis.

3.4.1 Equilibria

The above model has three possible equilibria such as:

(i) The trivial equilibrium E(0,0,0).
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(ii) The predator free equilibrium FEy(xq,y1,0) exists if By > da(B8 + dy)

Y[By—d2(B+d1 y—da(B+d1)] _

where z; = a(Frd1)? I and Y1 = 8 B+

(iii) The positive interior equilibrium E*(z*,y*, z*), where
o2 (Brdsky — pfBi — dipf) + Y1 foy*? + nkafra iyt + Binkox*y*?
+a*y* (pyBr — p BB — dipa fa — 1 B1f2 + Prdsks) =0,

o — z* (pB1—dsk1)+y* (1 B2—dake) —nk1z*y* —nkay*?

(ds+ny*) ’
—_ A/ 2_
A+ Ay + Ay = 0, fe, yb = 2 zéf 8 where A = (o — nks),

Ay = pndy + pu fy — pry — dska — nkya*, Az = x*(puf + pdy + pby — pu f — dsky).
Case 1: If A; > 0, A3 < 0 then only one positive value of y* can be obtained as

y* o —Ag++/ A%—4A1A3

2A .
Case 2: If All >0, Ay < 0 and Az > 0 then two positive value of y* can be found

3.4.2 Local Stability Analysis

Theorem 3.2 The trivial equilibrium Ej will be locally asymptotically stable if
By < dy(B 4+ dy).

Proof. Since the system is undefined at (0,0,0) and difficult to study the behavior
of the system at that point. To overcome such situation, we modify the model (3.1) as
when (z,y,z) # (0,0,0) and % = % =% =0 at Ey(0,0,0). To analyze the behavior of
the system at trivial equilibrium, we follow the method developed by Arino et al. [11].
Then we rewrite the model as

av

= HV(H) + QU (1))

where H(.) is a continuous and homogeneous function of degree one; V' = (x,y, 2);
Q is a C! function with Q(V) = o(V). For the present problem, H = (A\z, Ay, —d32)

where A\ o = “(Brditdndy/ (rdi ) A )] o V(t) be a solution of the above

such that liminf,_..||V (t)]]| :20 and V(t,) be the corresponding sequence which tends
to zero as ¢ — oo.

Define y,, = (V(t,, + 8)/||V (tn + s)||). Then, y, is a sequence such that ||y, || = 1.

Now, by Ascoli-Arzela theorem, there should exist a subsequence of y, that converges
to a function y(¢) satisfying the equation

dy
- = H(®) = (y(1), H{y(t))y(t). (3.2)
The steady state of the above equation will be given by the vector v(t) = (v, vq,v3)
where H(v) = (v, H)v are the solutions of the eigenvalue problem

H(v) =M

A= (v, H(v)). (3.3)
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From the above equation we have (A\; — A)v; =0, (A2 — A)ve =0, (d3s + A\)vs = 0.

We now study the following cases:

Case I: v; # 0,09 =v3 =0.

In this case, the system can reach the trivial equilibrium (origin) along the z-axis with
A = \; when By < dy(B + dy).

Case II: v; = v3 =0,v9 # 0.

The system will reach the origin along the y-axis with A = Ay when v < da(8 + dy).
Case III: v; = vy = 0,v3 # 0.

The system will reach the origin along the z-axis with A = —dj.

Theorem 3.3 Predator free equilibrium FE} is locally asymptotically stable
if > M) — gy (B + dy)/ [By — da(8 + dh)] and By > dy(8 + db).

Proof. The characteristic equation of the jacobian matrix at Fj(xy,1,0) is

1
(m“‘m o] = ds = nyr - A) N2+ A8+ di + dy + 201)
141 2Y1

+6y — dy(6+ dy)] = 0.

Hence, FE is locally asymptotically stable if
n > [%m - d3] a(B+di)/ [By — da(B + di)] and By > da(B + dy).

Note: When the anti-predator behavior of adult prey is greater than the difference of
predation of juvenile prey, adult prey by predator and death rate of predator population,
divided by the equilibrium biomass of adult prey. Then the predator free equilibrium
will be locally asymptotically stable.

Observation 1 Suppose that n > %m - dg] alB + dy)/ By — da( B+ dy)]

holds. Then for the parametric condition v = da(8 + dy)/f the model system (1) under-
goes through a transcritical bifurcation around the trivial equilibrium point Ey as when
v < dy(B + dy)/B then the trivial equilibrium becomes asymptotically stable where as
for v > do(B + dy)/B not only the trivial equilibrium E, becomes unstable but also a
new (predator free) equilibrium forms and becomes locally asymptotically stable.

Theorem 3.4 The interior equilibrium E* of the system (3.1) is locally asymptoti-
cally stable if 9 > 0, 03 > 0 and o109 — 03 > 0 holds where 01,0, and o3 are given
within the proof.

Proof. The characteristic equation of the jacobian matrix at E*(z*, y*, 2*) is
A+ g N2 4 o9\ + 03 = 0.

Where o1 = _(Mll + M22 + Mgg),
02 = (M11M22 - M12M21) + <M11M33 - M13M31) + <M22M33 - M23M32)7
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3.4. EQUILIBRIA AND STABILITY ANALYSIS

o3 = Myy (MagMsy — MagMsg) + Mg (Mo Mss — MagMsy) + Mg (Msy Moy — Moy M),
0109 — 03 = — M3 (Mag + Msz) — M2,(Myy + Mag) — M3 (M + Mas)
+ My (Mo Moy + Mz Msy) + Mag(Mia Moy + MagMss) + Msg(MysMsy — 2M11 Mas),

_ Brz* (2" +kay*) _ Bikox*z* _ _ Bz (kiz* +koy*)
Mll - _/6 - dl - (z*+k1x*+k2y*)27 MIQ - /7 + (Z*+k1$*+k2y*)27 M13 - (z*+k1z*+kgy*)2’
_ Bakiy*z* — * _ _Paz’ (2" tkiz’) _ _ Byt (kra*+koy™)
M21 - /8 + (Z*+k1i£*+k2y*)27 M22 - d2 2ay (z*+k1r*+k2y*)2’ M23 - (z*+klz*+k2y*)2’
_ (B2 (2 +koy*) —k1p Boy*2Y) _ (mfez*(z*thkiz*)—pfikoz*z*) o«
M31 - (z*+k1a:*+k2y*)2 bl M32 - (z*+k1$*+k2y*)2 772 9

Mg = G2y (uhra™ + i fay™) — ds — ny*
By using the Routh-Hurwitz criteria, it is observed that the interior equilibrium point
will be locally asymptotically stable if o3 > 0, 03 > 0 and 0,09 — 03 > 0 holds.

3.4.3 Global Stability Analysis

Here, we consider an autonomous dynamical system:

i= () (3.4)

where f : D — R", D C R" be an open set and simply connected and f € C'(D) which is
the space of continuously differentiable function on domain D. Each solution xz(t) of this
differential equation (3.4) is uniquely determined by its initial value x(0) = zo. Let x*
be an equilibrium of (3.4). Then we can say that z* is said to be globally asymptotically
stable in D if it is locally asymptotically stable and all trajectories in D converge to x*.
It is assumed that the following hypothesis hold:

(7) There exists a compact absorbing set K C D

(77) The equation (3.4) has unique equilibrium z* in D.

The basic idea of this method is that if the equilibrium z* is locally asymptotically stable,
then the global stability is assured provided that (7) and (4¢) hold and the equation (3.4)
has no periodic solution.

Now, a matrix P(z) is choosen in such a way that it will be a nonsingular (g) X (")

2
matrix valued function x — P(z) that is defined in C*' on D and it is considered that

B=PP '+ pPJEP
where the matrix Py is (P;;(z))s which is given by

(Py(2))s = VB f(2)

and the jacobian matrix J2 is the second additive compound matrix of the jacobian

matrix J. Generally for a n x n matrix J = (J; ;), = (%) , J® s a (5) x (5) matrix

and in a special case for n = 3, it is as follows:

Ji1 + Joo Ja3 —Ji3
J = J32 Ji1 + Js3 J12
—Js Ja1 Joo + Js3
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Now, it is considered that the Lozinskii measure I of B with respect to a vector norm
.| in RN where N = (}), is defined by

. [I+mB| -1
N(B) =l ———

Now, it is proved in [131] that if (i) and (i) hold as well as the condition

1 t
lim sup sup ~ / T(B(x(s, 0)))ds < 0. (3.5)
t—o0 t 0

then it guarantees that there are no orbits giving rise to a simple rectifiable curve in
D which is invariant for (3.4). Therefore, Li and Muldowney [131] states that if the
conditions (7) and (éi) hold, then the interior equilibrium z* is globally asymptotically
stable in D provided that there exist a nonsingular matrix valued function P(z) and
a Lozinskii measure p such that the condition (3.5) holds. Using this results we have
proved that our proposed system (3.1) is globally asymptotically stable around its inte-
rior equilibrium as follows:

Theorem 3.5 The system (3.1) is globally asymptotically stable around its interior
equilibria if n < {% — d3 — s}/ pe where the expression of py and us are given
within the proof of this theorem.

Proof. The system (3.1) can be expressed as

dX
2 _ rx).
X )
Ty - e —diz — e z
where f(X) = fr — dyy — ay? — Hlﬁi—yjm and X = | y
l,LBliEZ ;UIIBQyZ _ dgz _ nyz ya

ztki1x+koy z+kiz+kay
Then the jacobian matrix (J) of the system (3.1) is

Jll J12 J13
J=1 Jau Jo Jo3
Js1 J3z Js3
o g Bia(zthkay) _ Brkyrz — _ Pulhiztkey)
Ju=-6-d (ztk1z+koy)?? Jiz =7+ (z4-k1z+kay)? Ji3 = (z+k1a+hoy)??
B Bokyys o _ Boz(atkiz) _ Boy(krztkoy)
Jo1 = ﬁ + (z-&-kzwi&-k‘zy)Q’ Joz = —dy 20y (z4-k1z+kay)?? J23 = (ztk1z+k2y)?’
Jur — (uB12(z+koy) —k1 i1 B2yz) T — (p1B2z(z4kix)—pfrkaxz) p
3= (z4k1z+k2y)? A (z+k1a+hay)? %,

J33 = % (b1 + p1Bay) — ds — my.

If JP be the second additive compound matrix jacobian matrix of the J, then

Ji1 + Joo Ja3 —Ji3
J = J32 Ji1 + Js3 J12
—J51 Ja1 Joo + Js3
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Next, we consider P( ) in C'(D) in such a way that P = diag {£,%,%} and then we
have P~1 dmg{— z z

Now, Py = = dzag{x——z—gz,z - Zz ——Z%z}, PPt = diag{i_é &z 2_5‘}
and PJEP T — g2

Also, we have

Bu B
B=ppt 4+ PJRIPT = ( o )
! By Ba

where By = f - f + Ju + Jaz, Bz = ( Joz  —J13 )7 By = ( Js2 —J3 )t
Ju+ Jsz Jio
d By = )
e P ( T I
Let us introduce the following vector norm in R? of the form

|(w, v, w)| = maz{ful, [v] + [w]}.

where (u,v,w) is the vector in R* and Lozinskii measure with respect to this norm is
denoted by I'

So, I'(B) < sup{p1, pa} where p; = I'1(B11)+|Biz2| and ps = I'1(Baz) + | Ba1|, where | Byo|,
| Bo1| are the matrix norms with respect to the L' vector norm and I'; is the Lozinskii
measure with respect to that norm. Then, the required values can be obtained as

Tz 2
I'y(Bn) = P + Ji1 + Jao, | Bia| = max {|Jas|, | — Jusl} .
‘le‘ = maiﬂ{\»’:ﬂ‘» ’ - J31|}-

Tz
F]_(BQQ) = E — ; + max {Jll + J33 + JQ]_, J12 + Jgg} .

From the third equation of system (3.1), we have

z pBix p1B2y
- = + —dz —ny.
z  z4 kx4 key 24+ kir+ kyy

Then, using the above values we have

& pbr f152y
- - +ds +ny 4 Jii + Joo +max {]Jas|, | — Jisl} .
D1 r 24 kzt+kay 2+ bz + kay 3TNy 11 22 {[J2s], | i3]}
x pbr f1 2y
- - + d3 +ny + max {Ji1 + Js3 + Jo1, 12 + J-
b2 v ctkirthky 2t kathy 2 {Jin + Jss + Jor, Jio + Jao}

+ maz {[Jsl, | — Jal}.
Therefore, from the above we have

T 1Bz 132y
rB) < —-— — d
(B) < r  z+ kx4 ky Z—i-lﬁﬂﬁ—i‘/fzyjL s
+ mazlmaz {Ji1 + Jog + |Jas|, Jun + Joz + | — Ji3|},

max {Ji1 + Js3 + Jo1 + |Jsa|, Ji2 + Joo + | — Ja |} (3.6)

49



CHAPTER 3. STABILITY AND BIFURCATION ANALYSIS OF A STAGE
STRUCTURED PREY - PREDATOR MODEL WITH RATIO-DEPENDENT
FUNCTIONAL RESPONSE AND ANTI - PREDATOR BEHAVIOR OF ADULT
PREY

It is assume that there exists a positive real number py and ¢; > 0 such that
wo = inf{xz(t),y(t),z(t)} when t > t;. Also, we take

ps = max {Ji1 + Joo + | Jas|, S + Joo + | — Jus|} at pe = inf{z(t),y(t), 2(t)}.

. Br(1 4+ ks) Bo(1 + ky)
1.€., U3 = mam{—ﬁ — d1 — m — dg — 204/,62 — m
Ba(k1 + k2) B1(1 + ko) Bo(1+ k1)
poom T g g - T g oap, — e T
Okt k) O T Ak ke 272 A T 5
n Bi(k1 + k2)

(14 k1 + k)2

pa = max{Ji + Jsg + Jor + |Jsa|, Jiz + Joo + | — ‘]31Hugzinf{a:(t),y(t),z(t)} .
Br(1 4+ k2) k1 + ko

(1+Fky+ k)2 (14 kg + ko)?

i,y = max{—p—d — (b1 + pBa) — ds — nps

Bk (1152(1 + k1) — pBiks) Biks
+ B+ + — o],y +
R G Sy T S WY T T 1 )2
1+k 1+ ky) —k
— dy — 205 — Pa( 1) 2+|(H51( 2) 15152)|}
(1+k51+k2) (1—|—k1+k’2)
and ps = max{us, pa}-
Therefore, from equation (3.6) we have
T 1B )
rB) < <- - s + g + s,
(B) < v 1t+kithks 1+k+k 3 T T2 T U5
: T e 52
e T(B) < Y- + —ds — g — 5 | -
e, I(B) x (1+k1+k2 Lb by k22 “5>

Now, integrating the above equation in [0, ¢] we have

O (s
(0) 14+ki+k 14k + ko
1

¢ 1 x(t) 151 B2
- [ I'(B)ds < -1 — —

1 [t et 132
li — I'(B)ds < — —ds — — < 0.
oo Supsupt/o (B)ds <1+k1+k2+1+k1+k2 87 TH2 T s

t
/ ['(B)ds < logi —d3 — Ny — u5) t.
0

ds — npz —M5) .

Hence, the system (3.1) will be globally asymptotically stable around the interior

equilibria B if n < {W2H2) — g — g} /.

3.4.4 Hopf bifurcation Analysis

In this section, when any parameter value changed then the stability of the system is
determined. If we change a parameter for a critical value of this parameter then differ-
ent dynamical behavior except stability may occur. The critical value of a parameter for
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which the dynamical behavior of a system is changed, is called the critical point. The
critical value of the parameter is called the bifurcation point. In this chapter, we have
considered (n) (rate of anti-predator behavior of adult prey) as the bifurcation parameter.

Theorem 3.6 The necessary and sufficient conditions for the occurrence of Hopf bi-
furcation at n = n* are stated as follows:

(1) oi(n*) > 0,i=1,2,3

(i) o1 (0" )oa(n") — a3(n”) = 0,

(iii) Re (%)n:n* £0,i=1,2,3

where \; are the roots of the characteristic equation corresponding to the interior equi-
libria and o1, 09 and o3 are defined within the Theorem 3.4.

Proof. When n = n* then the characteristic equation in Theorem 3.4
N 4 oI\ + o9\ + 03 = 0. (3.7)
becomes
(A + o)A+ 01) =0.
since at n = n*, o1(n*)oa(n*) — o3(n*) = 0.
So, the above characteristic equation has three roots such as Ay = i,/02, Ay = —i,/02

and A3 = —
Now, for n € (n* — €,n* + €), the roots of the characteristic equation are

Now, we verify the transversality condition Re ( pr ) 7é 0,2=1,2,3.

Substituting A1 (n) = ¢1(n) + id2(n) in equation (3.7) nd calculating the derivatives we
have

P(n)dy(n) — Q(n)¢2(n) +U(n) =0,
Q)¢ (n) + P(n)g2(n) +V(n) =0,

where

(n) = 3¢%(n) n)¢1(n) + o2(n) — 3¢3(n),

Qn) = ¢ (m@2(n) + 201(n)da(n),

U( )=¢>f mor(n) + o5 ()i (n) + o5(n) — o1 (n)¢3(n),
(1) = 261(n)pa(n)oy(n) + o5(n)2(n),
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Now,

iy ~QUNV(r) + P(r)U () .
(e =~ LB 2, o112

since Q(n")V (n*) + P(n")U(n") # 0 and A3(n") = —o1.
Hence, the theorem is proved.

3.5 The Model without Anti-predator Effects

Taking the rate of anti-predator behavior n = 0 then system (3.1) reduces to the following
form

dzx 3 d brxz )
— = —pr—dix — —
Cclit 7Y M ki + kay
y 5 2YZ
29 — doy — R e L )
7 Ba —dyy —ay” — — o (3.8)
% _ whirz 1 Poyz —dux
dt st kit key  zHkw+ky O )

System (3.8) has three possible equilibria as
(i) The trivial equilibria Eo(0,0,0).

(ii) The predator free equilibria E, (22, Y2, 0) exists if 5y > da(B + dy)

Y[By—d2(B+d1)] and Yo = [57*d2(5+d1)]_

where zq = o (A Hd1)? IR

(iii) The positive interior equilibria E’*(i*, U*, 2*), where

f*2(/31d3]€1 - Mﬁ% - dwﬁl) + 7#152?3*2 + 2*y" (/~Wﬁ1 — BBy — dip B — p1B1f2 +

frdsks) =0, 2* = i’*(Hﬂl—dsm);f*(mﬂz—dgkz)7

_ 2_ oA a*
10 + Ay + As = 0 fe., g = BV AT dmadsit

2u1a ’
Ay = pndy + B — pry — dsk, As = pB + pdy + pby — i 8 — dsks.
Case 1: If A5 < 0 then only one positive value of §* can be found and its value

—Ag++/ AZ*4M10¢A55§*

becomes §* = o :
Case 2: If Ay < 0 and A; > 0 then two positive value of y* can be found if
A% — dpaAst* > 0.

Lemma 3.1 The predator free equilibria E; of system (3.8) will be locally asymptoti-
. d

cally stable if By > dy(8 + dy) and d5 > ‘ﬁﬁi—m

Lemma 3.2 The interior equilibria E, will be locally asymptotically stable if o7 > 0,

o4 > 0 and ojol, — o > 0, where o,0) and ¢4 can be obtained by putting n = 0 in the

expression of o1,00 and o3 respectively given in Theorem 3.4.
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3.6 Comparison Between Two Models

From the model (3.1), we see that the predator free equilibrium’s locally asymptotically
stability depends on the anti-predator behavior of the adult prey population. Again, it
is also seen from the model (3.1) that for interior equilibrium, the equilibrium biomass
of predator population depends on the equilibrium biomass of juvenile prey and adult
prey population. Also, the equilibrium biomass of predator population decreases with
the increases of the anti-predator behavior of adult prey.

But from the model (3.8), we see that the predator free equilibrium’s locally asymp-
totically stability depends on the death rate of the predator population. If death rate
is greater than some value then predator population vanishes and locally asymptotically
stable. Also, for the interior equilibrium of the model (3.8), the equilibrium biomass of
predator population depends on the biomass of prey and adult prey population but not
depends upon the anti-predator behavior.

3.7 Numerical Simulation

In this section, the dynamical behavior of the proposed model (3.1) has been discussed
numerically using MATLAB. Let us consider a set of parametric values as: v = 1.5,
g =03,d =025 p =01, kf, = 0.1, ks = 0.5, dy = 0.13, a = 0.14, B = 0.2,
w=0.3, g =04, d3 =0.2, n =0.2. For this set of parametric values Figure 3.1 has
been drawn which shows that the predator free equilibrium £;(13.41,4.911,0) is locally
asymptotically stable.
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Figure 3.1: Local stability of the equilibrium point Fj.
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Again, we consider another set of parametric values as v = 1.5, § = 0.29, d; = 0.25,
b1 =01, ky = 0.01, ks = 0.02, dy = 0.13, « = 0.14, B = 0.2, p = 0.75, pu; = 0.8,
ds = 0.25, n = 0.01. Using the above set of parametric values Figure 3.2 has been
drawn. From this figure, it is seen that the interior equilibrium E*(6.076,2.579,3.034)
is locally asymptotically stable.

5_>_)~ 10
(=%
D
(<53
=
=
=S 0 L L L L
(o] 100 200 300 400 500
Time
yi
>
[}
S
= 2 f
>
=
< 0 L L L L
(o] 100 200 300 400 500
Time
10
S
g 5(/
1<
o
o L L L L
(o] 100 200 300 400 500
Time

Figure 3.2: Local stability of the equilibrium point E*.

Also, another set of parametric values have been considered as v = 0.5, = 2.5,d; =
025,81 = 0.5,k = 1.0,ky = 1.0,dy = 0.23, 0 = 0.1, 8, = 0.29,u = 0.2, 41 = 0.7,d3 =
0.11,n7 = 0.0001. For this set of parametric values Fig.3.3 has been drawn with different
initial conditions. From this figure, it is observed that the interior equilibrium is globally
asymptotically stable.

Predator

Adult prey

Juvenile prey

Figure 3.3: Global stability of interior equilibrium.
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3.7. NUMERICAL SIMULATION

For the set of parametric values v = 0.5, = 2.5,d; = 0.25,8; = 0.5,k; = 1.0,ky =
1.0,dy = 0.23,a = 0.09, 8, = 0.29, 1 = 0.2, 43 = 0.98,d3 = 0.11, Figure 3.4 has been
drawn. From this figure, it is observe that when 7, the anti-predator behavior of adult
prey crosses 0.00105 then the value of (0109—03) becomes negative. So, here n* = 0.00105
is the critical point or bifurcation point and the unstable solution curve with respect to
time and the corresponding Hopf bifurcation diagram of the system have been shown in
Figure 3.5 and Figure 3.6 respectively. From these figure, it is observed that the interior
equilibrium losses its stability as the value of n < n*.
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Figure 3.4: Represents the value of (0109 — 03) with respect to 7.
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Figure 3.6: Bifurcation diagram for n(= 0.001) < n*.

Using the same set of parametric values used in Figure 3.4 except n = 0.01, the Figure 3.7
and Figure 3.8 have been drawn. From these figure, it is seen that the unstable system
becomes stable i.e., the interior equilibrium is asymptotically stable. From these figure,
it can be concluded that the anti-predator behavior may act as a control of instability
or chaos.
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3.7. NUMERICAL SIMULATION
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Figure 3.8: Stable solution of the system (3.1) when n(= 0.01) > n*.
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For the same set of parametric values used in Figure 3.5 with different values of n, Figure
3.9 has been drawn. From this figure, it is observed that as the value of anti-predator
behavior increases then the number of juvenile prey and adult prey increases. Because
due to the increase of anti-predator behavior of adult prey, the predation rate of adult
prey to the predator decreases and also adult prey struggle to save the juvenile prey from
the predation. Again, for the increase of anti-predator behavior of adult prey, predator
population first increases due to availability of juvenile prey but for more higher values
of n predator population gradually deceases and it may extinct.

To compare the results of original system (3.1) and the system (3.8), the following
parametric values has been considered as: v = 0.5,8 = 2.5,d; = 0.25,3; = 0.5,k =
1.0,ke = 1.0,dy = 0.23,a = 0.09, 55 = 0.29, 4 = 0.21, 4y = 0.97,d3 = 0.11,n = 0.01.
Using the above parametric values Figure 3.10 and Figure 3.11 have been drawn. From
these figure, it is seen that for the same set of parametric values the interior equilibrium
is stable for the original system (3.1) but the interior equilibrium is unstable for the
system without anti-predator effects (3.8).
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Figure 3.11: Unstable interior equilibrium for the system (3.8).

3.8 Conclusion

Of late mathematical ecology has become a demanding area of research to the scientists
and researchers of different specializations including mathematics, biology, economics
etc. They are engaged to find out the solution of various ecological problems which
evolve with prey-predator interactions, inter and intra-specific competitions, biological
conversations and bio-diversity, extinction and coexistence of populations of different
communities in different environment etc. In this chapter, we intend to study a math-
ematical model on prey-predator system with some anti-predator behavior of the adult
prey populations. This type of system can be observed in red colobus monkeys exhibit
mobbing when threatened by chimpanzees.

In this chapter, we have thoroughly described the dynamical behavior of our proposed
model through both theoretical and numerical experiments. Our investigation ensures
the existence of three possible equilibria including vanishing, predator free and the co-
existence one. The asymptotic local stability analysis of the equilibria shows that all the
equilibria are not only conditionally asymptotically stable but also there is a possibility
of occurring transcritical bifurcation around the trivial equilibrium. Thus, it can be
concluded that the recruitment rate of juvenile prey populations (y) plays an important
role regarding the existence of entire prey species in the system as a comparative less
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value of v would tend to the system asymptotically stable around trivial equilibrium (see
Theorem 3.2) where as comparative higher value of v assures the system existence of
entire prey species (see Theorem 3.3).

We mainly study the behavior of the system around co-existing equilibrium due to its
natural importance. Apart from locally asymptotically stability criteria, we investigate
the existence of Hopf bifurcation and global asymptotic stability criteria of the interior
equilibrium. A geometric method has been applied to investigate the global asymptotic
stability of the proposed system around the interior equilibrium. There are very few
papers on prey predator mathematical model with anti-predator behavior. The existing
paper considered the anti-predator behavior on the whole prey species [230]. But in re-
ality, it is seen that adults prey attacks their vulnerable predators and save the younger
prey from predation. So, in this mathematical model we introduce the anti-predator
behavior term only on the adult prey population. Also, the ratio dependent functional
response function has been considered along with the anti-predator behavior of adult
prey population which are newly introduced in this chapter. From the numerical simu-
lation, it is seen that if the anti-predator behavior () of adult prey is less (or greater)
than a critical value (n*) then the system (3.1) becomes unstable (or stable). Also, from
the sensitivity analysis (see Figure 3.9) of system (3.1) with respect to 7, it is observed
that as the value of 7 increases then the density of juvenile prey and adult prey increases
but the density of predator decreases. It is biologically meaningful, because it helps to
protect juvenile prey from predation. Again, from Figure 3.10 and Figure 3.11, it can be
concluded that 1 has an important role to stabilize a system. So, from our analysis, it can
be said that the anti-predator behavior has a significant role in a prey-predator dynamics.

Gateway from Chapter 3 to Chapter 4

Species extinction is a great problem for our globe. Extinction of top predator is a great
threat. The next chapter is devoted to study the effects of supplying additional food
to prevent the extinction of top predator. We also study the dynamics of such system
taking into account harvesting effect on top predator.
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Chapter 4

Effects of Additional Food in
Tritrophic Food Chain Model with

Harvesting Only

4.1 Introduction

Modelling of predator prey interaction is an important topic in mathematical biology due
to its universal existence and importance. It was started with the pioneer work of Lotka
and Volterra [139] in 1956. After Lotka and Volterra, many researchers [98, 148, 160]
investigated several mathematical models to understand predator prey dynamics. The
growth rate of prey and the functional response are the most important factors for mod-
elling of predator prey ecological system. There are many types of growth rates among
them the logistic growth is the mostly used prey growth rate. Holling type functional
responses are commonly used in prey predator interactions. Most of the considered
prey predator models are either two species or three species model. Dynamics of three
species prey predator model are much more complex than a two species model. There
are many unexplored things still there. Three species food chain models are investi-
gated by mathematical biologists and ecologists for the last four decades. Hastings and
Powell [92] found existence of chaos in a three species food chain model. Persistence in
models of three interacting predator-prey populations was reported by Freedman and
Waltman [73]. Nonlinear aspects of competition between three species was investigated
by May and Leonard [149]. Aziz-Alaoui et al. [13,14,128] analyzed a three species preda-
tor prey model with two types of functional responses. Fan and Kuang [67] reported
the effects of Beddington-DeAngelis functional response on a predator prey system. Re-
cently, Panja and Mondal [175] investigated the stability and existence conditions of
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three species predator prey model with Holling type II functional response.

Now, the continuous harvesting may cause the extinction of predator population and
that makes the ecosystem unstable by loosing bio-diversity. Additional food may be
very useful component in ecosystem to prevent the species extinction. It is shown that
the supply of additional food to predator may be useful to control infectious disease
of prey [197]. Again, the effects of additional food may be helpful to stabilize a de-
layed type predator prey system [199]. So, the additional food can change the shape
of an ecological system. Biological control of predator population through the supply
of additional food to the predator was reported by Srinivasu et al. [223] in 2007. Kar
and Chattopadhyay [117] investigated a long run sustain-ability of a predator to be har-
vested in the prey-predator system in the presence of alternative food. Chakraborty and
Das [37] reported the effects of supply additional food in a prey predator system with
constant prey refuge. Most of the previous investigations are done to study the effects
of presence of additional food either in two species prey predator model or in a three
species model with additional food for top predator only.

Realistically it is seen that, the harvesting is an important issue for the conservation
biologist. Determination of optimal harvesting rate is of great importance to avoid
species extinction. Good harvesting strategy is helpful for economic developments of a
country. In 1992, Myerscough et al. [162] reported the effects of predator harvesting and
stoking in a two species predator prey model. Impact of harvesting on two competing fish
species in presence of toxicity was discussed by Kar and Chaudhuri [112]. Chakraborty
et al. [34] reported the effects of prey harvesting in a ratio dependent eco-epidemiological
system. Jana et al. [108] investigated the effects of harvesting and infection on predator
in a prey-predator system. Gupta et al. [86] studied the impact of nonlinear preda-
tor harvesting in a predator prey system. Sahoo and Poria [200] reported the effects
of supplying alternative food in a prey predator model with top predator harvesting.
In their model [200], the top predator can consume only the middle predator and the
middle predator can consume only the prey species. But in many real world ecological
systems [118,171], the top predator can consume both the middle predator as well as
the prey.

From the above literature review, it is observed that many investigations have been
made on the predator prey system. But till now, there exists some lacunas such as:

There exists few number of mathematical models on predator prey dynamics where
it has been assumed that the top predator consumes both prey and middle predator.
Also, the effects of supplying additional food to the predators have not been studied
extensively by mathematical biologists. Again, there exists very few research papers on
the study of effects of additional food to the predator prey system to control chaos or to
increase harvesting of predator population. But, there is no work considering additional
food to the top predator including the fact that top predator can consume both the
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middle predator as well as the prey and harvesting on top predator.

To overcome these lacunas, a predator prey model in the presence of additional food
has been developed in this chapter. To investigate the effects of additional food and har-
vesting, we propose a three species prey predator model where the top predator consume
both prey and middle predator. In fact, we have investigated the impacts of top predator
to be harvested in the presence of additional food for top predator only. The effects of
variation of additional food and harvesting rate are reported in this study. Bifurcation
analysis is done with respect to harvesting rate and with respect to consumption rate
of prey to the top predator. The optimal harvesting rate is calculated and the effects of
supplying additional food on the system are analyzed.

4.2 Model Formulation

Now, we consider three species food chain model of Hastings and Powell [92] as follows:

adx X ClAXY ~

2 RX(1- 2yl

dT 0 X ( KO) B+ X

dy AXY  AYZ

= = _ — DY 4.1
dT B+ X By+Y ! (4.1)
dZ ALY Z

i - Bty P )

where T is the time, Ry and K| are the intrinsic growth rates and the carrying capacity of
prey population X respectively. The conservation rate of prey (X) and middle predator
(Y) to the top predator (Z) are C;* and C, respectively. The death rate for middle
predator and top predator are D and D, respectively. Also, the constants A, Ay and
Bi, By are the predation rates and half saturation constants respectively. Sahoo and
Poria [200] extended this model (4.1) by introducing additional food to the top predator
only.

Then, Pal et al. [171] extended the model (4.1) by assuming that the top predator
consumes both prey and middle predator. According to their assumption, the model
(4.1) is reduced to the following form

dX X CiA XY  AsXZ )

T - RyX(1- - _
dT 0 X ( K0> Bi+X B3+X

dy AXY  AYZ

- - — DY 4.2
dT B+ X DBy+Y ! (4.2)
dz CoAYZ  CaAsX 7

W _ 2412 +Cd 3 —DQZ

dT By +Y | Byt X )
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where As, B3 and C3 are the predation rates of top predator, half saturation constant
and conservation rate of prey to the top predator respectively. This type of mathemati-
cal model is the real example of the interaction among Cod fish, Herring fish and Sprat
fish [118].

First, we extend the model (4.2) considering the effects of constant harvesting of top
predator. Since the continuous harvesting may cause the extinction of top predator pop-
ulation, so, we apply additional food (A) (0 < A < 1) to the top predator because it
helps the top predator for faster growth and hence it can reduce the predation pressure of
both the prey population and middle predator population. Supplying of alternative food
to top predator helps to increase its harvesting and henceforth that will be profitable for
economic growth. Incorporating this idea, we modify the model (4.2) into the following
form:

dX X AXY (1-AAXZ \
ax RoX(l——)—Cl 1 ( )As

T %) Bt X B, + X

dy AXY  (1—A)AYZ

v _ DY

T B+ X B, 1Y

iz (1= A)ChAYZ (1 — A)CAsX 7

az- _ Ay + CoAVAZ — DyZ — EZ.

T By T Bax T (GATGA) 2 )

It is easy to check that for A = 0 the model (4.3) is converted to model (4.2) and for
A =1 the prey and middle predator have no connection to the top predator. In this
case, the top predator growth depends only on the additional food.

Now, we non-dimensionalize the model (4.3) by taking = = %,y = (’;g, z = 00211?07
t = RyT and obtain the following system:

d_x ~ e(l—a)— mry az(1 — A)zz \

d 1-A

dy _ ary  e(-Apz (4.4)

dz as(l1 —A)yz  craz(l — A)xz as

- = — Az —dyz —

dt 1 —|— bgy ]_ —|— bgl' <b3 “ + a202) & 2% e y,

ALK, Ay Ko C A3Cy K, K K K D

Where a; = R;BS’ Ay = BzR(()JCf’ 3 = BiCiRg’ bl - B_?y b2 - 32817 b3 - B_§7 dl - R_;’
dy = %7 e = R%v c = %, Co = C}(—fz. We analyze the system (4.4) with initial
conditions z(0) > 0, y(0) > 0, z(0) > 0.
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4.3. POSITIVITY AND BOUNDEDNESS OF SOLUTIONS

4.3 Positivity and Boundedness of Solutions

In this section, we have discussed about the positivity and boundedness of solutions of
the proposed system.

Theorem 4.1 All the solutions of the system (4.4) will be nonnegative.

Proof. The first equation of system (4.4) can be rewritten as

dx ay az(1 —A)z
— = 1—2x)— — dt
x {( 7) 1+ bz 1+ bz ’

which is of the form % = ¢(z,y, z), where ¢(z,y,z) = (1 — x) — 4L — l-A:z

? 1+b1x 1+bsx
Then integrating, the above equation from [0, ¢], we have
2(t) = 2(0)elo w2 5 0 vy
Again, from the second equation of system (4.4), we have
dy _ { ar  ax(l—A)z —dl}dt
Yy 14+ bz 1+ bay
which is of the form ‘Z—y = (z,y, z), where ¥(x,y, z) = T — “ﬁ;ﬁz —d;.
Integrating, the above equation from [0, ¢], we have
y(t) = y(0)els Pt > 0, vy
Also, from the last equation of system (4.4), we have
dz CLQ(l — A)y Clag(l — A)SL’ as
- 4 A—dy—ebdt
> { 1+ bgy + 1+ ng + <b3 c1 + CZQCQ) 2 e

which is of the form“i—z = x(z,y, 2),

where x(z,y,2) = QQI(J:;Z)Z’ + claf'fb;;)m + (Z—gcl + asc)A — dy — €.

Integrating above from [0, t], we have

2(t) = 2(0)eho XEw2d 5 0

Hence, all the solutions of system (4.4) are non-negative.

Theorem 4.2 All solutions of the system (4.4) will be bounded in Ri if ¢ <1 and
dy + e > Alages + %Cl).

Proof. Let us construct a function

W=zx+y+-=z.
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Taking time derivative of above function, we have

aw de dy  dz

@ T o@ T dr
e % = a(l-2)~ 12?;; B as(llj:sza):xz 1?23; B a2(11+_bjjy)yz —diy
+ ag(ll—;b/;ly)yz + C1a31(i—b;1)$z + (Z—jcl + asco) Az — doz — ez
= z(l—z)—dy— %(1—01) —dzz—ez+(a202+z—§cl)Az
< z(l—2z)—dy— {d2+€_A(a202+Z_§Cl)}Z, since ¢; <1

IN

—r—(x—1)2*+1—dy— {dQ"‘@_A(aQCQ‘i‘%Cl)}Z
3

< —alz+y+z)—(z—-1)7°+1

where a=min{1,d;,dy + e — A(ascy + Z—g’cl)}, provided that dy + e > A(asco + Z—;’cl).

Therefore, % +alWW < 1

Applying the theory of differential inequality, we have

1 _ efat

0<W< + W (0)e .

«

Now, for ¢ — oo, we have 0 < W < é Hence all solutions of system (4.4) will be

bounded in the region A = {(z,y,2) € R*: W = é + ¢, for € > 0}.

Note: Biological meaning of the above condition can be interpreted as the following.
When the conservation rate of top-predator population is less than or equal to one and
date > A, then the solutions of the system (4.4) will be bounded.

a3
(azcat32c1)

4.4 Different Equilibria and Their Stability Analysis
The system (4.4) has five possible equilibria as

(i) The trivial equilibrium Ey(0,0,0).

(ii) The axial equilibrium F(1,0,0).

(iii) The top predator free equilibrium Fy(Z,7,0) where T = ﬁ,gj = %
exists if a3 > (by + 1)d;.
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{(d2+e)*(%§01+a202)/\}
clag—bg(d2+e)+a202b3A ?

(iv) The middle predator free equilibrium FEj5(z,0, 2) where & =

(1—2)(1+b32)
az(1-A)

N>

(v) The interior equilibrium E*(z*,y*, 2*) where
(1 _ ZL'*) __ay* _ as(1-A)z" 0

1+byx* 14+bzx*
clag(1-A)z*

(d2+6)—(501+0262)A— T . .
3% — , exists if (dy +¢€) > (%cy + ascy) A —
az(].fA)be[(d2+6) (‘;Cl+a262)A7M] ! ( 2 ) (b3 1 2 2)

1+bga™*

— A A

—Claffbsx*)x and az(1 — A) > by [(dz +e) — (Per+ acr) A — %]
912”5 ) (14boy* X

Z* — (1+b19c 1)( 2Y )’ eXiStS lf ( a1xr > d1>

Y=

az(1—A) 1+b1x*

Theorem 4.3 The trivial equilibrium of system (4.4) is always unstable.

Proof. The characteristic equation of the system (4.4) at the trivial equilibrium is
given by

(/\ — 1) (/\ + dl) ()\ - [( b3 + GQCQ)A d2 - 6]) =0

Eigenvalues of this equation are 1, —d; and [(clz—g + ascy)A — dy — e]. Since the two
eigenvalues 1 and —d; are opposite in sign, so the trivial equilibrium is unstable.

Theorem 4.4 The axial equilibrium E(1,0,0) of system (4.4) will be locally asymp-

. a (da+e)— 11+IZ3
totically stable if -4 < d; and A < S
1461 (lQCQ—‘rleS— T,

Proof. The characteristic equation of system (4.4) at E;(1,0,0) is given by

1-A
()\—l-l) il )\—M—GQCQA—FC&—FB =0
1+

1+ b3
Elgenvalues of the above equatlon are /\1 = -1 = {5 = M -
o T
and A < —(d2+e) L+D3

Cl 113 .
T+b3

a3
agcotcy 72—
b3

Theorem 4.5 Top predator free equilibrium Fy(Z,7,0) of system (4.4) will be locally
asymptotically stable if B33 < 0, By + Bas < 0 and By1Bsy — B1aBs; > 0 where
Bi1, B1a, Bo1 and Bas are given within the proof.

Proof. The characteristic equation of system (4.4) at Es(Z,y,0) is given by
(A — Bs3) ()\2 — A(B11 + Ba) + B11Bay — 312321) =0

o _ - a1y _ _ _aiz _ — a1r
Where Bll = 1 2:17 (1+b1§2)2’ Bl? - 14612 B21 - BZQ 14617 dl’

as(1—A c1a3(1—-A)x a
B33 = 21(+b2y)y—i— 1134(rb3m) +(01b—§+a202)A—d2—6.

a1y
(1+b17)2°
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So, the equilibrium FEs will be locally asymptotically stable if B3z < 0, By + Bas < 0
and Bii By — B1aBs; > 0. From the above conditions for local stability of top preda-

__@2y _ cja3®

[d2+e T¥bay 1+b39€] dy >1-27— aiy g b
a cla3x -
(55 crtaze2)— 1+b2u ~Tigs] (14b12)* © 14512

tor free equilibrium Fs, we have A <

and (1 — 27)( —dy) + Z2hi >,

(1+b17)2

a1T
(14b1)

Theorem 4.6 Middle predator free equilibrium FEj5(z,0, 2) of system (4.4) will be lo-
Cally asymptotically stable if M22 < O, Mll + M33 < 0 and M11M33 — M13M31 > () where
My, My3, M3, and M3z are given within the proof.

Proof. The characteristic equation of system (4.4) at E5(z,0, 2) is given by

(A = Maz) (N> = MMy + Ms3) + My Mz — MisMsz;) =0

where M11 =1-2z — ?igb;%)f, M13 = _%,MQQ = lj—lbfit — 0,2(1 — A)é — dl,
M31 = —Clgi(bl;{;)é’ M33 = —Clafj_lb;;)j + <Cl(;_§ + CLQCQ) A— dg — €.

So, the equilibrium FE3 will be locally asymptotically stable if May < 0, (My; + M3s3) < 0
and M11M33 — M13M31 > 0.
From the conditions of local stability of middle predator free equilibrium Fj3, we have
[1-28—da—e— 2855 + 1985 )
(14+b32) (14+b32) 1
e e GOl B
(+b3%)  (14b32)2 b

(g +ancs) —dy — e} [1 22— BUBE] 4 (1 — gy amali=Aid g

Theorem 4.7 Interior equilibrium E*(x*, y*, 2*) of system (4.4) will be locally asymp-
totically stable if o1 > 0, 03 > 0 and o109 — 03 > 0.

Proof. The characteristic equation of system (4.4) at E*(x*, y*, z*) is given by

/\3—|—0'1)\2—|—0'2)\+0'3:0

where 07 = — (N1 + Nag + Ns3), 09 = N11Nag + N13 N3z + Nog N33 — NioNoyp — N3 N3y —
NogN3g, 03 = N11N23N52+N12N21N33+N13N51N22—N11N22N35—N12N31N23—N13N21N32,
Nyg =1 — 9% — —ay” _ as(=A)2" np - az* — _a(1=A)z — ey
11 (1+byz%)2 (1+bgz*)2 2 * 112 1+blx » V13 T+bzzs » *'21 (1+b127)2
Ny = arx*  ag(l— A)z —d, Nyz = _ag(1-A)y* Ni; = craz(1— A)2 Niy = az(1—A)z* " and

1+biz* (T+b2y*) 1+bay*

N33 = ?i(jb;?z?g + Claffbgﬁ) + <C1b—§ + a202> A—dy—e.

Hence, according to Routh-Hurwith criteria the interior equilibrium E* will be locally
asymptotically stable if 01 > 0, 03 > 0 and 0109 — 03 > 0.

(1+bsz*) (1+b2y*)
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Theorem 4.8 The system (4.4) is globally asymptotically stable around its interior
equilibria if gy > 0 and the expression of us is given within the proof of this theorem.

Proof. The system (4.4) can be expressed as

dX
= f(X)
a1z az(1—A)zz
z(1 — f) - 1?%1,12)_ 31+b3{L‘ x
where f(X) = e — s — dy and X = | y
“2(1:;;‘;“ + Claﬁ;gf)“ + (§2c1 + asc2) Az — drz — ez z
Then the jacobian matrix (J) of the system (4.4) is
Ju iz Jis
J=1 Ja Jn Jos
Js1 Tz Jss
_ a az(1—A)z _ az(1—A)x
where Jiy =1 -2z — (1+l;1yac)2 B (:‘i+b3:p)2 » J12 = 1+b1x’ Jiz = — 31+b3:v ’
— _ _aix az(1-A)z az(1—A)
T = wina T2 = 1 T G — G I = T
j — craz(1—A)z A a2(1—A)z
31 — (1_,_1)%13)2 ) J32 — 1§1+b2y)2 ’
J33 = a21(}rb2y)y + Claffbgm) + (Z—jcl + agce) A —dy — €.
If J2 be the second additive compound matrix [131] jacobian matrix of the .J, then
Ji + Jaz Jos —Ji3 Ly Jes —Jus
JP = J32 Ju + Jss Jiz2 =\ J L Ji2
—J3 Jo1 Joz + Js3 —Ja Ju Ls

where L1 = J11 + J227 L2 = J11 + J33 and L3 = J22 + J33.

Next, we consider P( ) in C'(D) in such a way that P = diag {£,%,2} and then we
have P! dmg{— z 2

Now, Py = 4 = diag {I— — 25t 252 _2il PP =diag{t-%2-22_2}
and P.JEPT = J2.

Also, we have

B=PP'+PJPIPT = ( B B )

By DBao
where By = 2 — £+ Ly Bra— (Jy ) = ( st wite )
. as(1 A)zz
Boy=(Jsp —Jy ) = ( éit;:l)(Qly—)A)z >
— (I+b3x)? . .
24 g+ Jas Ji2 st Ll ~Tih
and B - x z T 3 - z aZ T 2+ e .
22 ( Ja1 T—Z+Jun+ Ji (1+£Iyx)2 szt Ls

Let us introduce the following vector norm in R? of the form

|(w, v, w)| = maz{|ul, [v] + [w]}
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where (u,v,w) is the vector in R® and Lozinskii measure with respect to this norm is
denoted by I'.

So, I'(B) < sup{q1, g2} where ¢; = I'1(By1) + |B12| and go = I'1(Baz) + | Ba1|, where | Ba|,
| Bo1| are the matrix norms with respect to the L' vector norm and I'; is the Lozinskii
measure with respect to that norm. Then, the required values can be obtained as

|

1 a(1 — A
PI(BH> = ; - — +L1,|Blg| :max{| — 21(+b y)y
2

CLQ( ) 01(13(1 —A)Z|}
(1+ boy)? (14 bsx)?

z ary a1x
['(By) = —— - Ly+ —F———,Ls —
1(Ba2) = Z+maa:{ 2+(1—|—blx)2’ 3 1+b1:c}

CL3(1 — A)$|
1 —f-ngE ’

|Bm|=nmx{| -

From the third equation of system (4.4) we have

2 ax(1—Ay  caz(l—Az a3
- s A—(d
p, 1+ by + 1+ byt +(b301+a202) (do +e)

Then, using the above values we have

T a(l—Ay caz3(l—A)z a3
A — A+ (d L
N T 1+ boy 1+ bsz (b301—|—a202) Fldte)+ L

as(1—A)y, a3(1—A)x
b man {] - LS I
T ay(l1—Ay caz3(l—Azx a3

_ T _ (% A
e T A T b (T @At (dte)

ary ax as( )z craz(l — A)z
Lo+ —2Y9 _p. .
o mar Lot i b e R -

Therefore, from the above we have

I'(B)

IN

sup{qi, ¢}
ay ax(1 —A)z . az(1 — Ay
(]. + bll’)Q (]_ —|— bgy)Q ]_ —|— bgy
ax N az(1 — A)x - craz(l — A)z|}
1 —|—b1$ 1 —|—bg{lf (1+b31’)2

IN

+

B

max{Lg +

L3 —
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4.5. HOPF BIFURCATION ANALYSIS

Substituting the values of L, Ly and L3, the above reduces to the form

I(B) < s'up {q1, 42}

y ay az(1—A)z  ax(1—A)z a,
< S 2 - dp —1
T [ v (1+b1x)2  (1+b3x)2  (1+by)? 1+bx @
az(1—A)z  ax(1—A)z as(1 —A)y
_ 1— 920 — 24
m‘“‘”{ S s oy TR o CH R ey g
az(1—A)x  a(1—A)z craz(l — A)z
— —d -_— 4.5
1+ bsx (1 +bay)? 1+ (1+ b3x)? ’H (4.5)

It is assume that there exists a positive real number p; and ¢; > 0 such that
pr = inf{x(t),y(t),z(t)} when t > t;. Also, let us take

ayjiy as(1—A)pr  ax(l — A ayjiy

— o+ + + - tdi—1
e M T o T Ut bgm)? | (Lt bom)®  T4bygn
az(1 — A ax(1 = A)m as(1 — A)p
_ 1 — 9. — _ T AM
max{ H1 (L + bapir)? TEYE + | 1+ bojiy B
CL3(1 — A),u1 _ CLQ(l — A),u1 —d ‘ _ Clag(l — A)/Jq |}
1+ b3 (1 + bapr)? (14 byp1)?

Therefore, from equation (4.5) we have

['(B) < — — po

8| &

Now, integrating the above equation in [0,¢] we have

/0 ['(B)ds < log% — pot
1 o) _

t
1
- I'(B)ds < =1
t/ov ( >S_t0g:(:(0) H2

t—o00

1 t
lim sup sup f/ ['(B)ds < —ps < 0if ps >0
0

Hence, the system (4.4) will be globally asymptotically stable around the interior equi-
libria E* if gy > 0.

4.5 Hopf bifurcation Analysis

Hopf bifurcation is a critical point where a system’s stability switches and a periodic
solution arises. It is a local bifurcation in which a fixed point of a dynamical system
losses its stability as a pair of complex conjugate eigenvalues crosses the complex plane
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imaginary axis [91,260]. In this chapter, we have considered ag (predation rate of prey
to the top predator) and e (harvesting effort) as the bifurcation parameters.

Theorem 4.9 The necessary and sufficient conditions for the occurrence of Hopf bi-
furcation at as = a3 are stated as follows:

(1) oi(a3) > 0,i=1,2,3

(ii) o1(az)os(az) — o3(az) = 0

(iii) Re <da3> #0i=123

where \; are tﬁe roots of the characteristic equation corresponding to the interior equi-
libria and o1, 09 and o3 are defined within the Theorem 4.7.

Proof. At the point az = a3, the characteristic equation in Theorem 4.7
N+ o A2+ oA+ 03 = 0. (4.6)
becomes
(N +09)(A+01) =0,
since at az = a, o1(a})oa(a}) — o3(al) = 0.
So, the above characteristic equation has three roots such as Ay = i,/02, Ay = —i,/02

and A3 = —
Now, for az € (a} — €, a} + €), the roots of the characteristic equation are

Ai(as) = ¢1(as) + ipa(as),
Ao(ag) = ¢1(asg) — ida(as),

Next, we want to verify the transversality condition Re (gi‘;) #0,1=1,2,3.
az=ax

3
Substituting A (az) = ¢1(as) + iga(as) in equation (4.6) and calculating the derivatives
we have

where

P(as) = 3¢7(as) + 201 (as)¢1(as) + o2(as) — 3¢3(as),

Q(as) = ¢ (as)g2(as) + 201 (as)p2(as),

Ulaz) = %(as)gi(a:’,) + oy (as)pr(as) + oy(as) — o1 (as)¢3(as),
V(az) = 261(az)¢2(as)oy(as) + 05(az)d2(as)
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4.6. OPTIMAL CONTROL THEORY APPLIED IN HARVESTING

NOW P(as) = —202(%) Qaz) = 201(az)\/02(a3), Ulaz) = os(az) — o1(az)oz(az),

V(a}) = o4(a3)\/o2(a}). Therefore,

d Q(az)V(a3) + P(a3)U(az) :
(Re(\i(a )))) = — > - #0, fori=1,2
(da3 az=al PQ(afi) + Q2<a3)

if Q(a%)V(a3) + P(a})U(a}) # 0 and A3(al) = —oy # 0.

Therefore, transversality conditions hold. This indicates that Hopf bifurcation occurs at
a3 = a3. Hence the theorem is proved.

4.6 Optimal Control Theory Applied in Harvesting

In commercial exploitation of renewable resources, our main target is to determine the
optimal trade off between the present and future harvest. In this section, we study the
optimal harvesting policy by considering the profit earned by harvesting. Here, quadratic
cost is used and the main reason behind this is to find the analytical expression for
the optimal harvesting. It is assumed that the price is a function which is inversely
proportional to the available biomass of top predator population. Let hy, p; and w;
be the constant harvesting cost per unit effort, the constant price per unit biomass of
predator and economic constant respectively. Thus to maximize the total discounted net
revenues from the model, the optimal control problem can be formulated as follows:

t1
J(e) = / e M [(py — wiez)ez — hie] dt (4.7)
to

where d; is the instantaneous annual discount rate. Here, the control e is bounded in 0 <
e < emar and our target is to find out an optimal control eq such that J(eg) = mazecyJ(e)
where U is the control set defined by U = {e: e is measurable and 0 < e < €,,4,, for all
t}. The problem (4.7) is solved by Pontryagin’s maximum principle [183] subject to the
initial condition system (4.4) and to optimize the objective function J(e), we construct
the Hamiltonian H as follows:

H = (py —wiez)ez — hie + A {x(l —z)—

a1y as(l — A)yz
A — —d
+2{1+blx 1+ by 1y

Y as(l — A)yz N caz(l—A)zz
1 + bg’y 1 + bgl‘

a1y az(l — A)zz
1+ b1z 1+ b3z

+ (%01 + agc) Az — dyz — ez}
3

where A1, Ay and A3 are the adjoint variables and the transversality conditions are
Ai(t1) =0, for i = 1,2,3. Using the optimality condition 2 —e = 0, the optimal effort e,
can be obtained as follows:

P11z — hy — A3z

€5, =
! 2w, 22
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Now, the adjoint equations are

a
dt

dXs

dt

dXs
dt

A — %—IZ

(51 + 2z + i flszx)z a(gl(i—bgz;)); - ) A= (1 jlbylx)Z ?

Cl(cf»il I;x@z)‘?)' (48)
.

() o (e B ) o e w0

az(l1 — A)x as(1 — A)y
| A 27\
( 1+ b3z Lt 1+ by 2
as(l — A craz(l — A)x a
(51 +dy+e— 21( n be)y _ i(-l— bt ) — (—301 + a202)A> A3 — pre + 2wy e’z.

bs
(4.10)

The above results is described in the following theorem.

Theorem 4.10 There exists an optimal control es; and the corresponding solutions
of the system (4.4) (xs,,ys,, z5,) which optimize the objective functional J over the re-
gion U. Then, there exists adjoint variables \;, Ay and A3 which satisfies the equations
(4.8 — 4.10) with transversality conditions \;(t;) = 0 for ¢ = 1,2, 3, where at the optimal
harvesting level the values of the state variables z,y and z are zs,,ys, and 25 and the

optimal control is given by es, =

p12s; —h1—Aszzs,
2wy 22 ’
1 51

4.7 Numerical Simulation

We have solved the system (4.4), numerically using MATLAB to get better insight of
the proposed model. Numerical simulations are done choosing biologically meaningful
parameters from Table 4.1.
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Table 4.1: Estimation of parameters

Parameter name Value Reference
a 5.0 [92]
asy 0.1 [92]
as (0.0—0.4) [171]
by 3.0 [92]
by 2.0 [92]
bs 2.0 [92]
dy 0.4 [92]
ds 0.01 [92]
c 0.2835 Assumed
Ca 0.28 Assumed

Using the above set of parametric values, time evolution of prey, middle predator and
top predator are drawn in Figure 4.1. From this figure, it is observed that the system
(4.4) is locally asymptotically stable around interior equilibrium (0.6211,0.06288, 7.945).
Also, the eigenvalues of the Jacobian matrix at the interior points are —0.2577,—0.0202 —
0.07612,—0.0202 4 0.07612 that is the conditions of local stability are satisfied.

— — — Prey
— - — Middle predator
Top predator

Population

1k
I ‘wlr‘ N"'HMNHW\” i
) i, '|¥'tjﬁwﬂf
0 1000

f— e — — — o — e = — = — —

Figure 4.1: Time evolution of prey, middle predator and top predator.
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Taking different initial conditions and parametric values given in Table 4.1, Figure 4.2
has been drawn. From this figure, it is observed that all the solutions converges to the
interior equilibrium point. Also from Theorem 4.8, we have calculated ps = 0.87 > 0
and so it can be concluded that the interior equilibrium is globally asymptotically stable.

7.8

7.6

7.4 TS

Top predator

Middle predator 0.05 Prey

Figure 4.2: Global stability of interior equilibrium point is shown.

Form Figure 4.3, it is seen that when we change the predation rate as of the prey to the
top predator from 0.0 to 0.4 then the system (4.4) undergoes bifurcation. According to
Theorem 4.9, we have calculated the critical value of the predation rate ag is 0.088. So,
in the absence of alternative food the predation rate (a3) makes the system unstable.
Also, the system (4.4) shows complex dynamics in the range 0 < az < 0.03 which is
observed in Figure 4.3. In higher predation rate of prey to the top predator (0.32 <
az < 0.4) then prey population may extinct. The system shows stable steady state for
prey population in (0.08 < az < 0.21). Again, the system shows stable steady state
for middle predator population in (0.09 < a3z < 0.13). But in higher predation rate
(0.13 < a3z < 0.4) middle predator population may extinct. Also, the system shows
stable steady state for top predator population in (0.08 < a3 < 0.21). Oscillatory
behaviour of top predator population is observed in the range (ag > 0.21).
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Figure 4.3: Bifurcation diagram with respect to as.
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Figure 4.4: Time evolution of prey, middle predator and top predator.

7



CHAPTER 4. EFFECTS OF ADDITIONAL FOOD IN TRITROPHIC FOOD
CHAIN MODEL WITH HARVESTING ONLY

Using the same set of parametric values given in Table 4.1 except a3 = 0.08 the unstable
solution curve of top-predator population with respect time in the absence of additional
food has been shown in Figure 4.4. But supplying additional food (A = 0.13) to top
predator makes the system stable which is also shown in Figure 4.5. So, it is concluded
that additional food may act as controller of the dynamics of the model.

0.9 0.9
0.8 0.8
0.7 0.7
0.6 {506 _
% S
5. 05 1% 05 3
o 5 o
& 04 1204 a
S (o)
2 [
03 1203
0.2 0.2
0.1 0.1

0 : : 0 : : 1 ‘ :
0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000
Time Time Time

Figure 4.5: Stable solution of system (4.4) in the presence of additional food.

If the consumption rate of prey to the predator (i.e., a3) is 0.001 then the change of
harvesting effort (e) from 0 to 0.01 in the absence of additional food makes the sys-
tem unstable which have been shown in Figure 4.6. We observe from this figure that
prey, middle predator and top predator shows coexistence with complex dynamical be-
haviour, especially in spite of danger or hardship if e < 0.0028, oscillatory behaviour in
0.0028 < e < 0.003375 and shows stable steady state for 0.003375 < e < 0.006675 and
prey and top predator population will be extinct if e > 0.006675.

In the presence of additional food the change of prey population have been presented in
Figure 4.7 by using same set of parametric values used in Figure 4.6. From this figure
when A = 0.1, it is observed that the prey population shows oscillatory behaviour in
(0 < e <0.00036 and 0.0043 < e < 0.00475), struggle of existence in 0.0016 < e < 0.0043
and this figure shows stable coexistence for 0.00036 < e < 0.0016, 0.00476 < e < 0.00772
and for e > 0.00772 prey population will extinct. But, when the source or amount of
additional food increases then the prey population able to survive even if the harvesting
effort is high.
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Figure 4.7: Bifurcation diagram of prey with respect to harvesting effort (e).

Again, in the presence of additional food the change of middle predator population
have been shown in Figure 4.8. From this figure when A = 0.1, it is seen that the
middle predator population shows oscillatory behaviour in (0.00036 < e < 0.0016 and
0.0043 < e < 0.00475), struggle for existence for 0.0016 < e < 0.0043 and this figure
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shows stable solution for and for e > 0.00476 middle predator population cannot be
extinct. But when the value of source of additional food increases then the critical value
of harvesting effort increases and there will be no extinction risk for middle predator
population. So, the supply of additional food to the top predator prevent the extinction
risk of middle predator and also decrease the predation pressure of middle predator.
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07

Middle predator
= = e = =
=S 2 2 S =

=
=

Figure 4.8: Bifurcation diagram of middle predator with respect to harvesting effort (e).
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Figure 4.9: Bifurcation diagram of top predator with respect to harvesting effort (e).
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Also, in the presence of additional food the change of top predator population have
been also given in Figure 4.9. From this figure when A = 0.1, it is seen that the
top predator population shows oscillatory behaviour in (0.00036 < e < 0.0016 and
0.0043 < e < 0.00475), struggle for existence for 0.0016 < e < 0.0043 and this figure
shows stable solution for 0.00475 < e < 0.00772 and for e > 0.00772 top predator popu-
lation will extinct. But, when the value of source of additional food increases then the
critical value of harvesting effort increases and the top predator population extinct for
more higher value of the harvesting effort. Thus, the supply of additional food to the
top predator may help to exist even if harvesting effort is high.

Here, we have considered a set of parametric values to solve optimal control problem
as 01 = 0.01,p1 = 3.5,w; = 7.5,hy = 0.1 and other values are same as Figure 4.1. To
find the solution of the optimal control problem, first we use forward forth order Runge-
Kutta method to solve the state variables of equation (4.4) with non-negative initial
conditions. Then we solve the adjoint variables equations from (4.8 — 4.10) using back-
ward forth order Runge-Kutta method with the conditions A;(¢;) = 0.0 for ¢ = 1,2, 3.
For the said parametric values, Figure 4.10 has been drawn which are the state variables
in the presence of optimal harvesting. Figure 4.11 shows the variation of optimal har-
vesting with the change of additional food. From this figure, it is seen that the harvesting
rate increases as the supply of additional food increases.
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Figure 4.10: Represents state variables.
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Figure 4.11: Variation of optimal harvesting with additional food.
0.7 0.19
DR p,=3.5 o
0.6 T o - 0.185
D p1_4'0 B - h,=0.1
' — . _.p,=45 = . — — — h =0.15
$057. _ v R B
o -~ _ _| - - p750| s ,=0.
£ £ —. -~ h=025
§ 0.4 g 0.175 1
ks £
0.3 0.17 -
0.2
0 20 40 60 80 100 0'1650 20 40 60 80 100
Time Time
0.5 0.1876
0.1874f
0.481
o 0.1872}
g 0.46p g 0.187}
% 2
o 0.44| o 0.1868}
§ g 0.1866
N S 0.1866
£ 0421~ < _ &
T Tr—l 0.18641
0.4} T oA
0.1862}
0.38 " R R .
20 40 60 80 100 0'1860 20 40 60 80 100
Time Time

Figure 4.12: Variation of harvesting effort with respect to different cost.
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Again, from Figure 4.12, it is observed that the harvesting effort (e) increases if the
constant price per unit biomass of top predator (p;) and the instantaneous annual dis-
count rate J; increases. Also, it is observed that constant harvesting cost per unit effort
(h1) and economic constant (w;) increases then the harvesting effort gradually decreases.
Next Figure 4.13 represents the adjoint variables of the optimal control problem and it
is seen that ultimately their values becomes zero at the end of the time.

x 10

0 20 40 60 80 100
Time

0 20 40 60 80 100
Time
x 10

0 20 40 60 80 100
Time

Figure 4.13: Adjoint variables.

4.8 Conclusion

In this work, we intend to study a mathematical model on prey predator system to be
consisted of prey, middle predator and top predator in which some additional food is
supplied to the top predator population. This type of mathematical model is the real
example of the interaction between Cod fish, Herring fish and Sprat fish. Here, we have
considered the ecosystem where the middle predator acts as a prey as well as predator
and the top predator consumes both prey and middle predator. The non-negativity and
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boundedness of solutions of the system have been shown theoretically. Different equi-
librium points are determined and their local stability analysis have been done. Hopf
bifurcation analysis has been done with respect to the predation rate (a3) of prey to the
top predator and the harvesting effort (e) of the top predator. Also, Pontryagins maxi-
mum principle is used to obtain the optimal harvesting effort such that the discounted
net revenue will be maximum and top predator population will not be extincted.

From this study, it is observed that the supply of some additional food to the top preda-
tor may be very useful to stabilize the system dynamics which was originally unstable in
absence of additional food. From this result, it is concluded that an additional food may
control the instability or chaos of the system (4.4). Also, from numerical results, it is
concluded that the supply of additional food to the top predator decrease the predation
pressure on the prey as well as middle predator. The extinction risk of the top predator
population has been effectively reduced due to the additional food. Again, from the op-
timal control problem, it can be concluded that for a constant value of additional food,
if we increase the cost of unit biomass of top predator (p;) and annual instantaneous
discount rate (d7), then the harvesting effort gradually increases. But if the economic
constant (wy) and cost of harvesting effort per unit biomass (h;) increases, then the har-
vesting effort gradually decreases. This study may be useful for conservation biologists
for conservation of species. Another application of this model may be found in a fishery
to increase the harvesting rate by supplying suitable additional food.

Gateway from Chapter 4 to Chapter 5

Apart from additional food, the role of refuge is of great concern in population dynam-
ics. In the next chapter, the effects of refuge of predator population and the supply of
additional food for super predator have been studied including the harvesting of super
predator.
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Chapter 5

Effects of Additional Food in a
Predator-Prey System Incorporating

Refuge and Harvesting

5.1 Introduction

In the present days, the ecological modelling is highly demandable area of research to
the applied mathematicians and theoretical ecologists due to its universal existence and
importance. Mathematical models help better understanding of dynamical behaviors
of a real life problems. It is seen that the functional response has great importance on
ecological modelling. In predator-prey model, it is the intake rate of a predator as a func-
tion of prey density. A predator prey model with predator interference and Holling type
I functional response was explored by Gunog and DeAngelis [85]. Madhusudanan and
Vijaya [145], Panja and Mondal [175], Liu et al. [135] investigated the effects of Holling
type II functional response on predator-prey model. Morozov [156] studied the impact
of Holling type III functional response on predator-prey interaction. Then, Baek [16]
investigated the influence of Holling type IV functional response and impulsive pertur-
bation on predator-prey dynamics. From these literature survey, it is observed that,
these functional responses are dependent on only prey density. But, in reality the intake
rate may depend on prey and predator both. Including the effects of prey and predator
both, Flores and Gonzlez-Olivares [71] reported the effects of ratio dependent functional
response on predator-prey dynamics. Again, the different types of functional responses
and stability of a predator-prey system was studied by Oaten and Murdoch [167]. There
are also many other types of functional responses such as Bedington-DeAngalis [88],
Crowley-Martin [239], Non-monotonic [193] etc.
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It is also noted that refuge plays a vital role on predator prey dynamics. It is described
as a place where an organism can escape from predation. In 1988, Sih et al. [216] in-
vestigated the impact of prey refuge on sunfish and salamander larvae. Then Huang
et al. [100] studied a predator-prey model considering a constant prey refuge. After
that Kar [113] worked on the effects of a prey refuge on a harvested predator-prey sys-
tem. Again, Jana et al. [107] reported the impact of prey refuge on a predator-prey
system including stability and Hopf bifurcation. An example of a constant prey refuge
is the gypsy moth which consumes bark flaps and any other suitable objects as a pro-
tection against predation by mice and birds [31]. Except these, there are also many
researchers [55,58,157,208,209,214] who studied the dynamics of predator-prey system
considering refuge. Now, from the literature survey it is seen that the refuge concept
has been utilized in two dimensional predator-prey systems. So, our main interest is to
investigate the effects of refuge on a three dimensional predator-prey system.

Since prey refuge can make the crisis of food for the predator population, so the ad-
ditional food may be necessary for the existence of predator in a predator-prey system.
Already, some works have been done considering additional food. In 2007, Srinivasu
et al. [223] studied biological control of extinction of a predator-prey system. Then,
Samanta et al. [204] investigated how the supply of additional food to the predator
prevents the disease of prey population. Then, Sahoo and Poria [198] reported the con-
trol of chaos of a three species predator-prey system through the supply of additional
food. Chakraborty and Das [37] explored the effects of supplying additional food to a
predator-prey system with prey refuge. Then, Kumar et al. [124] studied the dynamics
of a ratio dependent predator-prey model with and without the supply of additional food.

To helps the economic developments of a country the study of harvesting is very essential.
In this regard, it is an important research topic for conservation biologists and ecologists.
But, the continuous harvesting of a species leads the extinction of that species. So, the
investigation about a suitable optimal harvesting policy is very necessary. Choudhury
and Ray [44] reported the impacts of combined harvesting on a predator-prey model.
Then, Gakkhar and Singh [78] explored the effects of predator harvesting on a two prey
one predator system. Chakraborty et al. [34] studied the influence of prey harvesting
in a ratio dependent predator-prey system. Then, Gupta et al. [86] explored the effects
of nonlinear predator harvesting on a complex predator-prey system. After that, the
impact of harvesting on a reserved area for prey in the presence of toxicity has been
investigated by Yang and Jia [255] in 2016.

From the literature review, it is observed that many investigations have been done on
predator-prey dynamical system. But till now, there exists some vacuums in the litera-

ture as follows:

It is seen that there exists some research papers in which prey dependent functional
response has been considered and also, in some papers prey and predator dependent
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functional response has been considered. Again, there exists very few number of articles
where the effects of supplying additional food to the predator has been considered in
the presence of refuge. But, there is no work considering additional food to the super
predator in the presence of refuge on predator and harvesting on super predator includ-
ing prey, predator dependent functional response.

To conquer these vacuums a three species predator prey model has been developed in
this chapter. Here, it is considered that the super predator consumes only the predator
and also the predator consumes only prey. It is also assumed that predator population
shows a refuge behavior when they are attacked by the super predator. Due to the pres-
ence of refuge behavior, some constant amount of additional food has been assumed to
be supplied to the super predator. With this consideration, the predator population is
also benefited by this additional food. Here, also Beddington-DeAngelis type functional
response and harvesting of super predator have been considered.

5.2 Model Formulation

In this chapter, a three species predator-prey model such as prey (z), predator (y) and
super predator (z) have been considered. It is assumed that predator and super preda-
tor population take the prey and predator respectively. Though now and then preys are
captured by super predator but that is very small. Henceforth, this is not considered
here. Here, the functional responses for predator and super predator are considered as
Beddington-DeAngelis type. Also a constant rate of refuge (mq) has been considered
by the predator population (y) to the super predator population (z). Due to refuge of
predator population, super predator (z) cannot consume the sufficient amount of food.
For this reason, it is assumed that the some additional food A is supplied to the super
predator (z). Predator population is also benefited by some portion of the additional
food (1—p)A where pA is applied to the super predator (z) and 0 < p < 1. It is assumed
that the super predator (z) will be harvested with the catchability coefficient (¢;) and
harvesting effort (E). Here, r, k, a; and ¢; be the intrinsic growth rate, carrying capacity,
consumption rate and conservation rate of prey population respectively. Also, as, ¢, dy
and dy be consumption rate of predator population, conservation rate of predator pop-
ulation, death rate of predator population and death rate of super predator population
respectively. The constants by, by, ay, e, a3 and ay are the half saturation constants for
the functional responses. In view of these considerations, the system is governed by the
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following differential equations

dx a x) c1a1Ty )

- — re - ) —

dt k b + anz + vy

dy axy as(l —mq)yz

bl A — +(1—p)Ay —d 5.1
dt by + oz +ay by + asz(l—my)y+ ayz (1=p)Ay Y (5.1)
dz caas(1 —my)yz

= Az — doz — n E
dt bg+a3(1—m1)y+a4z+p FT e TR )

with initial conditions z(0) > 0,y(0) > 0,2(0) > 0.

5.3 Boundedness of Solutions

Theorem 5.1 All solutions of system (5.1) in R? are uniformly bounded
it A<min{d/(1—p),(da+ qFE)/p}.

Proof. Let us construct a function
c
W =z+cy+ —=. (5.2)
C2

Taking time derivative of equation (5.2) we have

aw dx dy ¢ dz
= —tea—+——

dt dt dt  codt’
o dW T craxy cra xy cras(l —my)yz
ie,— = rz(l—=)— —

dt k bi+ oz +ay  bi+ax+awy by +az(l —my)y+ auz

cras(l —my)yz

c c c
+ (1 —p)Ay — crdyy + + LpAz — C—ldzz - C—1Q1EZ-
2 2

by + as(l—my)y + gz o

o dw x 1 C1 €1

e = ra(1 E) + (1l = p)Ay — crdyy + c—2pAz C—ngz aqlEz.

A x c

e W =) ayld — AL~ p)] — Lds + 0 — pA]. (53)
dt k Co

Now, we introduce a positive number o, then multiply ¢ with equation (5.2) and adding
this to the both side of equation (5.3), we have

dw
%—FUW = rw(l—%)%—aw—cw[dl—A(l—p)—a]—Z—l[dg—i-qlE—pA—a].
2

Ifdy—A(l—p)—oc>0and dy + ¢ F — pA— o > 0 holds that is
o=min{d; — A(1 — p),ds + 1 F — pA} then the above equation can be written as

dWw x

— W < 1—— .

o ToW < ra( k)—i—a:t:
A % k(r+o0)? . x k(r+o)?
e S vow < SETOD 1= D) honp = =0
r.e., 7 +o < i , slnce max {7":1;( k)—l—am e
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Therefore, solving above we have

2
W < kj(lﬂ + kpe .
ro
Now, taking ¢ — oo we have W < k(%;ﬁ Hence all solutions of system (5.1) are

bounded within the region

k(r+o)?
dro

®={(v,y,2) ERL W = +¢, for e > 0}.

Note: From the above analysis, it is observed that the boundedness of solutions of sys-
tem (5.1) depends on the supply of additional food.

Lemma 5.1 Super predator population will be extinct if m; < 1 and

E>qil[%+pz4—d2].

Proof. From the third equation of system (5.1) we have

dz coan(1 —my)yz
dt bQ—f-Oég(l —ml)y+a4z P 2 @
d 1—
i.e., Z = catz(l —m)z + pAz —dyz — q1 Bz
dt az(l—mq)| 1+ —2=— 4 b
3 1 az(1-m1)y ' az(l—m1)y
d r c€2a2
i.e.,—z = 23 +pA—dy —qFE|z.
dt oll R A AR —-—
as(1-m1)y asz(l—-m1)y
p _
i.e.,—z < %ijA—dz—qlE]dt
z L O3

This is possible if m; < 1 and (1 bo—E b ) > 1.

az(1—-m1)y asz(l—m1)y

Therefore, integrating the above equation from [to, t] we have

(1) < z(to)exp (/tt <Czﬂ +pA —dy — qlE) ds> . (5.4)

3

Now, if £ > q% 2L+ pA — d2:| , then from equation (5.4), we have lim; o, 2(t) = 0.

Hence the lemma.

Note: Conclusion of Lemma 5.1 is that higher rate of harvesting make the system
free from super predator.
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5.4 Equilibrium Points and Stability Analysis

In this section, we study the dynamical behavior of the model system. For this purpose
all the feasible equilibria with their existence criteria are obtained and they are as follows:

The possible equilibria are

(1)
(i)
(i)

(iv)

The trivial equilibrium Ey(0, 0, 0).
The axial equilibrium F(k,0,0).

Super predator free equilibrium Fs(Z, g, 0) where y = bl(l_p)A_bljzl [Zfia(lltap)l,gl]_pm_aldl)

and Pi?4+Q%+R = 0 where P = ayras, Q = ark(aic;—ras)+keiaioq ((1—p)A—dy)
and R = kcya1bi((1 — p)A — dy). Now, 2 will be positive if @ < 0,R > 0 and
Q? > 4PR.

r(1—27) (b1 +ara*)

clal—agr(l—%) )

The interior equilibrium E*(z*, y*, z*) where y* =

I (1—m1)[cgag—dgag—qlEag,—&—pAag}r(l—%)(b1+t*11z*)+(b2pA—b2d2—bquE)(clal—agr(l—%))
ay(crar—oor(l1—-))[de+q1 E—pA]

x* satisfies the equations Li2% + Lya® + Lzx + Ly, = 0. Now, according to Descarte’s

rule this equation have one positive real root if any one of the following conditions

holds

(G)Ll <0,Ly>0,L3>0,L4 >0, (b)Ll >0,Ly>0,L3>0,L4 <0,

()1 <0,Ly <0,L3>0,Ly >0, (d)Ly >0,Ly >0,L3<0,Ly<O0.

where L = ragNigNig — ay Ny, Lo = ragNy 1 Nig + kN1aN17Nig — kay N1y Nys

=01 N1y — a1 N1z — rag Ny Nig — rdiaa N1y Nig + (1 - p)ATOéQNMNlS,

Ly = kN11Ni7Nig — bikNyNis — kay N3 Nis — biNig — kN1yNig N7 — ragNi3Nig +

randiNisNig — (1 - p)ATOé2N13N18 + kdiN1yN17Nig — (1 - ,O)Ak?N14N17N187

Ly = k(1 = p)AN13N17N1g — kd1 N3 N17Nig — kNi3Nig N1y — kbi N3Ny,

Nip = ay(cray — rag), Nip = “5%2, Ni3 = cia1b1 + rajan — rbias,

Ny = cia10q — roqoe + T’b}fm, Nis = as(1 — my)?r(caas — dyasz — qrEas + pAas),

Nig = bQPA —byady — boqi B, Ni7 = cia1 — rag, Nig = 044173 — aybads.

and

5.4.1 Local Stability Analysis

In this section, we have examined the local stability of the system around each of its
equilibrium points.

Theorem 5.2 The trivial equilibrium Fy(0,0,0) is always unstable.

Proof. The characteristic equation of the variational matrix of the system (5.1) at
Ey(0,0,0) is given by

A=r)A=[1=pA—-di])A=pA+dy+qFE)=0.
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5.4. EQUILIBRIUM POINTS AND STABILITY ANALYSIS

The eigenvalues of this characteristic equation are r, [(1 — p)A — d;] and pA —dy — ¢ E.
Since one of the eigenvalue r is positive. So, we can say that the trivial equilibrium is
always unstable.

Theorem 5.3 The axial equilibrium E;(k,0,0) will be locally asymptotically stable
if A<min{(ds+qFE)/p,(diby + k(dioy —a1))/((1 — p)(by + a1k))}.

Proof. The characteristic equation of the variational matrix of the system (5.1) at
Ei(k,0,0) is given by

alk;

AL ko
ORI C el e

(1—=p)A+d))(A—pA+de+qE)=0.

The eigenvalues of the above characteristic equation are —r, blil(fl w4+ (1 —p)A—d; and

pA —dy — ¢ E. Hence the axial equilibrium point will be locally asymptotically stable if

i T (L= p)A < dy and pA < dy + ¢, E.

Observation 1. The stability of predator free equilibrium depends on the quantity
of additional food provided to the predator population. Lower amount than a threshold
value of the parameter on additional food will make the unstable predator free equilib-
rium to a stable one.

Theorem 5.4 The super predator free equilibrium Es(z, 7, 0) will be locally asymptoti-

. a2(1—mq)y ri A
cally stable if £ > qil % + pA — dg] and r—%+(1—p)A+m{alx(bl+
(T—wa)(Hf(bl—l-al{fU)

)(bi+a1Z+a2g)?—cra1§(bi+o2g)

Oéyf)) — clalg)(bl + OéQZ))} < d1 < (1 — p)A — (rf%Tz

Proof. The characteristic equation of the variational matrix of the system (5.1) at
Es(z,9,0) is given by

(A — Asz3) ()\2 — MAn + Ap) + A Agy — A12A21) = 0.

o U f cra1§(br1+a29) o cia1Z(b1+a1d) _ arg(bitagy) o

where A =71 = 5 = G 0t A2 = “lrmitan? A2 T Grrmirag?) 42 =
alzi"(b1+a1i) . _ _ G«Z(lfml):g _ CQCLQ(l*ml)g _ _

rrarstangy T(L—p)A—diAsy = — il and Agy = g 20 A=l HpA—do—qi .

Then, all the eigenvalues of the characteristic equation will be negative if As3 < 0,(A1; +
Agg) < 0 and Aj3 Ay — AjpAsy > 0. From this conditions it can be said that the super
predator free equilibrium point will be locally asymptotically stable if

1 | _ceaz(1—-m1)3 2ri 1 A S
E> [52153(1—%5@ +pA—dy| andr — = 4+ (1 —p)A+ GirariToni)? {a12(by + ) —
(T—QTTI)a1i(b1+a1§:)

(r—2Z2)(bi+a1d+azf)2—cra1j(br+azd)

clalgj(bl + 042@)} < d1 < (1 — p)A —

Observation 2. The stability of super predator free equilibrium depends on harvesting
rate and the death rate of the super predator population.
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Theorem 5.5 The interior equilibrium E*(x*, y*, 2*) will be locally asymptotically sta-
bleif o1 > 0, 03 > 0 and 0109—03 > 0 where 01, 05 and o3 are defined in subsequent steps.

Proof. The characteristic equation of the variational matrix of the system (5.1) at
E*(x*,y*, z*) is given by
>\3+0'1/\2 —|—0'2)\+O'3 = 0

where 01 = —(B11 + Baa + Bs3), 09 = B11B33 + By Bss + B11Boy — B3B3y — BiaBay,
03 = B19B21 B33 + B11Ba3Bsy — B11 B9y Bz, Biy =1 — 27}?* _ aay’(bitaewy’)

(b1+arz*+agy*)??
By — — ciarz*(bi1+aiz™®) By — a1y* (b1 +a2y™) B arz*(b1+aiz*) . az(1—mq)z* (ba+asz*) +
127 T hitartany)?? O20 T itarartazyt)? ) 22 T (hitanartazy®)? (batas(l—ma)yt+aaz®)?
i _ag(1—my)y* (ba+as(1—m1)y*) _cea2(1—my)z* (batagz™®)
(1 p)A dl’ BQ3 (b2+a3(1 m1)y*+aaz*)? B32 (batas(1—m1)y*+aqz*)??

By = cm?é;gw;()ly fsi?-ya’i(;:l)l + pA —dy — 1 E. According to Routh-Hurwith criteria

all the eigenvalues of the above characteristic equations will negative or negative real
parts if o1 > 0, 03 > 0 and o109 — 03 > 0.

5.4.2 Global Stability Analysis

In this section, global stability of the system around interior equilibrium points has been
investigated using Lyapunov function.

Theorem 5.6 The system will be globally asymptotically stable around interior equi-
librium point if r > ciaya1ky*, my < 1 and {as(1 — my)?azz* — aza;x*} < 0.

Proof. First we construct a suitable Lyapunov function as follows
Flon) = [o=o)=otog (£)] + @1 =) - tes (£)]

+ Qo [(2 —2") — z%log (%)] :

where ) and ()2 will be defined in the subsequent steps.
Now, taking time derivative of the function we have

dFF  x—z%dx Yy — ydy z— 2z dz
@ T a9 T
Substituting the values of flf , Zf and i’j in the above we have
dF x c1ary
o (p— 1—2)—
dt (v -2 ){r( k:) b1 + arx + sy

a, as(l—my)z
b + a1z + ay b+ as(l —my)y + auz

caas(1 —my)y }
+pA—dy —q F .
by + as(1 —my)y + ayz P 20

+ Ql(y—y*){ +(1—p)A—d1}

+ Qa(z—2") {
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dF

dt

dF

dt

dF

dt

dF

dt

dF

dt

*

. r crary T crary”
r—a")qr(l——)— —r(l——)+
( ){ ( l{;) b1 + arx 4+ sy ( k) b1+a1x*+a2y*}

Q ( *){ arx CL2(1 — ml)z
=y b + a1z + oy by + az(l —my)y + ayz

a as(1 —my)z* }
+ —(1—p)A+d
by + oqz* + ay* by + as(l —my)y* + ayz* (L1=¢) !

s caas(1 —my)y
@a(z =2 ){ by + asz(1 —my)y + ayz

cas(1 — my)y* }
—pA+dy+q E ;.
by + az(l — my)y* + auz* p 2T ¢

(z — a:*){ - Z(:1c — ") — ahy + C1a1y” }
k by + ax + gy by + cT* + any*
. ax a1 T”
@ily—y >{b1 + a1 + avy b+ gt + ay*
as(l —mq)z* as(l —my)z
by + az(1 — mq)y* + auz* byt az(l —mq)y + a4z}
Qul — 2 { caas(1 —my)y B caas(1 — my)y* }
by + as(l —my)y + sz by + az(l —my)y* + ayuz*

r 2 ; bi(y —y") + au(zy” — ya’)
_E(x — ")+ cas (v — ) { (01 + anz + aay) (br + caz” + aay”) }
Or(y — y*){ a1by (v — 2*) + ay e (zy* — ya*)

(b1 + aqz + agy) (b + aqz* + agy*)
aghy(1 —mq)(2* — 2) + az(1 — my)az(yz* — y*z) }
(by + as(1 —ma)y + asz)(by + as(l — my)y* + ayz*)
(1 _ml){ (caaa(2 — 2%))(bay — ¥*) + au(yz® —y*2)) }
(by + as(1 —my)y + asz)(by + as(l — my)y* + ayz*)

+(1=p)A-d

+pA—dy —qE

~Ha— e ot - )l - 1)+ (e ) - (- 1))
Quly =)ot = o)+ vy (o = ) = v (s~ )

aaba(1 = )z = ) 4 a1 = P ) = asaa1 = Py (s - )
Qult = mi)esaa(z = )by =4 + sy~ ) - (e - )}

.
{clalaly* - E}(:p — )+ {Qlaz(l —my)’azz* — Qlaaalx*}(y —y)?

Q(1 — my)ascsogy™(z — 2%)?
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+ {Chlel + Qropa1y” — arbic — a1€104133*}(55 — 2" )(y —y")
+ {Q2(1 - ml)a2bZC2 + Qz(l - m1)62020442* - Q1a2(1 - m1)2a3y*
— Quabal =) )z~ )

_ci(arx*+by) _ c(bitarz®)(az(1—m1)y*+b2) .
If we set Q1 = =55 and @y = =7 === then the above equation

reduces to the form

dF .
e, —r < {cmloqy* _ %}(x Lt %{az(l — my)2a2” — azalx*}(y )
c1(by + ayz*) (az(1 — my)y* + be) . .
_ 1 e
c2(by 4+ ay*) (be + g z*) ( ma)ascacay” (2 — 27)

Now, from the above equation % <0ifr > cayaiky*, my <1

and {a2(1 —my)?azz* — agalx*} < 0.

5.5 Hopf bifurcation Analysis

In this section, the Hopf bifurcation analysis of our proposed system has been done with
respect to some important parameters.

Theorem 5.7 The necessary and sufficient conditions for the occurrence of Hopf bi-

furcation at as = a} are stated as follows:
(i) oi(al) > 0,i=1,2,3
(1) o1(az)os(a3) — a3(a3) = 0
(i4i) Re (%) A0,i=1,23
az=aj

where \; are the roots of the characteristic equation stated in Theorem 5.5.

Proof. The characteristic equation of system (5.1) around interior equilibrium is given

by
A+ N2 4 o9\ + 03 = 0. (5.5)

When the bifurcation parameter reaches its critical value i.e., when ay = a} then the
above characteristic equation becomes

(A2 +09)(A+0y) =0. (5.6)

since at the critical value of the parameter ay = a3, o1(a})oz(as) — o3(al) = 0.
So, the equation (5.6) has three roots such as Ay = i,\/03, \y = —i /03 and A3 = —o7.
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Let us assume that for ay € (a5 — €, a3 + €), the roots of the characteristic equation are

Ai(ag) = ¢1(az) + iga(as),
Aa(ag) = ¢1(az) — ipz(az),

)\3(@2) = —O01.

Next, we want to verify the transversality condition Re (32‘2) #0,1=1,2,3.
az=aj;

Substituting A (az) = ¢1(az) + iga(as) in equation (5.5) and calculating the derivatives
we have

P(az)¢)(az) — Q(ag)ga(az) + U(az) = 0,

Q(az)d) (az) + P(az)d2(az) + V(az) =0,

where
P(ag) = 3¢7(az) + 201 (az)1(az) + o2(az) — 3¢3(az),
Qlaz) = <Z5 (az)d2(as) + 201 (az)p2(az),
Ulaz) = %(@)Ui(az) + a5(a2) ¢ (az) + o4(az) — o' (ag)d5(as),
V(az) = 2¢1(as)¢2(az)a’ (az) + 05(as) 2 (asz).

NOW P(az) = —202(%) Qa3) = 201(a3)\/02(a3), Ulaz) = o3(a3) — o1(a3)oz(a3),
V(a%) = o4(a3)\/o2(a3). Therefore,

d Q)Y () + PaU(@s) | (o
( el ) = - LB PO 0t 1.2

if Q(a3)V (a3) + P(a3)U(al) # 0 and A3(a3) = —o1 # 0.

Therefore, transversality conditions hold. This indicates that Hopf bifurcation occurs at
ag = aj.

Hence the theorem.

5.6 Optimal Harvesting

In commercial exploitation of renewable resources, our main target is to determine the
optimal trade off between the present and future harvest. In this section, we study the
optimal harvesting policy by considering the profit earned by harvesting. Here, quadratic
cost is used and the main reason behind this is to find the analytical expression for
the optimal harvesting. It is assumed that the price is a function which is inversely
proportional to the available biomass of top predator population. Thus, to maximize
the total discounted net revenues from the model, the optimal control problem can be
formulated as follows:

J(E) = / ' eV (py — w1 E2)q Ez — hE) dt (5.7)

to
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where 1 is the instantaneous discount rate, p; is cost of selling unit biomass of super
predator, w; is an economic constant and h is constant harvesting cost. Here, the con-
trol E is bounded in 0 < E < FE,,,, and our target is to find out an optimal control
Ey such that J(Ey) = maxgey J(E) where U is the control set defined by U = {E: E
is measurable and 0 < E < E,,4,, for all t}. The problem (5.7) is solved by Pontrya-
gin’s maximum principle [183] subject to the conditions system (5.1). To optimize the
objective function J(E), we construct the hamiltonian as follows:

T a1y
H = — E Ez—hE + A I
(11 —wiq Ez)qn Bz A {rx( k) b1 + ax + agy}
axy as(l —ma)yz }
2{51—1-041.%—1-@29 by + a3(1 —my)y + oz ( A Y

coas (1 — my)yz }
+ A + pAz —doz —nEz 5.
3{b2+043(1—m1)y—|—044z p 2 q1

To find the optimal harvesting we equate g—g to zero, then we have

_ nhaz— h — Asquz
2w, q3 22

E

Corresponding adjoint equations are

d)\ oH
L VS W
dt VA ox
2rx a1y(br + asy)
- Miv- Mt — ) . 5.8
1{¢ rE k }+(bl+a1x+0z2y)2(lcl 2) (5:8)
dXs oH
o T T gy

a1x(by + 1)

= MW —(1-pA+d A1ep — A
2 (v —(1—p)A+ 1)+(b1+a1x+a2y)2( 101 = A2)
as(1 —mq)z(bs + au2)
Ao — A3¢o) . 5.9
+ (b2+043<1 —ml)y+0z4z)2( 2 302) ( )
d3 OH
— = Y3 — —.
dt ¥As 0z

ag(1 —ma)y((b + as(1 —ma)y))
(ba + az(1l —m1)y + ayz)?
— P E + 2wy (q1)* E?z. (5.10)

= MW —pA+dy+qFE)+ (A2 — Azca)
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The above results can be described briefly by the following theorem.

Theorem 5.8 There exists an optimal control E, and the corresponding solutions of
the system (5.1) (24, Yy, 2y) which optimize the objective functional J over the region U.
Then, there exists adjoint variables A1, Ay and A3 which satisfies the equations (5.8 —5.10)
with transversality conditions A;(ty) = 0 for i = 1,2, 3, where at the optimal harvesting
level the values of the state variables x,y and z are z, y, and z; and the optimal control

. _ P1q12y—h—XA3q12y
1S gliven by E¢ = W

5.7 Numerical Simulation

First we consider the following set of parametric values r = 2,k = 120,¢; = 0.1,a; =
1.2,61 = 8.0,0[1 = 1.0,0&2 = O.]_,CLQ = 0.1,m1 = 04, bQ = 12.0,0[3 = 1.0,064 = O]_,p =
0.8,A =0.1,d, = 0.5,c5 = 0.2,dy, = 0.001,¢q1 = 0.4, F = 0.2. For the above set of
parametric values Figure 5.1 has been drawn. From this figure, it is observed that our
proposed system (5.1) is locally asymptotically stable. Also, we numerically calculate
the the value of o7 = 1.8889 > 0,03 = 14683 > 0 and o109 — 03 = 0.3007 > 0. So
Theorem 5.5 is numerically verified. For the same parametric values if we increase the
harvesting effort £ = 0.3 then the super predator population will be extinct which has
been shown in Figure 5.2.
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110 800 5
= T
> 105 S 3 8000
a g 600 =
100 & S 6000
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95 400 L
4000
90
200
g5 2000
80 . 0 . 0 .
0 2000 4000 0 2000 4000 0 2000 4000
Time Time Time

Figure 5.1: Stable interior equilibrium.

For the same set of parametric values used in Figure 5.1 except r = 1.0,k = 100, m; =
0.5,¢4 = 0.01,ay = 0.1,as = 0.01, 5 = 0.1, a3 = 1.0, Figure 5.3 has been drawn. This
figure shows that the interior equilibrium point will be globally asymptotically stable
when the values of a; varies from 0 to 0.125.
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Figure 5.2: Extinction of the super predator.
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Figure 5.3: Global stability condition of interior equilibrium point.

Again, using the same set of parametric values used in Figure 5.1 except co = 0.05 the
Figure 5.4 has been drawn. From this figure, it is seen that as the refuge increases
then the prey population decreases, predator population increases and super predator
population decreases. Because as the refuge increases then the predation rate of predator
to the super predator decreases and so the predator population gradually increases and
super predator population gradually decreases.
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Figure 5.4: Sensitivity analysis of the system (5.1) with respect to m;.

Then, we consider same set of parametric values used as Figure 5.1 except r = 1.0,k =
100,a; = 2.0,m; = 0.5,A = 0.0,c0 = 0.1,d; = 0.08,d, = 0.001. For this set of
parametric values Figure 5.5 has been drawn and from this figure, it is seen that when
the value of as crosses a critical value 0.1765 then the value of o109 — 03 becomes negative.
So, if we change the value of ay from 0.1 to 0.2 then Hopf bifurcation must occurs and
due to bifurcation the unstable solution curve of the system has been shown through

Figure 5.6.
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Figure 5.5: Represents the graph of (o109 — 03) with respect to as.
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Figure 5.6: Unstable solution of system (5.1) for as.
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Figure 5.7: Stable solution of system (5.1) for m; = 0.7.

But, if we change the refuge rate m; = 0.7, it makes the system stable which is also
shown in Figure 5.7. From this figure, it is also concluded that the refuge has a great
role to make the system stable.

Again, for the parametric values r = 1,k = 100,¢; = 0.1,a7 = 2.5,b; = 8.0, =
1.0,a0 = 0.1,a2 = 0.4,m1 = 0.8,by = 12.0,a3 = 1.0, 4 = 0.1,p = 0.6,d; = 0.08,¢cy =
0.1,dy = 0.001,¢q; = 0.4, E = 0.01 in the absence of additional food the system shows
unstable solution which is also shown in Figure 5.8. But, in the presence of additional
food A = 0.03 the system becomes stable which is also shown in Figure 5.9. So, from
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this figure, it can be concluded that if the refuge is high then the unstable system may
be stabilized by supplying additional food to the system.
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Figure 5.8: Unstable solution of the system (5.1) in the absence of additional food.
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Figure 5.9: Stable solution of the system (5.1) in the presence of additional food.

To solve the optimal control problem, first we solve the state variables by forward Runge-
kutta method and then using the solutions of state variables the adjoint variables are
solved by backward Runge kutta method. For solving optimal control problem the
parametric values has been considered asr = 2,k = 120,¢; = 0.1,a1 = 1.2,b; = 8.0, a1 =
1.0,@2 = 0.17CL2 = O.l,m1 = 04, bg = 12.0,0&3 = 1.0,@4 = 017[) = OS,A = O.].,dl =
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0.5,¢c5 = 0.2,dy = 0.001,q; = 0.4,7 = 0.05,p; = 1.5, h = 0.05, w; = 1.2. We have shown
the state variables of the system (5.1) in Figure 5.10 when optimal harvesting is done.
Variation of optimal harvesting have been shown in Figure 5.11 with different values of
the additional food. From this figure, it is concluded that as the supply of additional
food increases then the optimal harvesting rate increases. The change of harvesting effort
with respect to different costs have been shown in Figure 5.12. From this figure, it is
observed that if we increase the selling price (p;) of unit biomass of super predator then
the harvesting effort gradually increases. But if the harvesting cost (h) and economic
constant (w; ) increased then the harvesting rate decreases. The graph of adjoint variables
A1, Ao and A3 have been shown in Figure 5.13 when the optimal harvesting is done.
From this figure, it is observed that the adjoint variables are monotone decreasing and
according to the theory the final values are zero.
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Figure 5.10: Represents the state variables.
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Figure 5.11: Variation of optimal harvesting effort with the change of A.
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Figure 5.12: Variation of optimal harvesting effort with respect to different cost.
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Figure 5.13: Graphs for the adjoint variables.

5.8 Conclusion

In this chapter, a three species such as prey, predator and super predator populations
have been considered to analyze the interaction among them. It is assumed that the
predator population consumes only prey population and super predator population con-
sumes only predator population. Also, it is assumed that predator population shows
refuge behavior when they are attacked by super predator. Thus higher refuge rate can
make the crisis of food for super predator. So, in this model, it is considered that the
additional food is to be supplied to the super predator and predator population also
benefited from some portion of this additional food. It can reduce the risk of extinction
of the super predator population and also increases the harvesting effort. Probably this
is the first article where it is considered both refuge on the predator and additional food
to the predator populations with harvesting and Beddington-DeAngelis type functional
response. The boundedness of all solutions of the system has been done. It is observed
that the boundedness of all solutions depends upon the supply of additional food. The
extinction condition of the super predator population has been investigated theoretically.
From the numerical simulations, it is observed that the change of consumption rate of
predator to the super predator population i.e., as makes the system unstable through
Hopf bifurcation. But the constant rate of refuge by predator to the super predator (m;)
makes the system stable. So, the refuge by predator to the super predator acts a control
of instability of the system. Again, for the higher value of the refuge makes the system
unstable. But, if we supply some additional food to the super predator makes the system
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stable. So, from this results we can conclude that the refuge (m;) and constant supply
of additional food (A) have a significant effects on predator prey dynamics. From the
analysis, it is observed that neither prey nor super predator survive with the help of
additional food only. Additional food is used here only as a supplementary food and to
increase the growth of the predators. From the numerical simulations of optimal harvest-
ing problem it can be concluded that as the amount of additional food (A) and selling
price (p;) of unit biomass of harvested super predator increases then the harvesting rate
increases. But if the cost of harvesting (h) increases then the harvesting rate gradually
decreases.

Gateway from Chapter 5 to Chapter 6

In Chapter 5, we have analyzed the effects of refuge and supply of additional food on
the dynamics of predator-prey system and also on the Super predator harvesting. With
the development of civilization, it is observed that different kinds of infectious diseases
such as Cholera, Malaria, Japanese Encephalitis etc. are attacking human population at
different times worldwide. So, in the next chapter we are interested to investigate the
dynamics of Cholera disease in a periodic environment in the presence of bacteriophage.
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Chapter 6

Dynamics of Cholera Outbreak with
Bacteriophage and Periodic Rate of
Contact

6.1 Introduction

The Cholera, a waterborne gastroenteric infection, remains a significant threat to public
health in the developing countries. It is caused by the bacterium Vibrio Cholerae. It is
typically transmitted through water and food that have been contaminated with fecal
matter from a person who is infected with the disease. Now-a-days, several number of
mathematical models have been developed for understanding the dynamics of Cholera
disease. In 1973, Capasso [32] developed a mathematical model for Cholera epidemic
occurred in the European Mediterranean region. In this model, Capasso used two dif-
ferential equations to describe the dynamics of infected people in the infected region
and the dynamics of the bacterium Vibrio Cholerae. Codeco [51] extended the model
of Capasso by introducing one additional equation of susceptible human population and
described the dynamics of the persistence of the disease Cholera. After that Codeco’s
model was extended by Hartley [90] including hyper-infectious vibrio bacterium. Again,
Hartley’s mathematical model was analyzed by Liao and Wang [132].

This disease is typically seasonal due to climatic, physical and many biological factors.
It is observed that in Bangladesh, the seasonality of Cholera exhibits two peaks per year
and differs from that of other diarrheal diseases [105]. This disease typically increases
from November to January and April to May. In the same time, the seasonal Cholera
disease is occurred in the peak form in April, May and June [65] in every year. There are
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also many research papers [6,97,134,174,175,259,264] on the Cholera disease dynamics
to study its unknown behavior.

It is known that the bacteriophage might control the natural population of pathogens.
Moreover, the recent studies in marine microbiology also have revealed the elegant
balance between bacteriophage and their mycobacterial prey. In 2009, J.E. Nelson
et al. [165] explored that in a closed experimental system, the transmission of Vibrio
Cholerae may be minimized when these two factors such as bacteriophage and bac-
terium are combined in the aquatic environments. Therefore, the dynamical interaction
between bacteriophage and bacterium in pond water suggests that a model of Cholera
transmission should incorporate a measure for the rapid decay of bacterial culturability
and predation by bacteriophage.

There are two hundred species that infect V.Cholerae known as vibriophage. In 2006
a mathematical model was described by Jensen et al. [110] in the role of bacteriophage
in the control of Cholera outbreak. They suggested that either bacteria in the environ-
mental reservoir are hyper-infectious or most victims ingest bacteria amplified in food
or drinking water contaminated by environmental water carrying few viable V.Cholerae.
The consequent reduction of bacteria numbers in the effluent might fully account for
the decline in disease incidence and density of phage preying on these bacteria. In this
interpretation, the outbreak drives the changes in phage populations, rather than the
reverse. They showed that the large numbers of phage to the reservoir at the time of
the bacterial bloom decreases the size of the epidemic. If there are few number of phage
such as 10° virion per liter or less then there is virtually no effect on the epidemic. There
are some research papers [3,33,41] on bacteriophage dynamics. A Cholera epidemic
model of an optimal cost effectiveness study on Zimbabwe Cholera seasonal data from
2008 — 2011 was developed by Sardar et al. [206] in 2013. We have modified this model
by introducing the bacteriophage and discussed the dynamical behavior of the proposed
Cholera epidemic model.

Though there are many research articles available on the study of Cholera disease trans-
mission and its control strategies but till now there exists some space in the literature
which are as follows:

It is known that contaminated food and water by Vibrio Cholerae are the main rea-
son of spread of the infectious disease Cholera. From the experimental study, it is seen
that for a certain amount of time Vibrio Cholerae remains hyper-infectious and after
that time it becomes low-infectious. Also, experimentally proved that bacteriophage can
reduce the density of Vibrio Cholerae and prevent the burden of spread of Cholera dis-
ease in human population. Again, in the real world every parameters has been changed
with respect to time. But in mathematical model these concepts are not included till
Nnow.
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Considering the above phenomena a Cholera disease epidemic model has been devel-
oped in this chapter. Here, the dynamical behavior of the interaction between Cholera
pathogen Vibrio Cholerae and bacteriophage has been discussed. Also, two types of
transmission rates during hyper-infectious and low infectious period of bacterium Vibrio
Cholerae have been considered as a periodic function of time. Then, the extinction and
uniform persistence of the disease have been explored here. Also, the existence and sta-
bility of positive w-periodic solution have been discussed precisely. Finally, a numerical
simulations have been presented to support the analytic results of the proposed model.

6.2 Model Formulation !

In this chapter, it is considered that a human population in an area is effected with
Vibrio Cholerae. Obviously, at time ¢, the population N(t) consists of three kinds of
populations such as (i) susceptible human S(t), (i7) infected human I(t) and (éi7) recov-
ered human R(t) i.e., N(t) = S(t) + I(t) + R(t). Here, the bacterial population at time
t is also considered of two types such as: (i) hyper-infectious bacteria By(t) and (i7)
low-infectious bacteria By (t). Also here, the population of bacteriophage P(t) has been
introduced.

Now, the susceptible population is increased (i) by a constant recruitment of newborn
at a rate Ay and (i7) by those recovered persons who lose their temporary immunity to
Cholera at a rate w. It is reduced by getting infected on contact with hyper-infectious
and low-infectious bacterium at the rates Sy (¢) KHB e and Bi(t) KLB;LBL respectively and
also decreased by natural death at a rate ug [206], where Sy (t) and [ (t) have been
defined in this chapter as follows:

Blt) = Buo(1+ deos())

27t
@L(t) = 61,0(1 + 5008(365))
where 0 is the amplitude of seasonality.
Here, infected human is increased by those susceptible humans who get infected in con-
tact with hyper-infectious and low-infectious vibrios and decreased by (i) those who are
recovered from Cholera at a rate 7, (i7) those who die due to Cholera infection at a rate
e and (ii7) those who die naturally at a rate pg [206].
Again, recovered human population is increased by those infected people who get recov-
ery from the disease at a rate . It is observed that the recovered population is reduced
due to the loss of natural immunity to Cholera at a rate w and due to the natural dies
at a rate pg [206].

!Published in International Journal of Dynamics and Control , Springer, vol-4, 2016, 284-292,

with title Dynamics of cholera outbreak with bacteriophage and periodic rate of contact.
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Hyper-infectious bacterium is enriched from the amount of hyper-infectious V.Cholerae
bacterium in the contaminated aquatic environment due to infected human feces, vom-
iting etc. at a rate £ [51].

It is assumed that hyper-infectivity bacterium loses their hyper-infectivity at a rate x.
Here, it is also assumed that the both bacterium populations decrease by the consump-
tion of phage (bacteriophage). The number of phage produced per infected bacterium
(burst size) is denoted by 1. The death rate of phage in the reservoir is w; per day [110].
Therefore, under the above considerations a mathematical model of Vibrio Cholerae has
been suggested as follows:

dsS BgS BrS )
B Byt =M g ()2
7 g +wR 5H()KH+BH BL(>KL+BL S
dl BgS BrS
= = But)——22 ) —— Y.
= 5H()KH+BH+6L()KL+BL (fta + pre +7)
dR
o = - (w+ pa)R
(6.1)

dB
d—H = &l — xBy —BgP

t
dB
d_tL = xBy — 6B, —BLP
dP
E = 51’71(31{ + BL)P —w P )

The initial conditions are taken as S(0) > 0,1(0) > 0, R(0) > 0, Bg(0) > 0,
Br(0) > 0,P(0) > 0.

6.3 Boundedness of Solutions

In this section, boundedness of all solutions of system (6.1) has been discussed.

Theorem 6.1 The solution of the proposed model (6.1), (S(¢),I(t), R(t), Bu(t), BL(t))
is uniformly and ultimately bounded i.e., there exists a positive real number M such that
(S(t),I(t), R(t), Bg(t), Br(t)) < (M, M, M, M, M) for t > T where T is a fixed time.

Proof. From the first three equations of proposed model (6.1), it is obtained that

d(S+1+R)

pm = Ay —pa(S+I1+R)—pud

< Ay —pa(S+1+R)

112



6.4. LOCAL STABILITY OF DISEASE FREE EQUILIBRIUM POINT

Hence, by standard comparison theorem [125], there exists t; > 0 such that S+ 7+ R <
/;—ZI for all ¢ > t;. Then, we have S < /;—ZI, 1< [;—ZI and R < % for all ¢t > ¢;.
Again, from the fourth equation of the proposed model (6.1), it is obtained that

dB A
d—H < ¢ By —mByP
t Hd
A
< ﬁ—H — xBg
Hd

Hence, again by standard comparison theorem, there exists to > ¢; such that By(t) <
ngde’ for all ¢t > t,.
From, the fifth equation of the proposed model (6.1), it is obtained that

B A
B & 5 p _BP
dt X Hd
A
< —5 T §5.By,
XHd

Again, also by standard comparison theorem, there exists t3 > ty > t; such that
By(t) < £ for all ¢ > t.

Let M = maz{2L §A—H}

Hd = XHd LHd
Thus, it follows that S(t) < M, I(t) < M, R(t) < M, Bg(t) < M, and Bp(t) < M for
all t > T'. Therefore, all human populations, hyper-infectious and low-infectious Vibrio

Cholerae are uniformly and ultimately bounded.

Again, from the sixth equation of the proposed model (6.1), it is obtained that

AP _ o (G Ehn

P—-—wP
dt ~ R '

Now, if 51711 (iATZ + 53—({2) > w; then the bacteriophage population becomes unbounded.

6.4 Local Stability of Disease Free Equilibrium Point

Let (R", R") be the standard ordered n- dimensional Euclidean space with a norm |[.||.
For w,v € R", we denote v > vifu—wv € R}; u>wv, ifu—v € R" u> v, if
u—v € Int(RY).

Let A(t) be a continuous, cooperative, irreducible and w periodic n x n matrix function.
Then ¢4(t) be a fundamental solution matrix of

dx
i A(t)z (6.2)
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Let p(¢pa(w)) be the spectral radius of ¢p4(w) [259]. According to Perron-Frobenius the-
orem, p(¢p4(w)) is the simple principal eigenvalue of ¢4(w) and it admits an eigenvector
v* which is grater than equal to zero vector.

Lemma 6.1 (Zhang and Zhao [259]) Let s = Linp(¢a(w)), then there exists a posi-
tive w periodic function v(t) such that esv(t) is a solution of (6.2).

In the following, we calculate the basic reproduction number of proposed system (6.1).
It is easy to see that the proposed system (6.1) has exactly one disease free equilibrium
point Ey(Sy,0,0,0,0,0) where Sy = %

0 0% St (Y +pe+pa) 00
Now, F(t)= | 0 0 0 and V (t)= —£ x 0
0 0 0 0 -X O

Let Y(¢,s) is an 3 x 3 matrix solution of the system

dy (t,s)

S = V()Y (1)

for any t < s, Y(s,s) = I where [ is an 3 x 3 identity matrix.

Let C, be the ordered banach space of all w periodic functions from R to R*® which
is equipped with maximum norm ||.|| and the positive cone C = {¢ € C,, : ¢(t) >
0, for all t in R}. Now, we consider the linear operator L : C,, — C,, by

(L) (1) = /0 Yt — )t - )6t — a)da (6.3)

for any t € R and ¢ € C,,.

Finally, for the system (6.1) we define the basic reproduction number Ry as the spectral
radius of L i.e., Ry = p(L) which has been motivated by the concept of next generation
method introduced in the article of [244] and [15,59].

From the above discussion, the following theorem for the local asymptotically stabil-
ity of disease free equilibrium Ey(Sy, 0,0, 0,0,0) has been obtained.

Theorem 6.2 (Wang and Zhao [244]) The following statements are valid

(1) Ry =1 if and only if p(¢pp_y(w)) =1

(i1) Ry > 1 if and only if p(¢pr_v(w)) > 1

(i73) Ry < 1 if and only if p(¢p_v(w)) < 1

Thus, we can say that the disease free equilibrium Fy(Sp,0,0,0,0,0) is locally asymp-
totically stable if Ry < 1 and unstable if Ry > 1.

Observation: It is seen that the parameters 4, (the phage absorption rate) and f;

(the number of phage produced per infected bacterium) are absent in the matrix F'(¢)
and V(t). Hence, it can be concluded that the phage population does not have any
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effect on the reduction of Ry. But the higher value of absorption rate (7;) may decrease
the Vibrio Cholerae bacterium population and it may reduce the spread of the Cholera
disease.

6.5 (Global Stability of Disease Free Equilibrium Point

In this section, the global stability of disease free equilibrium point has been investigated.

Theorem 6.3 If Ry < 1, then the disease free state is globally asymptotically sta-
ble.

Proof. From second, fourth and fifth equations of the system (6.1), we have

dl ByS BLS

P ﬁH(t)KH + By + /BL(t)m — (v + pa +mue) I
< Bult) o S O e = O )]
< Bu(t) igjj L(t)[;j[ljf /;—ZI — (v + pa + muc) I
D < e1-xBy
dBjy,

— < By —6:B
dt_XH LDy,

Then, for all ¢ > 0, hence 0 < S(t) < &, By(t) > 0, By(t) > 0 and P(t) > 0. Now,
consider the following auxiliary system:

dI Ay By ApBr Ay

— = 13 + br(t — — (v + pag + mu)l

di 5}1( )KHMd ﬁL( >MdKL g (7 Hd )
dBg
— = &I —vyB

dt 3 XD
dBy,
— = yBy —6,B

di XDH Lbr

which can be written as

W= (P - V)X

where X = (I(t), By(t), Bp(t))T.

Then using above Lemma 6.1, there exists a positive w-periodic function X (¢) such
that X (¢) = e® X (t) is a solution of the above system where s = Linp(¢p_v(w)). Again,
from Theorem 6.2, we know that for Ry < 1, p(¢p_y(w)) < 1, so s must be a negative
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constant. Therefore, when t — oo, we have X (¢) — 0.
i.e., lim I(t) =0, lim By(t) =0 and lim Bp(t) = 0.
t—o00 t—00 t—o0
A
i.e.,lim R(t) =0, lim P(t) = 0 and lim S(t) = =2
t—o00 t—00 t—r00 Md

Hence, the above implies that the disease free equilibrium point Ej is globally asymp-
totically stable.

6.6 Uniform Persistence of the Disease

In this section, the uniform persistence of the disease has been investigated.

Theorem 6.4 If Ry > 1, there exists a positive constant ¢ such that for all initial
value (S(0),1(0), R(0), Bu(0), BL(0), P(0)) € {(S,I,R, By, B.,P) € RS : I > 0,By >
0, By, > 0}, the solution of system (6.1) satisfies the following

lim infI(t) > €, lim infBy(t) > € and lim infBr(t) > e.
t—o00 t—o0 t—00
i.e., for Ry > 1, the disease in system (6.1) is uniformly persistent.

Proof. Let us consider the sets X = RS, Xo = {(S,I,R,By,B;,P) € RS : I >
0,By > 0,B > O} and 8X0 :X\XO.

Next, we define a Poincare map P : R} — RS satisfying P(2%)=u(w,z"),Va® € RS
where u(t, z%) be the unique solution of system (6.1) satisfying u(0,2°) = 2°.

At first, we show that P is uniformly persistent with respect to (Xo,0Xy). It is easy
to see from the system (6.1) that X and X, are positively invariant. Moreover, 90Xy
is relatively closed set in X. Now, from Theorem 6.1, it follows that the solutions of
the system (6.1) are uniformly and ultimately bounded. Thus, the semi-flow P is point
dissipative on R$ and P : RS — RS is compact by Theorem 3.4.8 in [262]. Then, it

follows that P admits a global attractor which attracts every bounded set in RS.

Now, we define another set My as

Mo = {(5(0),1(0), R(0), Bx(0), B(0), P(0)) € 0Xq : P™(So, Iy, Ro, Bro, Bro, Py) € 0Xo,
Vm € N UO0}.

Next, it is claimed that
Mo ={(S,0,R,0,0,P):S>0,R>0,P>0}.
In fact, it is obvious that

{(S,0,R,0,0,P):S>0,R>0,P>0}C M
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For any (5(0),1(0), R(0), Bu(0), B.(0), P(0)) € 0X,/{(S,0,R,0,0,P) : S >0,
R>0,P >0},if I(0) =0, Bg(0) = 0, BL(0) > 0t is clear that S > 0 and By, > 0 for all

t > 0. Now, from the second equation of (6.1) we have I'(O):ﬁL(t)% >0=1(0) >

0. Thus, from the fourth equation of (6.1) we have By (0) = £I(0) > 0 else if 1(0) = 0,
B(0) = 0 and By > 0. Then, similarly we can show that I(0) > 0 and By (0) > 0
and similarly for other cases also. Therefore, if (S(0),1(0), R(0), Bx(0), B.(0), P(0)) ¢
{(S,0,R,0,0,P):S>0,R>0,P >0} then (S(¢),I(t), R(t), Bu(t), BL(t), P(t)) ¢ 0X,
for simultaneously small ¢ > 0. This implies that My C {(S,0,R,0,0,P) : S > 0,R >
0, P > 0}. Therefore, we have My = {(S,0,R,0,0,P) : S >0,R > 0,P > 0}. Clearly,
Ey is one fixed point of P in My. If (S(t),1(t), R(t), Bu(t), BL(t), P(t)) is a solution of
system (6.1) initiating from Mpy, it then follows from (6.1) that S(t) — S,

I(t) = 0,R(t) — 0, Bg(t) — 0, Br(t) — 0, P(t) — 0 as t — co. So, any solution of (6.1)
initiating in My will remain into Mj.

We will now show that {Ep} is an acyclic covering of Ey. It is enough to show that
{Ey} is a isolated invariant subset of My i.e., W*(FEy) N Xy = (), where W*(Ej) is the
stable set of Ey. Let 20 = (5(0), 1(0), R(0), B (0), B1(0), P(0)) € Xy, then by the conti-
nuity of solution with respect to initial values Va € (0, %), then there exists & > 0 such
that Vo € X with ||2° — Ey|| < &, it follows that ||u(t, z°) — u(t, Eo)|| < eVt € [0, w].
To show ¥ € Xy = 20 ¢ W*(E)), it is enough to show that nlllinoo d(P™(z°), Ey) > ¢ for

some m > 0. If not let 32° € X such that lim d(P™(2°), Ey) < n for all m > 0. This
m—r0o0
implies that ||u(t, P™(x°)) — u(t, Ey)|| <€, Vt € [0,w].
To show, 2° € Xy = 2° ¢ W*(E)), it is enough to show that lim sup d (P™(2°), Ey) >
m—0oQ
¢ for some m > 0. If not let 32° € X, such that lim sup d (P™(z%), Ey) > n for all
m—r0o0

m > 0. This implies that ||u(t, P™(x°)) — u(t, Eo)|| < €, Vt € [0,w]. For any ¢t > 0, let
t = mw + t; where t; € [0,w] and m = [L] which is the greatest integer less than or
equal to £. Then, we have ||u(t, P"™(2°)) — u(t, Eo)|| = ||u(ty, P™(2")) — u(t, Eo)|| < e,

vt € [0, w].

By selecting (S(t), I(t), R(t), B(t), Br(t), P(t)) = u(t,z°), it follows that [;—’; —e <
S(t)§z—’;+e,0§1§6,0§RSG,OSBHge,OgBLge,Ongeforalltz().

S(t) Ay e S(t) Ag e
Kpy+Bg =z (,LLdKH KH+E) and Kr+Br = (HdKL Kp+e
system (6.1) we have

Then, we have ). Therefore, from

dl AH € AH €

— > t — By + t — B
dt _ﬁH( )(,udKH KH+€) a BL( >(/LdKL KL+6> L
dBpy

—H _¢I— B

dt § XDH

dBy,

—L — \By —6.B

dt XbH Lbr
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Then, a matrix M.(t) can be obtained as follows:

0 0 0

Already, from Theorem 6.2, it is known that as Ry > 1 so p(¢r_v(w)) > 1, choosing €
is very very small such that p(¢rp_v_n(w)) > 1. Again, by lemma 6.1 and the stan-
dard comparison principle [125], there exists a positive w periodic function fo(t) such
that j(t) > fo(t)e®2 where j(t) = (I(t), Bu(t), BL(t))" and sy = Linp(¢p_y(w)) > 0.
This implies that

lim I(t) = oo, lim By(t) = co and lim Bp(t) = oo
t—00 t—»00 t—r00

which is a contradiction in My. Hence, W*(Ey) N Xy = (). Then, by Theorem 1.3.1 [262]
we obtain that P is uniformly persistent with respect to (Xo,9Xy). Thus, by Theorem
1.3.1 [262] it follows that the solution of (6.1) is uniformly persistent.

6.7 Periodic Solution

In this section, the existence and stability of a positive periodic solution of the system
(6.1) have been investigated in Theorem 6.5 as follows:

Theorem 6.5 If Ry > 1, then the system (6.1) admits a positive w-periodic solution
which is globally asymptotically stable.

Proof. We have already proved in Theorem 6.3 that the Poincare map, P : R} — RS of
the system (6.1) is point dissipative and compact as well as P is uniformly persistent with
respect to (Xo,0Xp). Then, it follows from Theorem 1.3.6 [262] that the Poincare map
P has a fixed point (S, I, R, By, B, P) € Int(RS%). Hence, u(t, (S,I,R,By,B.,P)) €
Int(RS%) for all t > 0. Thus, (S,I,R, By, By, P) is a positive w— periodic solution of
system (6.1) due to the definition of the semi-flow P.

Let X = (5,1, R, By, By, P) be positive w-periodic solution of system (6.1) and
X(t) = (S(t),1(t),R(t), Bu(t), BL(t), P(t)) be any solution of system (6.1) initiating
from nonnegative initial values. Then, a Lyapunov function is defined as follows:

L(S,I,R, By, By, P) = |S(t) = S(t)| + [I(t) = I(t)| + |R(t) — R(1)]
M B (t) — ()] + M\ Bu(t) — Bu(t)| + —|P(t) — P(0)
3 3 I3
Using the following
ol = {x' ifz>0

—x' ifx <0
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the right upper derivative D" L(t) of L(t) of the system (6.1) is obtained as follows:

B~H(t)g(t) 3
wn+Bat) Y B

(Mﬂ—EM%wMﬂﬂ—ﬂm}

Br()S(t) Br(t)S(t)
B0 "t B

DYL(S,I,R, By, By, P) = sign(S(t) — S(t)){BH(t)

B.(t)S ()
KL+BL(t)

sign(r(0) = 1] Bu(0) 0 O 4 5l

&ﬁg%)<wwﬁwmmriwﬁ+mmmw—mw%u®—w»

—(w + pa) (R(t) — f?(t))} + %Sign(BH(t) - BNH(t)){ﬂl(t) —1(t))

By (t)S(t)

~Bult) Ky + By(t)

— Br(t)

—B1(t)

—x(Bu(t) = Bu(t)) = m(Bu(t)P(t) - ~()(t))}
+%SZ9?”L BL {X H — 6L(BL( ) BNL(t))

(B
~n(BL(t)P(t) = Bi(t) (t)} —szgn( (t) - (t)){ﬁm(BH(t)P(t)—BH(t)p(t))
B (BL(t)P(t) — BL(t)P(t)) — 1(P(f)—15(t))}

< —1alS(t) — 5] — el I(8) - <ﬂ—wm—M—“?ﬂmw—&@|

IN

—Koaw—éwwwﬂw—HwHwR—M+uhm—w%mwwmw—Pm0

where K = min{pgq, fic, “d‘sL L

Now, integrating the above 1nequahty from ¢ to oo, it is obtained that

o+ [ ( S50+ 10— T0) + |R — Rl + | Balt) - Bu(t)
P >)wSL@
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provided that ¢ > ¢. Then, it follows that

sup K [ (w@—émywuo—ﬂm+up4a+wmo—émm

t—o0 t
+w@—ﬁ@0@§%?<+m
ie,  lim [S(t) - S(t) = 0, lim |7(2) — I(t)] = 0, lim |R(t) — R(t)| =0,
lim |Bp () = Bu(1)] = 0, lim |BL(t) = By(t)] = 0 and lim |P(2) — P(¢)] = 0.

Therefore, the solution (S(t),1(t), R(t), Bu(t), BL(t), P(t)) of system (6.1) is globally
asymptotically stable.

6.8 Numerical Simulation

For numerical simulation to illustrate the proposed mathematical model, the standard
software MATLAB 2010a has been used. After finding the value of Ry numerically using
the parametric values in Table 6.1, it has been shown that when disease persists and
disappears from the human population.

Table 6.1: (Estimation of parameters)

Parameters Values Unit References
Ay 15 day™* Assumed
tha 5.48 x 107° day™* 90]
He 0.015 day ™ 90]

v 0.004 day™! 90]
100 cells/Lday™" [51]

X 33.6 cells/Lday™" [206]

o 1.4 x 1072 liter per virion/day 41]

51 0.2333 day ™! [51]

I3} 100 virion per cell [33]

w 0.025 day~* Assumed

wy 0.5—-79 virion per day [110]
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Now, using the following initial values of the state variables such as S(0) = 800000, /(0) =
800, R(0) = 100, By (0) = 3000000, B.(0) = 3000000, P(0) = 300000 and also taking
Ky =10° K1, = 10°,6 = 0.75, Byg = 0.2143, Bry = 0.2, Figure 6.1 has been drawn from
which, it is observed that when Ry =0.6043 < 1, then it is confirmed that the disease free
equilibrium point of the system (6.1) is globally asymptotically stable. Therefore, it is
concluded that the Cholera disease will be disappeared from the human population when
the basic reproduction number must be less than one in the presence of bacteriophage.

Again, using the following initial values of the state variables such as S(0) = 8000, /(0) =
800, R(0) = 100, By(0) = 30000, B (0) = 30000, P(0) = 3000 and also Ky = 10°, K} =
gﬁ = 0.75, Bgo = 0.2143, By = 0.2, Figure 6.2 has been drawn from which it is
observed that when Ry = 4.2030 > 1, then it is confirmed that the disease persists in
the system (6.1) and it is globally asymptotically stable. Therefore, it is concluded that
the Cholera disease will be positively persisted in the human population when the basic
reproduction number is greater than one in the presence of bacteriophage.
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Figure 6.1: Represents the solution of the system (6.1) when Ry < 1.
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Figure 6.3: Limit cycle.
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6.9. CONCLUSION

Using the same parametric values and initial condition that is used in Figure 6.2, Figure
6.3 has been drawn and from this figure, it is seen that the limit cycle of each population
such as susceptible human, infected human, recovered human, hyper-infectious Vibrio
Cholerae bacteria and low-infectious Vibrio Cholerae bacteria with respect to bacterio-
phage is stable. Again, it is known that the stable limit cycles are example of attractors.
So, they imply self-sustained oscillations i.e., the closed trajectory describes perfect pe-
riodic behavior of the system and any small perturbation from this closed trajectory
causes the system to return to it, making the system stick to the limit cycle.

6.9 Conclusion

In this chapter, a Cholera epidemic model with periodic transmission rate has been dis-
cussed. Here, the total human population is divided into three sub populations such as
(1) susceptible human (i7) infected human (7ii) recovered human as well as total bacterial
population to be divided into three sub populations such as (i) hyper-infectious Vibrio
Cholerae bacterium (ii) low-infectious bacterium and (iii) bacteriophage. The host im-
munity, pathogen hyper-infectivity and phages are all factors that can be leveraged for
outbreak control. Here, it has been shown that the disease free equilibrium point is
globally asymptotically stable and the Cholera disease is disappeared if the basic repro-
duction number is less than one. It is observed that when the basic reproduction number
is grater than one, then the endemic equilibrium is globally asymptotically stable and
the disease persists in the human population. It is also observed that the system has
a stable limit cycle with respect to bacteriophage and this closed trajectory describes
perfect periodic behavior of the proposed system. Here, numerical simulations of the
mathematical model support our all analytical results.

Gateway from Chapter 6 to Chapter 7

In Chapter 6, we have studied the dynamics of Cholera disease in a time periodic envi-
ronment. Most of the parameters involved in this chapter are crisp. Also, most of the
published papers on mathematical models of Cholera disease are crisp in nature. But in
real world, every parameter changes with respect to time due to different human activi-
ties or natural disasters. So, the parameters related to the Cholera disease transmission
may be uncertain in nature. Taking this issue in mind, we study the dynamics of Cholera
disease model in a fuzzy environment in the next chapter.
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Chapter 7

Dynamical Study in Fuzzy
Threshold Dynamics of a Cholera
Epidemic Model

7.1 Introduction

Cholera is an acute diarrhoeal infection caused by ingestion of food or water contam-
inated with the bacterium Vibrio Cholerae. It causes mortality, disability, social and
economic damage for millions of people in the whole world specially in developing coun-
tries. So, it is a major threat to human being. Two of the toxigenic Vibrio Cholerae O1
and 0139 are free-living bacterial organisms found in fresh and briny water. Frequently,
they are found in association with zooplankton, shellfish and aquatic plants. It spreads
through the contaminated food, drinking water and also from the feces of infected hu-
man. The main symptoms of Cholera are watery diarrhea, vomiting, rapid dehydration,
rapid heart rate, loss of skin elasticity, dry mucous membranes etc. Severe outbreaks
usually occur in underdeveloped areas with inadequate sanitation, poor hygiene and lim-
ited access to safe water supplies. Although there are many recent progresses in medical
sciences, Cholera remains now as a global threat in some parts of the world.

Mathematical models have become more important tools for analyzing the spread of
Cholera disease. Basically, ordinary differential equation is used for formulation of this
type of problem and it provides some mathematical answer and explanation. At first
a crisp mathematical model on Cholera disease was described by Capasso [32] in 1979.
It was consisted with two equations to follow the dynamics of infected individuals and
the number of free-living infective stages. More recently, Codeco [51] developed a more

125



CHAPTER 7. DYNAMICAL STUDY IN FUZZY THRESHOLD DYNAMICS OF A
CHOLERA EPIDEMIC MODEL

general model of Cholera with an additional equation included in the Capasso’s model.
Modeling and analysis of the spread of carrier dependent infectious diseases with envi-
ronmental effects was explored by Singh et al. [218]. There exists many mathematical
models [7,9,90,99,153,154,174-176] in crisp environment on Cholera disease which ex-
plore the spread and control strategies of the disease.

The parameters involved in the mathematical models on Cholera disease discussed above
are crisp in nature. But it is found that the biological parameters involved in the differ-
ential equations are not always fixed. In the real world, it is seen that every community
is changing continuously with the varying environments. In the present time, the global
warming is the main problem in the whole globe. It is the increase of earth’s average
surface temperature due to effect of greenhouse gases such as carbon dioxide emissions
from burning fossil fuels or from deforestation which trap heat that would otherwise
escape from earth. The change of temperature strongly effects on the reproduction rate
of the bacterial population. Many parameters may oscillate with the change of environ-
ments in real world ecosystem. These parameters are also varying due to both natural
and human activities such as earthquake, climate warming, financial crisis etc. There-
fore, due to continuous interactions between the human and bacteria, the dynamics of
Cholera disease are strongly influenced by the environmental variations. Therefore, the
parameters in the systems are uncertain in nature. In the literature there are different
methods to deal the uncertainty. One of them fuzzy set theoretic approach is more sig-
nificant to analyze the uncertain parameters. At first the fuzzy concept was introduced
by Zadeh [258] in 1965. After that many developments [60-62,265] is going on the fuzzy
numbers. So, in this chapter, we have used fuzzy set theory to formulate this Cholera
model. There exist very few number of papers in infectious disease model in a fuzzy
environment [57]. Mizukoshi et al. [155] explored the stability analysis of dynamical sys-
tem with variables and parameters in uncertain environment. Then, Peixto et al. [179]
and Pal et al. [172] developed fuzzy parameter based predator-prey mathematical model.

From the above literature reviews, it is observed that many investigation have been
done on the Cholera disease transmission and its control in crisp environment. But till
now no one has investigated the Cholera model in fuzzy environment.

To explore this unveiled direction in the Cholera disease here it has been developed
by considering all parameters to be fuzzy numbers. Here, total human population is
classified into three subpopulations such as susceptible human, infected human and re-
covered human. Also, one bacterial population (Vibrio Cholerae) is considered in this
mathematical model. Existence condition and boundedness of solution of our proposed
mathematical model have been discussed. Also, the different equilibrium points and the
stability condition of the system around these equilibrium points have been analyzed.
The global stability conditions of the proposed system around the positive equilibrium
point have been also discussed. Ultimately, some numerical simulations have been given
to verify our analytical findings.
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7.2 Preliminaries

Fuzzy Set

Fuzzy sets deals with objects that are 'matter of degree’ with all possible grades of truth
between yes or no. So a fuzzy set is a class of objects in which there is no sharp boundary
between those objects that belong to the class and those do not. Let X be a collection
of objects and z be an element of X then a fuzzy set A in X is a set of ordered pairs
A= {(z,p;(z)) : z € X} where p;(z) is called the membership function or grade of
membership of z in A which maps X to the membership space M which is considered
as the closed interval [0, u] where 0 < u < 1.

Triangular Fuzzy Number_
A Triangular fuzzy number A is specified by the triplet (a,b,c¢) and is defined by its
continuous membership (Figure 7.1) function p4(z) : X — [0, 1] as follows

r-a ifa<x<b
b—a

pale) =49 28 rpca<e
c—b - =

0 otherwise

Figure 7.1: Triangular fuzzy number.

a - Cut of a Fuzzy Number
A « - cut of a fuzzy number A in X is denoted by A, and is defined as the following
crisp set

Ay ={x:pi(x) > a,z € X} where a € [0, 1]

A, is a non-empty bounded closed interval contained in X and it can be denoted by
A, = [Ar(a), Ar(a)] where Ap(«) and Ag(«) are the lower and upper bounds (Figure
7.2) of the closed interval respectively.
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It is clear that « - cut of triangular fuzzy number A = (ay, as, as) is a closed and bounded
interval [AL(a), Ar(«)] where Ar(a) = a1 + a(ay — ay) and Ag(a) = az — a(az — as).

Ha

_1 AN

N
oy

Rk

Figure 7.2: a - cut of a Triangular fuzzy number.

Interval Arithmetic of a Fuzzy Number
Let [Pr, Pr| and [Q, Qg] be two interval numbers. The addition and subtraction of two
interval numbers are given by

|Pr, Pr| + [Qr,Qr] = [PL + Qr, Pr + QR
[P, Pr] — [Qr, Qr] = [PL — Qr, Pr — Q1]

Utility Function Method (UFM)

In UFM, a utility function is defined for each of the objectives g; according to their
relative importance. A simple utility function may be defined as w;g; for i —th objective
where w; is a scalar and represent the weight assigned to the corresponding objective.
Then the total utility defined as the weighted sum of the objectives as follows

U:zn:wigiawi >0

=1

subject to the condition Y w; = 1.

7.3 Model Formulation

We have considered S(t), I(t), R(t) and Vg(t) as the population densities of the suscep-
tible human, infected human, recovered human and Vibrio Cholerae in the environment
at time t respectively. Let A, [y, 8 and 0 be the fuzzy intrinsic growth rate of suscep-
tible human, fuzzy natural death rate of susceptible human, fuzzy transmission rate of
susceptible human to infected human and fuzzy rate of loose of natural immunity re-
spectively. Let fig, m, a; and 7 be the fuzzy natural death rate of infected human, fuzzy
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disease related death rate of infected human, fuzzy recovery rate of infected human and
fuzzy rate of excretion of Vibrio Cholerae in the environment by vomiting, feces etc. by
infected human. Let jiy be the fuzzy natural death rate of recovered human and fuzzy
natural death rate of Vibrio Cholerae in the environment. By using the concept on the
fuzzy initial value problem [210] and differentials of fuzzy functions [186] and considering
the above assumptions, a set of fuzzy differential equations regarding the Cholera disease

has been developed as follows:

s L -

E = A—udS—BSVEJréR

A — B8V — figl —ml —ayl — 71
af - Gl — jiyR— R

G = Ve )

To find the solution of (7.1) let

do| _[(de\" (dz\"
dt|  [\dt), \dt),
The deterministic system of the model (7.1) is given by

<@)a = (Ar)" = (ap)* S — (Br)* SV + (6r)* R

(%)R — (AR)" = (14,)" S — (B1)" SV + (6)" R

(%)Z = (B1)" SVi — [(ttan)™ + (mp)™ + (1) + (va)*] I
(d_ft’)z = (Br)" SV — [(a,)” + (me) + (a1,)° + (1)) 1
(C;_]f)z — (an,)" T = [(ay)” + (60)°] R

(‘il—f) = ()" T = [(a,)* + (01)°] R

(

(

(7.1)
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Using the concept of UFM, we can write the above system of differential equations as

follows:

as
dt

dI
dt

dR
dt

dVg

dt

(7.2)

where w; and ws are two weight functions such that w; + wy = 1 and wy, ws > 0. Then
the equation (7.2) can be written as

where

a1 = Wq A ) + Wo (AR)
14 = W1 (5 + W9 (5}:{)
Q22 = Wy

asp = Wy (0, ) + wo (OélR)

7.4 Boundedness of Solutions

s
dt

dI
dt

dR
dt

dVg
dt

a1 — algs — CL135VE + CL14R

a21SVE — CLQQI
a31] — a32R

anl — apVi

sa12 = wy (fay,)” + wa (pa, )"
, A1 = Wi (BL)Q + w2 (BR)a

,a13 = w1 (Br)" + wa (Br)”,

+ (mr)” + (01,)" + (r)*] + w2 [(pa, )" + (me)” + (e1,)" + (72)°]

, A32 = W1 [(#dR)a

ay = wy (7)™ + wa (Yr)" , a4a = wy <ALVER> + wo (,UVEL>

+ (0r)"] + w2 [(pa, )™ +

(62)"]

In this section, the boundedness of all solutions of the proposed system (7.3) has been
shown. Before proving the boundedness at first Lemma 7.1 has been proved.

Lemma 7.1 (as — az1) > 0,(ass — ayy) > 0 and (as; — a13) > 0 provided that
[(p1a,)" + (mp)® + (72)"] + (a1,)" > (a1,)",

respectively.
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Proof. We have

gy — A31 = Wy [(MdR)a + (mp)® + (o1,)" + (VR)Q]

«

+1w, {(udL)a + (mp)® + (o1, + (7L>a]

= n{ [ )™ + )" + (1) O | = [ G )"+ () + (00" + ()

()" = )" b |G )" O+ )+ ()| = G, (7.4

since wi + wqe = 1.
Now, when w; = 0 we have

aga — az1 = [(ptay )" + (mp)™ + (1) + (7)) = (1)

Then asy — az; will be positive for w; = 0 if

()™ + (me)™ + (e1,)" + (7)) > (aa,)” (7.5)
Therefore, from equation (7.4) it is obtained that

d(@;—;l“?’l) = [(pap)” + (mr)* + ()" + (ve)"] — [(pa,)™ + (mp)® + (oa,)* + (72)7]

+ (OélR)a — (OélL)a > O,le S [0, 1]
So, (age — az1) is an increasing function with respect to w; and it will be positive if
condition (7.5) holds.

In the similar way, it can be proved that (agy —a4) is an increasing function with respect
to w; and it will be positive if condition

()" + (0)" > (0r)"

holds and also (ag; — ai3) is an increasing function with respect to w; and it will be
positive if condition 0 < w; < 0.5 holds.

Theorem 7.1 All solutions of the system (7.3) are bounded in the region R% pro-
vided that 921 Z ais and o = min{a12, (a22 — CL31), (CL32 — (114)}.

Proof. Let us define a function
W=S+I1I+R (7.6)

Now, differentiating (7.6) with respect to time ¢ and simplifying we have

dW _ds  dI  dR
dt — dt dt = dt
dW

I = a1; — a125 + (as; — ag2)l + (@14 — az2) R+ (a1 — a13)SVe  (7.7)

i.e.,
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For a positive real number o, multiplying o on the both sides of (7.6) and then adding
with equation (7.7) we have

dW
— + O'W = a1 —+ (0' — CL12)S -+ (O' — <a22 — agl))l + (O' — (CL32 — CL14))R

dt
+ (CL21 — a13)SVE

Now according to Lemma 7.1, if 0 = min{az, (ass — az1), (ass — a14)} then the above
equation reduces to in the following form

aw
%‘FUWSCLH

Solving the above we get

ai _
%74 < —+ cie ot
o

Taking ¢ tends to infinity, we have W < ©2. So, it can be written as S(f) < %t [(t) < 24
and R(t) < “L.

Now, from the fourth equation of system (7.3) we have

dVg
— = ayq ] — aspV;
It 41 12VE
dVg 11041
e < . a12VE
dV; ana
L +apVep < s
dt o
Solving the above equation, we have
aia
Vi < =2 4 gpem et
049

Taking ¢ tends to infinity, it is obtained that

a11a41

Ve <

Oay2

This proves that the solutions of the system are bounded.

7.5 Equilibrium Points

The system (7.3) has two equilibrium points such as
(1) disease free equilibrium point Ey=(Sp,0,0,0) where Sy = L.

a12
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(77) endemic equilibrium point (E*) = (S*, I*, R*, V) where

o* — 22042

Q21041
I — 11021041032 — 022032012042

(22032013041 — A21A41A14431
asy I 41 I*

R =21y =

asz Q42

The basic reproduction number is Ry = #192194L,
22012042

7.6 Stability Analysis

The jacobian matrix of the system (7.3) is given by

—a12 — a13Vg 0 ayy  —a3S
HSLRVe) = |y e DS
0 a4 0 — Q42

Theorem 7.2 The system (7.3) is locally asymptotically stable at Ej if 4492194 < 1,

22012042
Proof. The characteristic equation at E, of the system (7.3) is given by

(a32 + .Z')(Q? + Glg) [xz + blx + bg] =0

aiiazia
where bl = (agz + a42), bg = A29Q49 — lla?; 4l

The roots of the characteristic equation are x = —azy < 0,0 = —aqo < 0 since aia, azs
are positive and also by Routh-Hurwitz criteria the roots of the quadratic equation will
be negative real number or complex with negative real parts if by > 0,65 > 0 and
b? — 4by < 0. Since agy > 0, age > 0 then obviously b; > 0 and by will be positive if

(22012042 — Q11021041 > 0

. a11Q21041
e, ——— <1
A22Q12042

Theorem 7.3 The system (7.3) is locally asymptotically stable at E* if ¢; > 0 for
i=1,2,3,4 and cicq > c3,C10903 > 3 + Ciey.

Proof. The characteristic equation of the system (7.3) at the equilibrium point E*
is

a2t 4 e + eon? +ec3x+c4 =0

j— * _ * *

where C1 = Q32 + Qy2 + 12 + CL13VE + A92,Co = A32Q42 + A22a12 + (1226L13VE — a21a415 s
* * *
C3 = Q32042012+ 32042013V 5+ 22032042 + 22032012+ A22032013V 5+ Q22042012+ A22042013V
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—A14021031 V5 — 0120210415™ — A21041A325™, €4 = (22032042012 + A22032042013V 5
—Q14G91a31042 V55 — a12a91a410325™. Now, according to Routh-Hurwitch criteria the roots
of a biquadratic equation will be negative or have a negative real parts i.e., the system
(7.3) will be locally asymptotically stable at E* if each ¢; > 0 for ¢ = 1,2,3,4 and
C1Cg > C3,C1C2C3 > C% + 0%04.

Theorem 7.4 The system (7.3) is globally asymptotically stable around E* if puz > 0
where pg = agifte — ase + minf(aiz + ax + aizpz) — max (a1 fiz, ar3ftz) , sz — g +
min {asn + p2(a13 — as1), axn}].

Proof. Let us consider the subsystem of the system (7.3) as

as

ar ain — a2 — a135Ve

% = anSVe — axpl (7.8)
Te = anl — apVp /

dt

The jacobian matrix of the system (7.8) is given by

—aig—aisVg 0 —a3S
J = a1 Vg —ag anS
0 aq1 —Q42

Now, the second additive matrix is given by

—a12 — G2 — a13VE an S a3S
2
J2 = a1 —a12 — a13VE — as2 0
0 a2 Ve —Q22 — Q42

We have P(x) = P(S,1,Vg) = diag (?, ?, %), Py = 81; = diag (% — %, ? — %, % — %)

Now, it follows that PP~ = diag (% - %, % - %, - §> and PJRPIP~1 = JB 5o that

B= PPt +PJAP = ( By Bip )

By B
By = % - § — (a12 + az + a13Vg), Bia = ((a21S @135 ), Boy = (an 0 )t
Byy = ( %—%—(a12+a13VE+a42) 0 )
an Vg % - § — (a2 + as2)

— 4 —(a12 + a13Vg + as2), | Bia| = maz{a S, a13S}, Bar = au,

asp — min {asn + Ve(ais — as), as}.

Z,

o

=

RS
=

Il
[ 0|

pa(By) =5 — 1
Therefore,

1(B) < sup{p1,p2} (7.9)
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where
S I
p1 = p1(Bi1) + | Bia| = ST (a12 + as2 + a13Ve) + max{az S, 135},
S I 4
pa = p1(Bag) + | Ba1| = v ago + agn — minf{ag; + Vg(ais — ag), ax}
We have
j = CL215VE — CLQQI
j angVE
I

If there exists ¢, > 0 such that inf{S(¢), I(t), R(t), Ve(t)} = us i.e., if Ry > 1 then from
the above we have

S
p1 = 5 ag1pis + asy — (a12 + asy + aispz) + max{as jia, arspis },

P2 = < agiple + Gog — a2 + agy — min{ag + po(ais — as), azn}

Then from the equation (7.9) it is obtained that

S )
u(B) < g~ aafiy + agg — min[(a12 + agn + aiza) — max (as fa, ar3pa)

Qg2 — aq1 + min{az + po(ais — ag), azs}]

S
ie., pB)< 5 Hs (7.10)
where
Hs = Qoifa — Qo + minf(aiz + age + a13pz) — max (a1 iz, G13/12) , Ga2 — Qa1

+ nmun {azl + H2(CL13 - azl), a22}]-

Integrating the above equation (7.10) from 0 to ¢ we have

1 t
lim supsup—/ w(B)ds < —ps < 0, if pug > 0.
t—o0 t 0

This proves that the positive equilibrium (S*, I'*, V) is globally asymptotically stable if
s > 0.
Next, we consider the third equation of system (7.3) as

dR

% =azl —azk

135



CHAPTER 7. DYNAMICAL STUDY IN FUZZY THRESHOLD DYNAMICS OF A
CHOLERA EPIDEMIC MODEL

and its limiting form is

dR
E = a31]* - a32R
Then, we have R(t) — “ZII = R*ast — oo. Now, if u3 > 0 then, the interior equilibrium

point E*(S*, I*, R*, V) will be globally asymptotically stable.

7.7 Numerical Simulation

To study the feasibility of the fuzzy model about the Cholera disease, all biological pa-
rameters are hypothesized in imprecise nature which are considered here triangular fuzzy
number. To discuss the dynamical behavior of Cholera numerically following problems
have been considered.

Problem 1: In this problem the following hypothetical data of all parameter in-
volved in the model are considered as: A = (50,60, 70), 8= (0.001,0.0011,0.0012), fig =
(0.2,0.3,0.4),3 = (0.001,0.002,0.003), 7 = (0.005,0.006,0.007), d; = (0.2,0.3,0.4),7 =
(0.02,0.021,0.022), i, = (1/50,1/40,1/30).
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Figure 7.3: Local stability of disease Figure 7.4: Local stability of endemic

free equilibrium point. equilibrium point.
For the above set of parametric values with o = 0.1,w; = 0.2,wy = 0.8 the Figure
7.3 has been drawn. From this figure, it is observed that the system is free of disease.
Here, the disease free equilibrium point is F,(265.8537,0,0,0). From Theorem 7.2 it is
also seen that 2492194l — () 5572 < 1 so the system (7. 3) is locally asymptotically stable

a22a12a42

around the equlhbrlum point Fy(265.8537,0,0,0).
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Problem 2: In this problem, we consider the same set of parametric values in Problem
1 except 8 = (0.01,0.02,0.03).

Using this data Figure 7.4 has been drawn, from which this figure it is observed that the
system is endemic and the endemic equilibrium point is given by

E* = (21.68,204.30,292.20,192.10). From Theorem 7.3, it is also seen that ¢; =
3.8404 > 0, co = 1.5746 > 0, ¢35 = 0.4374 > 0, ¢4 = 0.0081 > 0, ¢1¢2 — ¢3 = 5.6096 > 0
and cjeacz — (€3)* — (c1)%cy = 2.3334 > 0, so the system (7.3) is locally asymptotically
stable around the equilibrium point £*(21.68,204.30,292.20, 192.10).
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Figure 7.5: Solid line represents susceptible human, dash line represents infected human,
dotted line represents recovered human and dash-dot line represents Vibrio Cholerae in

the environment.
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Problem 3: In this case following data set has been considered as: A = (50,60, 70), B =
(0.01,0.02,0.03), ig = (0.2,0.3,0.4),5 = (0.001,0.002, 0.003), 7 = (0.005,0.006,0.007), @) =
(0.1,0.2,0.3),5 = (0.02,0.021,0.022), uy,, = (1/50,1/40,1/30). For this data set con-
sidering different weight w;,ws different equilibrium points have been computed for
a =0.0,0.6,1.0 in Table 7.1.

Table 7.1: Equilibrium points for different o and wyq, ws.

Wy Wo a=0.0 a=0.6 a=1.0

0.0 1.0 (9.85, 655.00, 977.70, 719.90) | (20.00, 199.20, 185.30, 185.8) | (31.39, 96.24, 63.73, 80.83)

0.2 0.8 | (16.41, 287.70, 309.90, 273.40) | (24.22, 148.90, 120.10, 131.40) | (31.39, 96.24, 63.73, 80.83)

0.4 0.6 | (26.47, 137.70, 107.50, 115.20) | (29.28, 111.20, 78.65, 93.21) | (31.39, 96.24, 63.73, 80.83)
( )
( )
( )

0.6 0.4 | (42.47, 64.15, 35.83, 47.60) (35.42, 82.25, 50.91, 65.64) | (31.39, 96.24, 63.73, 80.83
08 02| (69.70,24.03, 9.28, 15.96) (45.45, 59.73, 32.23, 45.46) | (31.39, 96.24, 63.73, 80.83
1.0 0.0 (119.50,0.99, 0.2483, 0.608) | (52.28, 41.96, 19.61, 30.51) | (31.39, 96.24, 63.73, 80.83

Again, from Table 7.1, it is seen that for fixed a as the weight w; increases and ws
decreases then the equilibrium levels of susceptible human gradually increases and the
equilibrium level of infected human, recovered human and Vibrio Cholerae in the environ-
ment gradually decrease. It is also seen that when o = 1 and for different combinations
of wy and wy the equilibrium levels of all the populations remain same. These happen
because for a = 1 then the left and right intervals of triangular fuzzy number coincide
with each other.

For this data set Figure 7.5 has been drawn for a« = 0.6. From this figure, as the
weight w; increases and wy decreases then the equilibrium level of susceptible human
gradually increases and the other three populations such as infected human, recovered
human and Vibrio Cholerae in the environment gradually decrease.

Also, for the same set of parametric values used in Problem 3 considering fixed weight
values such as w; = 0.4, wy = 0.6 and for different values of o the Figure 7.6 has been
drawn. From this figure, it is seen that as the value of a increases then all the human and
bacterial populations gradually decrease. Now, from the above discussion, it is concluded
that the interaction between human and bacterial population depends on the imprecise
nature of the biological parameters.

Now, for the same set of parametric values used in Problem 3 taking different val-
ues of «, wi, wy Figure 7.7 has been drawn. In this figure, infected human and recovered
human be plotted with the change of Vibrio Cholerae in the environment. From this
figure, it is seen that the intersecting points of infected human and recovered human is
influenced by the imprecise value of the parameters. This supports that the imprecise-
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ness of parameters included in our proposed model.

Using the above parametric values used in Problem 3, Figure 7.8 has been drawn from
which it is seen that the endemic equilibrium value will be changed with the change of a.
So, it is concluded that the endemic equilibrium point is also influenced by the imprecise
values of the parameters.
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Figure 7.6: Solid line represents susceptible human, dash line represents infected human,
dotted line represents recovered human and dash-dot line represents Vibrio Cholerae in

the environment.
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Figure 7.7: Phase space trajectories of infected human and recovered human with respect

to Vibrio Cholerae in the environment.
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Figure 7.8: Change of equilibrium values with respect to «.

7.8 Conclusion

In this chapter, a Cholera model has been considered incorporating the fuzzyness in all
biological parameters due to its natural variability. Here, total human population is
divided into three subpopulations such as susceptible human, infected human, recovered
human and a bacterial population consists of Vibrio Cholerae in the environment. It
is shown that all solutions of our proposed system are bounded under some restriction.
Then the possible equilibrium are determined. The local stability analysis of this fuzzy
Cholera disease model has been done and it is shown that the system will be disease
free and endemic under some conditions discussed earlier. The global stability analysis
of this model has been shown in this chapter around the endemic equilibrium point. In
numerical simulations, the disease free and endemic equilibrium points have been com-
puted. For fixed value of o and different combinations of weight values w; and ws, we
draw different figures from which, it can be concluded that human and bacterial popula-
tions have been greatly influenced by imprecise value of the parameters. So, we can say
that the fuzzy models are more realistic than the corresponding crisp model since crisp
models are the particular case of fuzzy models.
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CHAPTER 7. DYNAMICAL STUDY IN FUZZY THRESHOLD DYNAMICS OF A
CHOLERA EPIDEMIC MODEL

Gateway from Chapter 7 to Chapter 8

In Chapter 7, we have investigated the dynamics of Cholera disease in a uncertain or
fuzzy environment. The other important infectious disease which makes several thou-
sands of death over the world is Malaria. It is a vector borne fatal disease caused by a
parasite. It spreads in human population through the bites of infected mosquitoes. In
the next chapter, we intend to study the dynamics of Malaria disease in a time periodic
environment with proper control strategies.
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Chapter 8

Threshold Dynamical Behaviors of a
Malaria Disease in Control
Parameters Based Periodic

Environment

8.1 Introduction

Malaria is a disease that can be transmitted to people through the bites of infected
mosquitoes. It is a protozoan infection of red blood cells in human by four species of
genus Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale and Plasmodium
malariae. At first, Ross [192] developed a mathematical model of Malaria disease to
study the transmission and control of Malaria in 1911. The Ross model consists of two
nonlinear differential equations in two state variables that correspond to the properties of
infected human beings and the infected mosquitos. Then, in 1949, Swaroop [229] studied
on forecasting of Malaria in Punjab, in India. After that, different mathematical studies
had been done by many researchers to investigate the dynamics of Malaria disease and
about its control. In 1980, Singer and Cohen [217] reported the impact of recovery rates
on the Malaria disease transmission. Koella [120] investigated the importance of the use
of mathematical models to understand Malaria transmission in 1991. In 1995, Martens
et al. [147] worked on the impact of global climate change on the risk of Malaria. Ngwa
and Shu [166] studied a simple mathematical model on Malaria disease with variable
human and mosquito populations in 2000. Singh et al. [219] investigated the effects
of environmental and ecological fluctuation on the transmission dynamics of Malaria in
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2005. Chitnis et al. [45] reported the bifurcation analysis of a mathematical model for
Malaria disease transmission in 2006. Then, Wei et al. [249] studied the effects of time
delay on the transmission dynamics of Malaria in 2008. In 2010, Saker [202] reported
stability and Hopf bifurcation of a Malaria disease transmission model. In the same
year, Cai and Li [29] investigated the effects of direct transmission on the transmission
of Malaria.

From the life-cycle of mosquitoes, it is known that the climates have an important effects
on vector multiplication as well as the development of parasites in the mosquito. It is
seen that in moist climates the mosquito breeding is increased and in the arid climates
it is restricted. That is, mosquito population fluctuates over time and often exhibits the
seasonal behaviors. Already, there exist very few papers on Malaria models in which
the periodic environment has been considered. In 2003, Zhao [262] published a book
on “Dynamical systems in population biology”. In this book, the theoretical study of a
non-autonomous system has been explored. Teng et al. [233] investigated the impact of
disease induced mortality, the persistence and extinction condition of a disease in non-
autonomous system in 2008. In 2010, a mathematical model with periodic birth rate
and age structure for the vector population was reported by Lou and Zhao [140]. Nakata
and Kuniya [163] studied the global dynamics of a class of SEIRS models in a periodic
environment in 2010. In 2011, Bai et al. [17] investigated the effects of seasonality and
existence of multiple periodic solutions for an SIR epidemic model. Chitnis et al. [47]
studied a mathematical model for the seasonal dynamics of Malaria in mosquitoes in
2012. In 2013, Wang, Teng and Zhao explored a mathematical model on Malaria [246]
in which they considered the birth rate of mosquito population logistic and the trans-
mission rates from human to mosquito and mosquito to human are time dependent.

Now, the optimal control is very important to control a disease by taking suitable inter-
vention strategies. Pontryagin’s maximum principle [183] is extensively used in a optimal
control problem. In 2002, Guyatt et al. [87] studied the impact of use of insecticide-
treated nets and indoor residual spraying in highland Kenya to control Malaria. Singh
et al. [220] investigated the control of Malaria through indoor residual spraying and lar-
vivorous fish in 2006. In 2009, Sakulku et al. [203] studied the mosquito repellent activity
of citronella oil nano emulsion. Thom et al. [237] reported the control of Aedes aegypti
mosquitoes by insecticide spray in 2010. In 2012, Lashari and Zaman [126] investigated
the optimal control of vector borne disease by introducing suitable control parameters.
Agusto et al. [4] studied the impact of bed-net use on Malaria prevalence in 2013. In
the same year, Kar and Jana [116] investigated the impact of application of three con-
trols such as treatment, vaccination and pesticide spray in a vector-borne disease. In
2014, Rehman et al. [190] reported the use of plant based products repellents against
mosquitoes.

From the above literature review, it is observed that many investigations on the Malaria
disease transmission dynamics have been made. But till now there exist some gaps in
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the literature which are as follows:

From the above literature survey, it is motivated that due to the seasonal periodicity,
the number of mosquito varies periodically. Henceforth the rate of bites by mosquito to
human and others also varies with periodic. Again, it has been studied that the controls
have significant importance to prevent the mosquitoes bites to human, that is, these
have some effects on different transmission rates and death rate of mosquitoes. But in
existing literature, these controls have been used directly in the differential equation of
the Malaria model. According to our view, it should be used as a function in the trans-
mission rate and death rate. But till now, there is no such consideration in the literature.

To overcome these difficulties a proposed a Malaria disease transmission model has been
considered in this chapter. Here, we have developed a Malaria mathematical model in a
time periodic environment. Here, three control parameters such as bed-nets, plantation
of mosquito repellent plant and spray of insecticide have been considered to study the
effects on eradication of Malaria disease. Also, the transmission rate either from human
to mosquito or mosquito to human and death rate of infected mosquito have been con-
sidered as a function of time and control parameters. It has been proved that Malaria
disease goes extinction if Ry < 1 and it uniformly persist if Ry > 1. In autonomous case
of our proposed Malaria mathematical model, Hopf bifurcation analysis with respect to
the parameters recruitment rate of susceptible human population (A) and the disease
transmission rate from human to mosquito () has been done numerically. Next, an
optimal control problem has been constructed and solved using Pontryagin’s maximum
principle. Different possible control strategies and their effectiveness have been discussed
by numerical simulations.

8.2 Model Formulation

Based on the transmission mechanism of Malaria, the following mathematical model
has been constructed. Most of research papers have considered the birth rate (r) of
mosquito population, transmission rate from human to mosquito («), mosquito to hu-
man (), death rate (d) of mosquito population and environmental carrying capacity
K as constants. But, in reality it is seen that r,«, 5, d and K may vary from time
to time due to many factors in the atmosphere such as temperature, rainfall, humidity
etc. So, these should be a function of time. In respect to this, here K (t) and r(t) have
been considered as a function of time in the following forms K (t) = Ky + bsy(t) and
r(t) = ro + bsp(t) where Ky and ry be the mean values of K (t) and r(t) respectively.
Also, b3 and b, are the seasonality constants with the periodic functions ¢ (¢) and ¢(t)
respectively.

Already there exist some works in which transmission rate from mosquito to human
S(t) has been considered as a function of time such as 8(t) = [Bo + 01£(t)] where Sy,
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by and &£(t) be the average value of §(t), seasonality parameter and a seasonal periodic
function of time respectively. Practically to reduce the Malaria disease from a society,
some controls such as bed-nets (u;) and cultivation of mosquito repellent plants (us)
are used continuously. So, these controls have some effects on transmission rate from
mosquito to human. But till now, there is no work of consideration of control parameters
in a transmission rate in dynamical model of Malaria disease. So, in this chapter we have
considered the transmission rate () as a function of time and control parameters in the
following form

B(t) = [Bo + bi&(t) — Aour — Arug]

where \g and \; are positive constants and that are chosen in such a way that ()
remains positive and 0 < u; < 1 for i =1, 2.

Similarly, the transmission rate from human to mosquito depends on natural seasonal
periodicity and also on control parameters u; and us. So, it has been considered as
a(t) = (g + din(t) — Nous — Ajug) where ag, d; and 7n(t) be the mean value of a(t),
seasonality constant and seasonal periodic function of time respectively.

Again, in the literature it is seen that there was no consideration of time and con-
trol parameter dependent death rate of mosquito in the Malaria model. Basically, when
pesticide are used then the normal death rate of mosquito increases seasonally. In this
regard, here the death rate d(t) has been considered in the following form

d(t) = [do + bax(t) + Aous]

where x(t) is a seasonal periodic function and wg is the application of pesticide as a
control parameter. Here Ay is a positive constant and 0 < ug < 1. It is also assumed
that (), K(t), a(t),d(t) and 5(t) are continuous, positive w periodic function.

Under the above considerations, a Malaria model has been developed as follows:

Bt 051 - $35) — o)l — dousSr |

dé—f = at)Syly —d(t) Iy

% = A—Bt)Suly — 6Su + YRy > (8.1)
ddif — B)SuIy — 6+ p+0)ln

% = ply — Ry — YRy )
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with subject to the initial conditions

denote the susceptible, infected and recovered for human population at time t respec-
tively. Sy (t) and Ips(t) represent the densities of the susceptible and infective mosquito
populations at time t. Here A, §, v, u and o are known as the recruitment rate for
human, the natural death rate for human, the portion of the recovered human who be-
comes susceptible again, the portion of infected human to be recovered and the disease
induced death rate respectively.

8.3 Boundedness of Solutions

In this section, the boundedness of all solutions of the system (8.1) has been discussed
in subsequent steps.

Theorem 8.1 The solution of the system (8.1) i.e., (Sy(t), In(t), Su(t), Iu(t), Ry(t))
is nonnegative.

Proof. It is assumed that (S (t), Ia(t), Su(t), Ig(t), Ry(t)) is defined for all ¢ € [0, 7))
where T' > 0. Then, integrating the first equation of system (8.1) in [0, ¢], we have

0 dgl\fét)) N /0 (T(S> a ;{(2) Su(s) — a(s)lu(s) — )\2U3> ds
r(s)

ie Su(t) = Sar(0)eap ( /0 t <7‘(5) — o Su(s) = a(s) () - A2u3) ds)

Now, from the above equation it is observed that Sy/(t) > 0 for all ¢ € [0,T) since
Sy (0) > 0. Suppose there exist a time t; € (0,77) such that min{Iy(t1), Ia(t:)} = 0.
Again, since I(0) > 0 and I5(0) > 0 then we can also assume that min{ly(t), Ig(t)} >
0 for all £ € [0,¢1). If min{In(t1), Ig(t1)} = In(t1) since, Ig > 0 because of
min{In(t1), Ig(t1)} = In(t1) = 0 and Sy(t) > 0 for all ¢ € [0,T) then «(t)Syly > 0.
Now, from the second equation of system (8.1) we have

L (%)
dt

P00 = In(t) > Tu(0)exp (— /Otl d(s)ds) -0

> —d(t) Iy for all t € [0, 4]

which leads to a contradiction. Again, when min{Iy(t1), In(t1)} = Ig(t1) then from
the fifth equation of system (8.1), we have

dRy(t
ch( ) > —(0 + )Ry, forall t € [0,t;)

i.e., Ry(t) > Ru(0)exp (—(6 4+ ~)t) > 0, for all t € (0,¢4]
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From the third equation of system (8.1) we have

dSy (t)
dt

i.e.,Sp(t) > Su(0)exp (— /Ot(ﬁ(s)[M(s) + 6)d3) > 0 for all ¢t € [0, 4]

> — (B(t)Ia(t) + 6) Sy, for all £ € [0,4,)

In the interval [0, ], it is also obtained that

Unll) 5 (54 1+ o)1

e,0=1Ig(t1) > Ig(0)exp(—(0+p+0o)ty) >0

~.

which leads to a contradiction. This proves that Iy, (t) > 0, Ig(t) > 0 for all t € [0, 7).
Then, from the fifth equation of system (8.1) we have

dR;t(t) > —(6+7)Ry, forallt € [0,T)

i.e., Ry(t) > Ruy(0)exp (—(6 +y)t) > 0 for all t € (0,7).

Again, from the third equation of system (8.1) we have

dSy (t)
dt

i.e.,Sy(t) > Su(0)exp <— /Ot(ﬁ(s)IM(s) + 5)ds> >0 for all t € [0, 7).

Z — (ﬁ(t)IM(t) + (5) SH, for all t € [O,T)

This proves that (S (t), In(t), Su(t), Ix(t), Ry (t)) is nonnegative in [0,7) where T' > 0.

Theorem 8.2 Let (Sy(t), In(t), Su(t), Iu(t), Ru(t)) be the solution of the system (8.1).
Then (Sar(t), In(t), Sg(t), Ig(t), Ry (t)) is bounded for all ¢ > 0 provided that r* > \yus.

Proof. From the last three equations of the model (8.1), it is obtained that
d(Sy+1Inp+R

d(Sy + Iy + Ry)
dt

d(Sg + Iy + Ru)
dt

< A—=406(Syg + Iy + Ry), since Iy is nonnegative.

1.€.,

Then solving above linear equation it is obtained that
A —5t
(SH+[H+RH) < g—FCle
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where ¢ is a constant to be depended on initial conditions. Now, if 6 > 0 and ¢t — oo,
it is obtained that

A
SH—i—IH—i—RHSS

So, from the above equation, we can write Sy < ’5\, Iy < % and Ry < %

ie., (Sg(t), Iu(t), Ry(t)) is bounded.

For a continuous,positive w periodic system, let us assume that g* = supsep.)g(t) and
9" = infiepwg(t).

Again, from the first equation of the system (8.1), we have

dg—tM = r(t)Sy(1— %) —a(t)Sy Iy — Aauz Sy
1.e., CLj—tM < rbsy - TA;SL% — Xou3Syy, since Sy, [y are nonnegative.
i.e., Clj—tM < Swu ((T’L — Aug) — TA;SLM)
i.e., dj—tM < Sy (7‘1 — %) , where r; = (r* — Ayus)
i.e., CLj—tM < ;{,—NiSM ([jj;l — SM)

Solving the above equation, it is obtained that

CQTlKL

Su <

,ﬂt
rM(cy + e KL

Now, if r; > 0 i.e., r* > A\yus then as ¢ tends to infinity, it is obtained that

TlKL
rM

Sy <

(TL — )\2U3)KL
TM

z'.e., SM S

Also, from the second equation of system (8.1) we have

dl
d—f = a(t)Syly — d(t)Iy
dly  oafriKEX M
< —d"I
. — rM§ M
. dIM M CYLTlKL)\
e, — +d" [y < ————
HeaTg TS TS
Now, solving above equation, it is obtained that
alr  KF\ _
IM < 7;\4—(5 + c3e dM

1.e.,
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Since d™ > 0, then as t tends to infinity, the above equation reduces to

alri K\
I = rMg

Hence, all the solutions of the system (8.1) are bounded.

8.4 Basic Reproduction Number

Now, the disease free equilibrium point Ey(t) for the system (8.1) is given by
Eo(t) = (S3;(1),0,3,0,0), where S},(t) satisfies the equation

dSu
dt

Su

== T’(t)SM(l — m

) — AgusSy (8.2)

Let (R*, R%) be the standard ordered k-dimensional Euclidean space with a norm [|.|].
For u,v € R*, we write u > v provided u — v € R¥, u > v provided u — v € RE /{0},
u >> v provided u — v € Int(R") respectively.

Let A(t) be a continuous, irreducible, cooperative and w periodic k x k matrix function,
¢4(t) be the fundamental solution matrix of

dz

— = A(t 8.3
Y Aty (8.3
Let p(¢a(w)) be the spectral radius of ¢4(w). By the Perron-Frobenious theorem,
p(pa(w)) is the principle eigenvalue of ¢4(w) in the sense that it is simple and ad-

mits a eigenvector v* >> 0. This is useful for the study of global stability of Fy(t) in
the next section.

Lemma 8.1 ( [259]). Let p = Linp(¢a(w)). Then, there exits a positive w periodic
function v(t) such that e’ v(t) is a solution of (8.3).

Now, the system (8.1) can be written as

Tt =F(t,z)—v(t ) (8.4)
where x = (Ips, I, Syr, Su, Re)T, v(t,z) = v=(t,z) — vt (¢, x),
a(t)Syly d(t)In
B(t)SkIy (0 +p+o)ly
F(t,x) = 0 v (ta) = | alt)Saly + Avus + "0
0 B(t)SsIns + 65
0 58[-[ + ’}/RH

150
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0
0
and vT(t,z) = r(t)Sy
A+ 'YRH
pd
Now, to check the conditions (A1) to (A7) in [244]. It is easy to see that the conditions Al

to Ab are satisfied. Now, we define f(t,z) = F(t,z)—v(t,z) and M(t) = <%)
i/ 3<ij<s
where f;(t,x) and x; is the i—th component of f(¢,z) and x respectively. Then M (t) is

obtained as follows

r(t) — TP Sh () — dus 0 0
M(t) = 0 =y 0%
0 0 —(0+7)
Now,
© 2r(t
exp </ <7’(t) A )S )\2U3> >
0 K ()™
? r(t) r(t)
— exp (/0 (r(t) TS 0) — s - /\2u3) dt) |
) . ) )
= exp — Sy(t) ) dt) <1
() (g
Since r(t ) 1) — Aaug = 0 and S},(¢) is a w periodic solution then
Iy (r M( ) — )\2u3> dt = 0. So, p(¢pp(w)) < 1 and the condition A6 is also
satisfied.
Next, we calculate F'(t) and V(t) which are defined by F(t) = (W)KUQ and
V(t) = (M)KHQ where F;(t,z) and v;(t,z) are the i-th component of F(¢,x)

Tj

0 ()SM<)>

and v(t, x) respectively. Then, we have F(t) = ( B(D)A 0
Ty
(A 0
andV(t)-( 0 (5+M+0))'
Let Y (¢, s) is 2 x 2 matrix solution of the system
d
%Y(t s)=-=V()Y(t,s) for any t > s,Y(s,s) = I.

where [ is the 2 x 2 identity matrix. Hence, the condition A7 is also satisfied.
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Let C,, be the ordered Banach space of all w periodic function from R to R? and which
is equipped with maximum norm ||.|| and the positive cone

Cr ={¢ € C, : ¢(t) > 0,for anyt € R}. Consider the following linear operator
L:C,— C, by

(Lo)(t) = /0+OOY(t,t —a)F(t —a)¢(t — a)da for any t € R, ¢ € C,,

Then, we define the basic reproduction number Ry of system (8.1) as Ry = p(L).

From the above discussion, we obtain the following result for the local stability of the
disease free periodic solution Ey(S3;,0,%,0,0) for system (8.1).

Theorem 8.3 ( [259]). The following statements are valid:

(i) Ro = 1 if and only if p(¢p_y(w)) = 1.

(17) Ry > 1 if and only if p(¢p_v(w)) > 1.

(1ii) Rp < 1 if and only if p(pp_y(w)) < 1.

Thus Ey(S3,(),0,%,0,0) of (7.1) is locally asymptotically stable if Ry < 1, and unstable
if Ry > 1.

8.5 Threshold Dynamics

In this section, we show that if Ry < 1 then the disease free equilibrium point

Ey(S3,(1),0, %, 0,0) is globally asymptotically stable. Next, we show that if Ry > 1 then

the Malaria disease is persistent in the human population.

Theorem 8.4 If Ry < 1 then the disease free periodic solution (S3,(t),0,32,0,0) is
globally asymptotically stable.

Proof. From Theorem 8.3 if Ry > 1 then (S},(t),0,4,0,0) is unstable and if Ry < 1
then (S3,(2),0,%,0,0) is locally asymptotically stable. Hence, it is sufficient to show
that the global attractivity of (S3,(t),0,2,0,0) for Ry < 1. From Theorem 8.2 we have
0< Sy < % and 0 < Sy < S3,(t). Then, from the second and forth equation of system

(8.1) we have

T < a)S3(0) T — d(t)
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Now, we consider the auxiliary system as follows

dl R .
— = o085 () — d(t) Ly
dl A .
T ﬁ(t)g]M —(0+p+o)ly
which can be written as
dX
—r = (FB) - V()X (8.6)

where X = (fM,jH)T.

Since (F'(t) — V (t)) is continuous, cooperative and irreducible, then by Lemma 8.1 there
exist a w periodic function X (t) such that X () = e” X (t) is a solution of (8.6) where
p = Llnp(¢p_v(w)). Again, from Theorem 8.3 if Ry < 1 then p is a negative constant.
Therefore, we have the solution of system (8.6), X (¢) — 0 as t — oo.

Thus, the zero solution of system (8.6) will be globally stable. Then, for the nonnega-
tive initial condition of system (8.5) there exist a sufficient large number N > 0 such
that (I,(0), I(0))T < NX(t). According to the comparison principle [222], we have
(Ing, Ig)T < NX(t) for all t > 0 where NX(t) is also a solution of (8.6). Then, we have
Iny — 0 and Iy — 0 as t — oo. Then from the asymptotic autonomous system [236], it
follows then Sy — Si/(t), Sy — % and Ry — 0 as t — oo.

Hence Ey(t) is globally asymptotically stable if Ry < 1.

Theorem 8.5 If Ry > 1 the system (8.1) is uniformly persistent i.e., there exits a
positive constant €, such that for all initial condition Sy (0) > 0, Ip,(0) > 0,SH(0) > 0,
Iy(0) > 0, Ry (0) > 0, the solution of (8.1) satisfies

limy oo (Sar(t), Ing (1), Su(t), Iu(t), Ra(t)) > (€€, €, €, €).

Proof. Similar to Wang, Teng and Zhang [246].

8.6 Optimal Control Problem

In this section, our objective is to minimize the total number of infected humans by
controlling parameters optimally as well as to minimize the total systemic cost to be
required to apply the controls. Also, we want to minimize the side effects of the control
parameters in the process of applying optimal control approach. Keeping these view in
mind, the objective functional of our proposed optimal control problem has been defined
as follows

tr
J(u1,u9,u3) = min / (A1Ig + Agu? + Asuj + Aqu3)dt (8.7)
0

u1,u2,u3
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subject to the system of differential equation (8.1).
Our target is to obtain a control set (uf, ul, u}) such that

J(uj,uy,uy) = min  J(ug,ug, ug)
U1 ,u2,u3EPD

where @ = {u : is measurable and 0 < wu(t) < 1forallt € [0,¢;]}. Here A; is the
weight constant associated with the infected human. Also, the square of the control
variables [111,116] are taken here due to the side effects and overdose of three controls
and A,, Az, Ay are the weights associated with the square of the control variables.

Now, to solve the optimal control problem (8.7) with the help of system (8.1), we con-
struct a lagrangian as follows

To minimize the lagrangian, we have constructed the hamiltonian of the problem as

follows

Sy Ay dSy dly dR
H = Auly + Agud + Agis + Aqui + Asy = Ay Asy =5+ Ay~ + Any dtH

where Ag,,, A1, Asys Ay, Ar, are the adjoint variables. The adjoint variables can be
determined from the equations

/\524 = As,, (Aauz + QTI((ZSESM — (1)) 4+ a(t)Ig(Xs,, — A1yy)
Aéf = A d(t) + B(t)Su(Nsy — Aryy)

dt =g, + B(E) Ir(Asy, — Armr)

)\d% =a(t)Su(As,, — i) + (0 + p+0) A, — Al — ARy,
ARy

dt - (5 + V)ARH - 7)‘SH

and satisfies the transversality condition Ag,, (tf) = 0.0, Ar,,(tf) = 0.0, Ag, (tf) = 0.0,
A, (tr) = 0.0, Ag, (tf) = 0.0.

Theorem 8.6 The optimal control set (u}, u3,u}) which minimizes J over the region @
defined earlier, is given by
u’l‘ = maz{0, min(iy)}
= max{0, min(iz)}
uy = maz{0, min(us)}
where 47 = %(SMIH(AIM —Asy) FSuln(Ar, — Asy)),
Gy = = (Salu Ay = Asy) + Sulu(Ary = Asy)),

i >\2(SM>\SM+IM>\IM)
3= 244

Proof. Similar to [116].
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8.7 Numerical Simulation

8.7.1 Without Control

To check the feasibility of our analysis regarding the stability conditions for the system
(8.1), we have explored some numerical computations using MATLAB in the following
problem.

Problem 1: Here, the parametric values of system (8.1) are A = 0.05,9 = 0.006, u =
0.05,0 = 0.01,7 = 0.1, r(t) = 3 + 0.1sin(int), K(t) = 2+ 0.3cos(gnt), a(t) =
0.0022(2 4 0.03sin(3mt)), d(t) = 0.5+ 0.1cos(gnt), B(t) = 0.011(7 + 0.06sin(:t)),
)\0 = 007 /\1 = 007 /\2 = 0.07U1 = U9 = U3 = 0.0.

Using the above set of parametric values, we have Ry = 0.5375 which is less than one.
So, according to Theorem 8.4 the system (8.1) is disease free which is also confirmed
by Figure 8.1 where it has been shown that after some times infected mosquito, infected
human and recovered human tend to zero.

Susceptible mosquito(a)
Infected mosquito(b) i

[y

S 5|

® Susceptible human(c)

§. 4 Infected human(d) |
o Recovered human(e)

0 50 100 150 200 250 300 350 400 450 500
Time

Figure 8.1: Represents the mosquito and human populations for Ry < 1.

Problem 2: Here, a(t) = 0.02(2 4 0.03sin(3mt)) and others to be same as Problem 1.
For these values, the reproduction number Ry is 4.8859 which is grater than one. So,
according to Theorem 8.5 the system (8.1) for such parameters is endemic which is
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also depicted by Figure 8.2 where it has been shown that mosquito population as well
as human population do not vanish as time increases.
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Figure 8.2: Represents the mosquito and human populations for Ry > 1.

8.7.2 With Control

Problem 3: It is same as Problem 2 including control parameters.

Now, considering u; = 0.5,us = 0.5,u3 = 0.5 with \y = Ay = Ay = 0.3, we have the
reproduction number Ry to be 0.6327 which is less than one. Therefore, the endemic
system in Problem 2 becomes disease free using controls. Graphically by Figure 8.3, it
is also shown that the infected human, recovered human and infected mosquito vanish
ultimately.
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Susceptible mosquito(a)
Infected mosquito(b)
Susceptible human(c)
Infected human(d)
Recovered human(e)

Population

— I
0] 50 100 150 200 250 300 350 400 450 500
Time

Figure 8.3: Represents the mosquito and human populations in the presence of control

parameters for Ry = 0.6327 < 1.

8.7.3 With Hopf bifurcation for Autonomous Model

In this section, the growth rate of susceptible mosquito, environmental carrying capacity
of mosquito, the transmission rate from human to mosquito as well as mosquito to hu-
man and death rate of infected mosquito have been considered as a constant without any
control parameter i.e., r(t) = r, K(t) = K,a(t) = «, B(t) = 8,d(t) = d,u; = 0,us =0
and us = 0. Then our proposed system (8.1) has been converted to an autonomous
system of nonlinear differential equations.

Problem 4: For this autonomous case the following parametric values have been con-
sidered as r = 2.0, K = 10.0,d = 0.1,0 = 0.06, 8 = 0.012, . = 0.05, 0 = 0.01, v = 0.03.

For this parametric values, it is seen that the autonomous system undergoes Hopf bifur-
cation with respect to the parameter A (recruitment rate of human) and « (transmission
rate form human to mosquito). If we change the value of A from 30 to 40 and « from
0.05 to 0.08 then the Hopf bifurcation have been shown in Figure 8.4 and Figure 8.5
respectively. It is clear from the bifurcation diagram that for lower values of A and
a the autonomous system becomes stable, but, above a threshold value of A\ = 32.0
and a = 0.0638 the autonomous system losses its stability and periodic solution arises
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through Hopf bifurcation.
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Figure 8.4: Represents the bifurcation diagram of the autonomous model without control.
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8.7.4 With Optimal Control Problem

In this section, we have solved the optimal control problem (8.7) with the help of the
fourth order Runge-Kutta method in a finite interval of time. First, we solve the state
variables by fourth order forward Runge-Kutta method and then using these we solve
the adjoint variables by fourth order backward Runge-Kutta method with the help of
transversality conditions and the optimality conditions [127]. For this simulations, we
consider the following set of parametric values:

A=100,0 =0.6,u=0.6,0 =0.8,7=0.7,79 = 9.3, by = 0.03333, K, = 20.0,

b3 = 0.06,ap = 0.3,0; = 0.015, A\g = 0.04, A\; = 0.01, Ay = 0.2, 5y = 0.2,

by =0.01,dy =1.0,bo =0.1,A; = 1.0, A, = 0.5, A3 =0.1, A4, = 0.4

and (t) = 6(t) = E(t) = n(t) = sin(Zt), x(t) = cos(Z).

In this model to reduce the infected humans from Malaria disease three control pa-
rameters such as bed-nets, cultivation of mosquito repellent plant and pesticide spray
have been used. To examine the effect of control parameters numerically possible eight
strategies such as use of (i) all control variables, (ii) without any control, (i7i) bed-nets
control, (iv) cultivation of mosquito repellent plant, (v) pesticide spray, (vi) bed-nets
and cultivation of mosquito repellent plant, (vii) bed-nets and pesticide spray and (vii7)
cultivation of mosquito repellent plants and pesticide spray have been considered.
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Figure 8.6: Solid line for application of all control, dash line for no control and dash dot

line for bed-nets control.
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Figure 8.6 shows the solutions of using three controls (i.e., bed-nets, cultivation of
mosquito plant and pesticide spray), without any control and only one control such
as bed-nets. From this figure, it is observed that when one control such as bed-nets is
used then the rate of change of density of infected human is less than that without any
control and greater than that all the three controls. The explanation for the susceptible
mosquito, infected mosquito, susceptible human, recovered human has been drawn from
this figure very easily.
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Figure 8.7: Solid line for application of all control, dash line for no control and dash dot

line for cultivation of mosquito repellent plant control.

Again, the solutions of using three controls, without any control and only one control
such as cultivation of mosquito repellent plant have been shown in Figure 8.7. From this
figure, it is seen that when we use only mosquito repellent plant then the rate of change
of infected human is less but nearly same as that without using any control. Similarly,
the explanation for the other population has been drawn from this figure easily.
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Figure 8.8: Solid line for application of all control, dash line for no control and dash dot

line for pesticide control.

Also, Figure 8.8 shows the solution of using all controls, without any control and only
one control such as pesticide spray. From this figure, it is observed that when we use
only pesticide control then the rate of change of infected human is less than that without
using any control and greater than that using all three controls. It is also observed that
density of infected mosquito using only pesticide control is more reduced than that using
all three controls. Changes of other populations have been shown from this figure.

The solutions of using all controls, without any control and only bed-nets and culti-
vation of mosquito repellent plant control have been shown in Figure 8.9. From this
figure, it is seen that if we use only bed-nets and mosquito repellent plant controls to-
gether then the rate of change of infected human is less than that without using any
control but nearly greater than that for three controls.
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Figure 8.9: Solid line for application of all control, dash line for no control and dash dot

line for bed-nets and cultivation of mosquito repellent plant control.

Again, Figure 8.10 represents the solutions of using all controls, without any control
and only bed-nets and pesticide control. From this figure, it is observed that if we use
only bed-nets and pesticide controls together then the rate of change of infected human
is less than that without using any control but nearly greater than that for three controls.

The solutions of using all controls, without any control and only cultivation of mosquito
repellent plant have been shown in Figure 8.11. From this figure, it is seen that if we use
only mosquito repellent plant and pesticide control then the rate of change of infected
human is less than but nearly equal to that without using any control.

Figure 8.12 represents the variation of the three optimal controls. From this figure,
it is clear that since we apply all the controls for 100 units of time, all these controls
vanishes after this period. Figure 8.13 represents the adjoint variables. According to the
theoretical study the adjoint variables becomes zero at the end of the time.
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Figure 8.10: Solid line for application of all control, dash line for no control and dash

dot line for bed-nets and pesticide control.

25 100
\
2 c \
3 2 20 S 80 \
g S 15
=} F 2 \
= 8 S \
@ E 15 = 60
= = = AN
= [ o \
o ‘G (7] \
Q o
3 £ 2 N
z £ 10 @ 40 S =T
5 20
100 0 50 100 o} 50 100
Time Time Time
100 30
25 T
= —
g £ -
15 S 7
= £ 20 s
= - Vs
h=) (3]
2 3 7z
8 3 15 /
= 5] /4
= 10 /
5
[0} 50 100
Time
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Figure 8.12: Three control parameters.
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Figure 8.13: Adjoint variables.
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8.8 Conclusion

In this chapter, a mathematical model on Malaria disease has been developed consid-
ering time and control parameter (bed-nets, plantation of mosquito repellent plant and
insecticide spray) dependent transmission rates from human to mosquito and mosquito
to human where transmission rates vary periodically. Here, human population has been
classified into three subpopulations such as susceptible human, infected human, recov-
ered human and also mosquito population to be classified into two subpopulations such
as susceptible mosquito and infected mosquito. Theoretically, it has been proved that
the system is free of disease or disease persist under some conditions stated in Theorem
8.4 and Theorem 8.5 which are also verified numerically. From the analysis of the
model, the following have been drawn.

(i) The solutions of the system (8.1) are bounded if 7% > Ayus.

(ii) In autonomous case in the absence of control parameters, our proposed system (8.1)
undergoes a Hopf bifurcation with respect to recruitment rate of susceptible human
(A) and the disease transmission rate from infected human to mosquito («). If we
change the recruitment rate of susceptible human and the disease transmission rate
from human to mosquito then a Hopf bifurcation occurs. Our study suggests that
if the recruitment rate of susceptible human () increases, the the system remains
stable up to a threshold value A = A\*. But, the system becomes unstable above
that threshold. Also, if the disease transmission rate from human to mosquito
increases («), then the autonomous system remains stable up to a threshold value
a = oF. But, the system becomes unstable above that threshold.

(iii) Here, different possible combinations of controls have been used and their effec-
tiveness are compared by numerical simulations. From this numerical simulations,
it is seen that using of all three controls always gives better results than the using
single control and two controls together. From this simulation, it is concluded that
if we want to use only one control then bed-nets will be very effective to reduce
the infected human. Again, if we want to use two controls together then the use
of bed-nets and cultivation of mosquito repellent plant be appropriate strategy to
reduce the infected human from Malaria disease.

Gateway from Chapter 8 to Chapter 9

In Chapter 8, we have explored the dynamics of a vector borne fatal disease Malaria.
Another important disease to study is Japanese Encephalitis which also makes several
thousands of death in every year in India and other parts in the world due to lack of
proper investigation and lack of suitable control strategies. The next chapter is devoted
to study the dynamics of such system with appropriate control strategies.
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Chapter 9

Stability and Bifurcation Analysis of
Japanese Encephalitis Model
with /without Effects of Some

Control Parameters

9.1 Introduction

Japanese Encephalitis (JE) is a vector borne viral disease occurred in South Asia, South-
east Asia, East Asia and Pacific. The disease can cause irreversible neurologic damage.
The JE Virus (JEV) is mainly transmitted by the mosquito Culex triataeniorrhynchus,
which prefers to bread in the irrigated rice paddies [118]. Wading ardeid water birds
(herons and egrets) serve as virus reservoirs, but the virus regularly spills over into the
pigs, members of family of equidae (horses and donkeys) and humans [133]. The infected
pigs acts as an amplifying host and a domestic pig rearing is an important risk factor in
the transmission to humans. Bird’s migration might play a role in dispersing JEV. Acci-
dental transportation of vectors, human migration and international travel seem to be of
little importance because viremia in humans is usually low and of short duration because
humans are dead-end hosts. The transmission cycle of JE has been shown in Figure 9.1.
The main pillar of JE control is the use of a live attenuated vaccine for humans [84].
Currently analyzable JE vaccines are relatively safe and effective but a drawback is that
multiple doses are required. Effective delivery of the vaccines is poor, rural communities
therefore remains a formidable challenge and compliance. The vaccination of pigs rep-
resents another potential strategy to control JE, but it is not widely used for two main
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reasons. First the high turnover in pig population would require annual vaccination of
newborn pigs which would be costly. Second the effectiveness of live attenuated vaccines
is decreased in young pigs because of maternal antibodies. Environmental management
for vector control such as alternative wetting and drying of rice fields (also known as
intermittent irrigation) can substantially reduce vector breeding while saving water, in-
creasing rice yields and reducing methane emission [240]. Environmental management
measures are most viable if they are readily integrated into a broader approach of pest
management and vector management [20,64,70, 142,212,213, 221,235].

|

JE .
Transmission A~ |—

Weather & Climate(or)

Food, Space,
Breeding Sites

\ < ' )

Figure 9.1: Represents the transmission cycle of JE virus.

A very few number of mathematical models of Japanese Encephalitis has been published
but till now, the actual dynamics of this disease is unknown to us. At first, Mukhopad-
hyay et al. [158] studied a mathematical model on Japanese Encephalitis disease in which
the stability properties of the model were discussed considering three populations such as
vector, reservoir and human in 1993. Thereafter, some research papers on mathematical
modelling of Japanese Encephalitis disease such as [159,164,232] have been developed. In
India JE is a growing and alarming public health problem. In West Bengal of India since
1973, JE has been almost an annual event in the form of an epidemic or a small outbreak
engulfing newer and newer rural areas. The district of Burdwan was the most affected
area in West Bengal, probably forming a hyper-endemic zone. In the end of 2014, the
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Japanese Encephalitis attack the North Bengal and the north-east part in India. Since
the transmission dynamics of Japanese Encephalitis disease is till now unexplored, hence
in this epidemic every year many people are died due to the attack of JE virus. So, the
study is necessary about the JE virus transmission dynamics and its control strategy.

Though there are several research articles available on Japanese Encephalitis mathe-
matical model but till now there exist some space in the literature which are as:

In most of the existing research papers, the carrying capacity of mosquito population has
been considered as constant. But due to environmental changes that should be changed
with respect to time. Also, some experimental studies prove that using some suitable
control strategies we can restrict the breeding of mosquito and that will be very helpful
to control Japanese Encephalitis disease. But in the existing literature no one consider
control parameters to control the spread of Japanese Encephalitis disease.

To overcome these spaces we have developed a Japanese Encephalitis transmission model
among mosquito, reservoir and human population. Here, a mathematical model on
Japanese Encephalitis disease has been constructed by considering time dependent car-
rying capacity. The mosquito population has been classified into two subpopulations
such as susceptible mosquito and infected mosquito. The reservoir population also be
classified into three subpopulations such as susceptible reservoir, infected reservoir and
recovered reservoir and the human population is divided into three subpopulations such
as susceptible human, infected human and recovered human. Here, the existence of equi-
librium points and their stabilities in the system have been explored theoretically as well
as numerically. Also, it has found the conditions under which (i) the system will be free
of disease and (iz) the disease persist uniformly. Then, the effectiveness of all control
parameters has been checked numerically. Finally, Hopf bifurcations have been carried
out considering constant environmental carrying capacity of mosquito without control
parameters.

9.2 Model Formulation !

In this chapter, an interaction has been studied mathematically among mosquito, reser-
voir (pig, horse etc.) and human population in the Japanese Encephalitis disease. Here
Vi and V, have been considered as the susceptible and infected mosquito populations.
Here Y7, Y5 and Y3 denote the populations indicating the susceptible, infected and recov-
ered reservoir respectively. Similarly, the susceptible, infected and recovered human are
indicated by Xi, X5 and X3 respectively. Since Japanese Encephalitis (JE) is a vector

!Published in Computational and Applied Mathematics, Springer, DOI: 10.1007/s40314-016-
0400-2, with title Stability and bifurcation analysis of Japanese encephalitis model with/without effects

of some control parameters.
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borne viral disease and it is mainly transmitted by mosquito (Culex tritaeniorrhynchus)
which prefers to bread in irrigated rice paddies and this atmosphere varies time to time
in a year, so the environmental carrying capacity for mosquito denoted by K has been
considered as a function of time. In this regard, we have considered K (t) in the following
form

K(t) = a+ bsin(wt)

where a,b and w are constants which has been shown in Figure 9.2.
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Figure 9.2: Environmental carrying capacity.

Here r,n,&, 70,71, u1(0 < uy < 1) and uy(0 < uy < 1) be the growth rate of the sus-
ceptible mosquito population, per capita contact rate of infected reservoirs with the
susceptible mosquito population, per capita loss of infectivity of the infected mosquito,
effectiveness of intermittent irrigation system control parameter, effectiveness of the in-
secticide spray control parameter, intermittent irrigation system control parameter i.e.,
land cover and land use and insecticide spray control respectively. In infected mosquito
population, a has been considered as the per capita natural death rate. Here, uq, 81, fi
and 75 denote the per capita natural birth and death rate of the susceptible reservoir, ef-
fective per capita contact rate of infective mosquito with reservoir population, per capita
loss of immunity of recovered reservoir and effectiveness of the vaccination on the suscep-
tible reservoir population respectively. To resist the replication of the encephalitis virus
in the susceptible reservoir population, a vaccination control parameter uz(0 < ug < 1)
has been considered in this model. Here, v; be the per capita recovery rate of the infected
reservoir. Also g, ps, 52, fo, 73 and uy(0 < uy < 1) be the recruitment rate of susceptible
human, natural death rate of human, effectiveness of per capita contact rate of infective
vectors with the human population, per capita loss of immunity rate of recovered human,
effectiveness of the vaccination control parameter and the vaccination control parameter
applied to the susceptible human respectively. Also, €,7, 74 and us5(0 < us < 1) be
the disease related death rate, per capita recovery rate of infected human, effectiveness
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of the treatment control parameter and the application of treatment control parameter
respectively. Under the above considerations, a set of nonlinear differential equations of
encephalitis disease model has been considered as follows:

% = (1= Vi/K@)Vi — nYaVi + Vo — ou Vi — TiusV4 \
% = YoV —aVh — &V — musVs
% = mN—mYi — BV + AYs — musy
% = BAY: - mYs — Y
(9.1)
% = mYs—mYs — f1i¥s + nusYs
% = pi2 — p3 Xy — F2Vo Xy + fo X3 — Tyus Xy
% = [BoVoXi — pusXo — Xy — 72Xy — mus Xy
% = 72Xy — u3X3 — fo X3 + T3us Xy + Tyus Xo J

subject to the initial conditions V3 (0)
¥3(0) > 0, X1(0) > 0, X5(0) > 0, X3(0)

0,V2(0) = 0,Y1(0) = 0,Y3(0) > 0,

>0,
> 0 where Y] + Y5 + Y3 = Ny(constant).

9.3 Equilibrium Points and Basic Reproduction Num-

ber

Before derivation of the basic reproduction number of the system (9.1), it is necessary
to show that the solution of the system (9.1) is bounded which is shown by the following
theorem.

Theorem 9.1 All the solutions (Vi(t), Va(t), Yi(t), Ya(t), Y3(t), X1(t), Xa(t), X3(t)) are
bounded, provided that min{rou; + mug, a + Tus} > 0.
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Proof. From the 3rd, 4th and 5th equations of system (9.1), it is obtained that

d
E(K+H+%):M1N1—M1(Y1+Yz+3@)

d
%<}q+}é+}/é)+u1(y1+5@+}@):M1N1

Then, solving above we have
Y+ Yy + Yy = Ny + Cre !
As t — oo it is obtained that
Yi+Yo+Ys=MN

So, it is obvious that Y7 < Ny, Y5 < N7 and Y3z < N; for all ¢.
Also, from the 6th, 7th and 8th equations of system (9.1), it is obtained that

dX; dX, dX;
= Uy — X1+ X9+ X3) —eX
g T a Ta e st Xt Xy) —eks
d( Xy + Xo + X3)
dt
i.e.,Xl +X2 +X3 S & + 026_‘“3t
M3

+ ,M3(X1 + X2 + X3) < Mo

1.€.,

As t — oo, it is found that

H2
M3

X1+ Xo+ X35 <

which implies that X7, X5 and X3 are bounded for ¢ > 0.
Let us define a function W such that

W=V, +V (9.2)

Taking time derivative of above equation (9.2), it is obtained that

aw Vi

o= r(l— m)‘fl — 1our Vi — mueVp — aVe — musVs

After adding QW to the both sides of the above equation, it is obtained that

dW V;
— QW =r(l — —WVi — rou Vi — myusVi — aVy — myusVa 4+ Q(Vi + Va)
dt K(t)
V;
=r(l- —K(lt))vl +(Q — mour — Tug) Vi + (Q — (v + myug)) Vo (9.3)
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where () has been chosen as a positive quantity in the following manner:
Q = min{mou; + Tiu2, @ + Tyu2}

Now, according to our problem definition, the carrying capacity of mosquito population
is given by

K(t) = a+ bsin(wt)

i.e., |K(t)| = la+ bsin(wt)|

i.e., |K(t)| < |a|+ |bsin(wt)]

i.e., |K(t)] < |a|+ ||, since |sin(wt)] <1
ie, |K(t)| <K where K = |a| + |b]

Using these the above equation (9.3) can be written as

dW Vi

dt W

v
<r(l- #)v1 since |K (t)| < K,
1

K V K
< % where max{r(1 — ?11)\/1} = %
Then solving above it is obtained that
TKl _
W < — + Cge@ 9.4
=710 + C3e (9.4)

where (3 is an integrating constant.
Now, when ¢ tends to oo, then for ) > 0 the equation (8.4) reduces to the following

W< "

=10
K
i.e.,quLV2<u

=70

which implies that V; and V5 are bounded for ¢t > 0.
Hence all the solutions of the system (9.1) are bounded.

Now, the system (9.1) has the following disease free equilibrium point
Eo = (V,0,Y?,0,Y9, X,0,X3), where V) = (1 — (outnu2)) e (p),
Yo — _MNi(utf) 0 _ _ Toughi 0 _ _ pa(ustfo) 0 _ paT3U4
1 7 (mtfitmous)’ 3 = (uit+fitmeus)’ 1 7 us(us+fotrsua)’ 3 T ps(us+fotraua)
and one endemic equilibrium point E* = (Vi*, V55, Vi, Y55, Vi, X7 X5, X5)
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where Vi*, Vo Y Y5 Yo X7, X5 and X satisfies
2 = T -t = y Ao
a+ & + iU M1+ M

72X+ Tug X+ Tyus Xg
ps + fo

r(1 =V K@)V = nYo Vi +EVy — moud Vi — mupVi* = 0,

pilNT — i Y7 = BVSY 4+ f1Y5 — mugY] = 0 and

po — 3 X| — BoVo' X7 + fo X5 — uy X7 =0

_ v = 1Y5 + TouzYy”
3 + €+ Yo + Tuus’ 3 w1+ fi

bl

X3

Y

In epidemiology, the basic reproduction number Ry is defined as the expected num-
ber of secondary infections that occur when one infective is introduced into a com-
pletely susceptible host population. First, we enumerate the compartments in our model
from left to right i.e., susceptible mosquito (V;)=Compartmentl, infected mosquito
(Va)=Compartment2 and so on. Then by this method the new infection generation
terms and the remaining transition terms denoted by two matrices F' and V are as

follows:
F = (an(x)> and V = (8%(@)
axj T=x0 axj r=x

where F;(x) denote the rate of appearance of new infection in compartment ¢ and V;(x)
is the net transfer rate (other than infection) of compartment i. In our model there
are three stages for transmission of infection through (7) infected mosquito, (i7) infected
reservoir and (7i¢) infected human. So, here x = (x9, x4, x7) where x5 denotes infected
mosquito (V4), x4 denotes infected reservoir (Y2) and x7 denotes infected human (X5).
The net transfer rate is given by V; = V,~ — V" where V,~ is the rate of transfer of

individuals out of compartment i, and V" is the rate of transfer of individuals into com-
partment ¢ by means other than infection.

Then, the two matrix can be evaluated as follows

0 VP 0 (o + & + Trug) 0 0
F=| pYY 0 0], V= 0 (11 +m) 0
BX? 0 0 0 0 (s + € + y2 + Taus)
Then, we evaluate the matrix
"7V1O
. ,3(3/0 M1ty 0
—1 _ 1
FV— = a+§}%u2 0 0
2
a+§+711U2 0 0

The basic reproduction number is the maximum eigenvalue [59] of the matrix F'V~! and

it is evaluated as follows:
Oyo
Ro = Sy, (9.5)
(4 &+ mug)(n + )
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Lemma 9.1 The average value of Ry in any time interval [by, by] is denoted by R} and
is defined by

ToUL+T1U b(cos(wba)—cos(wb
Ain(l - (OITA)NI(MI + f)la—4 (w(ii_bl)( L)

(1 + f1 + mouz)(a + & + Tug) (71 + 1)

Ry =

Proof. The average value of R2(t) for the interval b; < ¢t < by can be computed as

1 b 5177Y10(1 _ (TOU1+7'1UQ)) bo
R2dt = r K (t)dt 9.6
by —by Sy, ° (a0 + &+ mug) (v + p1)(b2 — b1) Sy, Q (9:6)

Now,

[ = [ vsintenya

b1 b1
=a(by — by) — g(cos(wbg) — cos(wby)) (9.7)

Using equation (9.7) in (9.6), it is obtained that

1 /b2 B2t — BinYL(1 — (Toulrﬂ) o b(cos(wby) — cos(wbl))]
by — by Sy, (a0 + &+ mug) (1 + ) w(by — br)

Then the average value of Ry in any time interval [by, bo] is

5177(1 — (mmrﬂ)]\ﬁ(ul + f1)[a _ b(COS(ZbQ):cos(wbl))]
o= S (9.8)

(p1 + f1 + mous) (o + & + Tug) (71 + 1)

Hence the proof.
Hence from this expression, Lemma 9.2 can be drawn as

Lemma 9.2 Three control parameters u;,us and us have effects on the basic repro-
duction number R}.

Lemma 9.3 The Basic reproduction number R} is a decreasing function with respect

b(cos(wbz)—cos(wb1)) a+&+r
(b1 up < == and

to the parameters wuy,us and ug provided that a >
ToUul + Tiue < T

Proof. From (9.8) differentiating R} with respect to ui, us and uz we have

ARy PurmoNi(m + f) [a - %]
du; r(a+ &+ mru2)(p1 +v1)(p1 + f1 + m2u3) (99)
d(R})? Tl(a+f+7’_70u1)5177(1_M)Nl(ﬂlﬁ‘ﬁ)[a—%] ©.10)
dug (r — rour — Tru2)(a + € + Tru2)?(p1 + f1 + m2u3)(p1 + 1) '
d(RY)? Binr2(1 — 7(7"“1-:71“2) )N1(p1 + f1) [a - —b(cos(ffzii:zﬁ(wh»] (0.11)
dus (o + &+ muz)(p1 +71)(p1 + f1 + m2u3)? ’
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(cos(wba)—cos(wb1))
w(ba—b1)
Since all the parameters are positive and from equation (9.10) it is also observed that

Now, from equation (9.9) it is observed that % will be negative if a > °

d(RY2 . . _ :
(d—uog) will be negative if u; < %EH, Tou1 + Tyus < r and a > b(cos(“jzii_iﬁ(“)bl)). Sim-
ilarly, from equation (9.11), % will be a deceasing function with respect to wug if
Tour + Tiug < 7 and a > b(cos(o;lﬁlicb?;(wbl)).

Lemma 9.4 The value of R} will be less than one with the application of single control

(a+8) (p1+71)w(b2—b1)
B1n N1 (cos(wbz)—cos(wb1))

parameter of uy, us and us provided that :—O [1 — <wu; <1,

b bo)— b
B1nN1 [a_ (cos(a:(%;_cbis;(w 1))]—(04-&-5)(#1—!—71) <1
[7’1 (u1471)+ /31”7";1N1 [a— b(COS(Z?%;:ZZS)(WbI))H >~ 1,
B1nN1(p1+£1) [a_ b(cos(ilz%;:‘zf]’j(wbl))] — (1t £1) (471 (at€)
T2(a+€) (p1+71)

<usz < 1.

Proof. At first, we consider the application of single control parameter u; to the system
(9.1) to reduce the encephalitis disease. So, putting us = uz = 0 in equation (9.8) it is
obtained that

Tou b(cos(wbsy)—cos(wbi
(Ry)? = Bin(1 — ) Nifa - (w@l—m( 4
’ (@ +&) (7 +m)

Now, the value of (R})? will be less than one if

Tou b(cos(wbsy)—cos(wb
Bin(1 — Orl)Nl[a_ ( (w(zi—ln)( 1))]

@t O+ m) <!
| Touy _ (a+ 80 +m)
0 ) < Bl — et oty
w s {1 (a4 +y)w(by —b) }
L To L1 N1 (cos(wbg) — cos(why))

r [1 (a+ &) (1 +71)w(by — by)

ol B1nN1(cos(wbg) — cos(wby))

}<u1§1, since 0 <wu; <1
To

In the similar way, it can be proved that

b(cos(wba)—cos(wb
Biy |a — Meostbaleoseb) | (o 4 €) (4 + 1)
< U9 < 1

[7'1(#1 +7) + ﬁm?Nl [a _ b(COS(lezbi:fZS(wbl))H - -

and

BNy (p + f1) {a — bW“:ﬁz;:;‘;’;(”’"”] — (1 + ) (1 + 71) (@ + )
To(a +&)(p +m)

<uz <1
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So it is concluded that system (9.1) can be disease free either by application of u; or
uo or ug under the above conditions. But if for some parametric values the conditions
are not full-filled, then system cannot be disease free through application of only one
control. In that case two or more controls may be used simultaneously which is shown
in Lemma 9.5.

Lemma 9.5 The value of R} will be less than one with the application of two or three
control parameter simultaneously (u1, us), (ug, u3), (u1,uz) and (uq, uz, us) provided that

Brn(1— T2 ) N, [q— Heoslerlcosleb) | (ap) (i1 +41)

Uy >

71 [+ 2N, [ Meoslebp)meostb N [T

At ) [a* b(COS%IE%;:ZZS)(UJbI))] —(a+&)(u1+71) (w1 +fr+72us)
Uz > B]"]N b(cos(wbg)—cos(wby)) I

T [(M1+71)(M1+f1+7'2u3)+ p 1(M1+f1){a— (o3 =b7) H

r (p1+fit+7aus)(a+8) (pat+v1)
U1 > T0 BinN _ b(cos(wbg)—cos(wby)) a’nd

1MN1(p1+f1) |a (5 =61)

,3177(1— 4(70711141”2) )Nl (H1+f1) [‘l— b(cos(zlz%;:zz(ubl))] —(p1+f1) (1 +71) (a+E+T1u2)

us > To(o+E+T1u2) (H1+71) :

Proof. Proof is similar as Lemma 9.4.

9.4 Threshold Dynamics

In this section, it is shown that if Ry < 1 then the disease free equilibrium point
(V2,0,Y2,0,YQ, XD, 0, X?) is locally asymptotically stable and hence the disease dies
out. Next, we show that if Ry > 1, then V5, Y5 and X5 uniformly persist and hence the
disease also persists. Consequently, the basic reproduction number Ry is the threshold
parameter between the extinction and the uniform persistence of the disease.

Theorem 9.2 The system (9.1) around Fy(V,0,YP,0,Yy, X0, X?) is locally asymp-
totically stable provided that (u;+v1)(a+E&+muz) > nVP B YL and (pg+v1+ps+e+y2+
Taus)[(p1+71) (s +e+y2+Taus) + (@ +E+T1us) (3 +e+yo + Tuus +a+E+Tug+ g +71)] >
VPG YL (o + € + Tyug + py + 7).

Proof. From the second, fourth and sixth equation of system (9.1), we have

dx

“_ B
a
where z = (V3, Y5, X3)" and
—(a+ &+ Tuy) nvy 0
B = LYY — (g1 +m) 0
Ba X7 0 — (3 + € + y2 + T4us)
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Then, the characteristic equation of B is
>\3+CL1)\2+6L2)\+6L3 =0

where a1 = (us + €+ 72 + Taus + @+ E+ Tug + 1 + 1), ag = (1 +71) (s + €+ 72 +
Taus) + (@ + E+ Tiug) (un + 1+ ps + €+ 72 + Taus) — VPBYY and az = (i1 + ) (a +
&+ mug)(ps + € + 72 + 1aus) — VALY (13 + € + v + Tyus).

Now, all the roots of the above characteristic equation be negative for real roots and
have negative real parts for complex roots

if a; > 0,a3 >0 and ayas —az >0

1.6, i3 + €+ o + Tyus + o + & + Tug + pg + 71 >0

ie., (4 7)) (0 + €+ Trug) (s + € + 72 + Taus) > VB (s + € + 72 + Taus)
VP BYY

() (@ 4§+ i)

e, Rg<1

<1

1.€.

and

(s + €+ v2 + Tuus + o+ &+ mug + 1 +%){(u1 +71) (s + € + 72 + Taus)

+(a + &+ Trug)(pn + 71+ pz + €+ 92 + Taus) — 77‘/10513/10} > {(Nl +71)(a + €+ Tiug)
—77‘/10513/10}@3 + €+ 2 + Taus)

i.e., (1 + 91+ g+ €+ + Taus) [(Ml +71) (3 + € + Y2 + T4us)

oo+ €+ mug)(ps + €+ 92 + Taus + o + € + Tug + 1 +71)}
> VB Y (o + € + Tyug 4+ py + 1)

Therefore, if the above relation holds then the value of Ry will be less than one and the
system will be free of disease.
Hence the theorem.

Theorem 8.3 The disease of system (9.1) uniformly persistent i.e., Vo > 0,Ys > 0
and Xy > 0 provided that

lim inf <V1(t),Vg(t),Yl(t),Yg(t),Yg(t),Xl(t),XQ(t),Xg(t)) > ¢

t—o0

for a positive constant c.
Proof. Similar to [76,236].
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9.5 Global Stability Analysis

Here, we shortly describe the general method developed by Li and Muldowney [131] for
a global stability of a nonlinear system around its interior equilibrium point. Here, we
consider an autonomous dynamical system:

i = f(x) (9.12)

where f: D — R", D C R" be an open set and simply connected and f € C*(D) which
is the space of continuously differentiable function on domain D. Each solution x(t) of
this differential equation (9.12) is uniquely determined by its initial value x(0) = .
Let z* be an equilibrium point of (9.12). Then we can say that z* is said to be globally
asymptotically stable in D if it is locally stable and all trajectories in D converge to x*.
The main interest in this section is to derive a condition for global stability of an interior
equilibrium point z* in the proposed model. Now, for the proposed problem we have
assumed the following conditions

(7) D is simply connected;

(1) there is a compact absorbing set K C D;

(73) =* is the only equilibrium of (9.12) in D.

Under the above conditions, an equilibrium point z* is globally asymptotically stable in
D by geometric approach [131], provided that

1 t
lim sup sup ;/ wu(B(z(s,xg)))ds <0 (9.13)
0

t—o0 2oEK

where u(B) is calculated as follows:
Now, a matrix P(z) is choosen in such a way that it will be a nonsingular () x (3)
matrix valued function z — P(z) defined in C' on D. Tt is considered that

B= PP+ pJRIpT!

where the matrix Py is (P;;(z))y is given by (P;(x))s = VP;;. f(x).

The jacobian matrix J1? is the second additive compound matrix of (g) X ("

2
a n x n the jacobian matrix J defined by J = (J;;), = <%> . Therefore, in our model

) order for

Ox;
for n = 3, it is as follows

Ji1 + Ja Ja3 —Ji3
J = J32 Jii + Js3 J12
—J31 Ja1 Joo + Ja3

Now, it is considered that the Lozinskii measure g of the matrix B with respect to a
matrix norm |.| in RN where N = (}), is defined by

. MI+hB[-1
p(B) = Jimy ——=—
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By using the above discussion, we want to derive the conditions under which the proposed
model system (9.1) is globally stable around its interior equilibrium point z* which is
here (E*). Firstly, we consider the subsystem of (9.1) as follows

v,
dt
dY,
dt

4,
dt

= nYoVi —aVy — Vo — mugVs

= BiWVYr —mYs — Y,

= BoVoXi — u3Xo — eXy — 12Xy — myus Xo )

Then the Jacobian matrix for the system (9.14) is

—Q

J:

— & — Tius nVi 0
£1Ys —(p1 +m) 0
B2X1 0 —(p3 + € + 72 + T4us)

Now, its second additive compound matrix J? is given by

where m = (o + £ +

Next, we choose a nonsingular matrix valued function P(z) in the following way

P($> = P(‘/Q,YVQ,XQ) - dlag ( _) Where xr = (‘/Q,YVQ,XQ)t

—-m 0 0
JB = 0 —n 7V
B2X1 51}/1 —k

(9.14)

Ty + 1 +1),n = (@ + &+ Tus + pg + € + 92 + T4us) and
k= (1 +v+ps+e+ 7+ mus).

Va Vo V5
Xy Xo' X,

The matrix valued function P; can be evaluated as

Pf:_:

ox

X, X27UX, X27VX, X2

dmg<v2 Y%, 2 V?XQ,E_EX2>

Now, it follows that P;P~! = diag{%2 — 22 12 — X2 V2 _ %} and PJRIP~1 = JB g0

Vo X2 Vo X227 Vo

that
B B
B=P P*l + PJ[Z}Pfl — 11 12
! Byi B
where
V, X, ’
By=———-mBp=[0 0] By=]0 (X
11 Vv, X, m, Dy2 [ } y D21 [ B2 X1 }
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Vo Xp V.
and322:<‘/2 X " v >

Vo _ Xo
Blyl Vs Xs k

Now, we consider the norm in R? as
|(u, v, w)| = maz{|ul, [v] + |w[}
and
n(B) < sup{g, g2} = sup{p1(Bu1) + |Bua|, 11 (Ba2) + |Bar[} (9.15)

where |Bsy|, |Bis| are matrix norms with respect to the L' vector norm and p; denotes
the Lozinskii measure with respect to the L! norm. Now,

Vo X
,ul(Bu) =2_22_ m, |Blz| = mcm{(),O} =0, |BQ1| = 3, Xy
Vo Xy
Ve, X
(11(Ba) = — — 22 4 max{—n+ BY1, —k +nVi}
Vo Xy

The general expression of g; and g, for the above system are thus

V, X,
=—=—-—"=—-m
g1 ‘/2 ‘X'2
Vo X
o= — — 24 B X, + mazx{—n+ Y1, -k +nVi}
Vo Xy

Again, from the system (9.1), it is obtained that

XQ = Vo Xy — (ug +e+ 7+ T4U5)X2
X, BVeX;
X, X, (3 + € 4 72 + T4us)

Therefore using these in above it is obtained that

V. Vo X
91272—/62?221‘1‘(#34‘64‘72‘1‘74%)—7“
_ W BhX

g2 = v X —l—(,ug—i—e—l—’yz—l—uug,)+52X1+max{—n+ﬁ1Y1,—k+77V1}
2 2

Therefore, from equation (9.15) we have

V Vo X
u(B) < vz—ﬁz; L4 (g + €+ Yo + Taus)
2 2

+ max{Be Xy + max{—n+ 51Y1,—k+nV1},—m}
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If the disease is uniformly persistence for Ry > 1 then

inf{tli)rg(%(t),VZ(t),Yl(t),Yg(t),Ys(t)J(l(t),Xz(t)aX3(t))} >c

then the above equation reduces to the following form

v
u(B) < 2 _ Byt (13 + €+ vo + Tqus) + mam{ﬁgc + max{—n + Bic, —k + nc}, —m}

)
Vs
< v Boc — (pg + € + 72 + Tyus) — mazs Poc + maz{—n + fic, —k + nc}, —m
2
(9.16)
Now, we define that
g = {Bgc — (13 + € + 72 + Tyus) — mcm:{ﬁgc + maz{—n + Bic, —k + nc}, —mH
Using this the equation (9.16) reduces to the following
V;
By < 22 _
w(B) < v Ha
Then integrating the above from 0 to ¢t we have
t t V t
/ u(B)ds < / 2dt — m/ dt
0 o V2 0
t
e [ u(B)ds < llogValt)y — ut
0
I 1. Va(t)
.. - B)ds < =1 —
1.€., t/QM()S—tOg%(O) 22
Therefore, we have
1 t
tlim sup sup ;/ w(B)ds < —py < 0, provided that py > 0 (9.17)
— 00 0

for all (V2(0), Y5(0), X»(0)) € K.

Then, the equation (9.17) proves that the system (9.14) is globally asymptotically stable
when Ry > 1 and py > 0.

Since the system (9.14) is globally asymptotically stable hence it can be written as

Vo(t) = Vo', Ya(t) — Y5 and Xo(t) — X5 ast — oo
Again, from the first equation of system (9.1) we have

dVi

— = r(1=Vi/K(t)Vi —nYoVi + Vo — musVi
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and its limit form is given by

dV/
d_tl =r(1 =Vi/K(#)Vi =Yy Vi + V5 — oua Vi — miuaVi
dVy . . rVi
g =V1{T‘—77Y2 +&Vy — Tour — Taug — m}
dV/ Vi
—L<vir— nYy + EVy — moup — Tyug — (£} , where |K(t)| < K;
dt K,
dV; r
— < —ViIM -V
dt = K, 1{ 1}
where M = % lr —nYy — Tour — T1u2:| .
Now, its solution is given by
Ml
Vi < —QMM where [, is arbitrary constant.
12 —+ e K1

From this it is seen that when ¢ — oo then

Vi — M, provided that M > 0
Vi — V" where V" = M

Similarly, it can be shown that
Vi—-Y" Y=Y X) = X7, X5 — X3

This proves that the system (9.1) is globally asymptotically stable around E*.

9.6 Numerical Simulation

To check the feasibility of our analysis regarding stability conditions of the system (9.1),
we have conducted some numerical computation using MATLAB by choosing the fol-
lowing set of parametric values:

r=2.0, K(t) = 1000 + 0.01sin(nt/180), n = 0.15, £ = 0.01, a = 0.1, py = 1,20,

p1 = 0.0001, f; = 0.3, v = 3.0, uz = 50, pug = 1/65, fo = 0.3, B2 = 0.003, € = 1/45,
Yo = 0.1,u; = uy = uz = ugy = uz = 0. For the above set of parametric values with dif-
ferent initial values such as (26, 730), (60, 750) and (65, 530) we draw the phase portrait
of the system (9.1) which is shown in Figure 9.3. From this figure, it is observed that all
the trajectories initiated from different initial values converge to the equilibrium point
(33.72,651) which indicates that the endemic equilibrium point is stable.
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850
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Susceptible mosquito (Vl)

Figure 9.3: Nonlinear stability of (V{*, V5) in V; — V4 plane.

Without Control

In this section, we have explored some characteristics numerically for the following prob-
lems, regarding the stability conditions for the system (9.1).

Problem 1: In this problem, the following parametric values have been considered:
r = 1.0, K(t) = 100 + 0.08sin(g5t), n = 0.00021, £ = 0.0001, o = 0.3, 1y = 1/20,

f1 = 0.0001, f; = 0.4, v = 4.5, s = 10, uz = 1/65, fo = 0.4, By = 0.0003, € = 1/45,
Yo = 4.5.

For these parametric values the conditions stated in Theorem 9.2 are satisfied, so the
disease free solution around Fjy of the system (9.1) will be locally asymptotically stable.
Again, using the above set of parametric values, we have R} = 0.35 which is less than

one. Hence, this implies that disease tend to extinct which is also observed by Figure 9.4.

Problem 2: Again, in this problem it is considered that » = 0.6, K(¢) = 1000 +
0.08sin(Zt), n = 0.0021, € = 0.001, a = 0.3, yr; = 1/16, B = 0.01, f = 0.4, 3 = 2.0,
f1s = 20, iz = 1/65, fo = 0.2, By = 0.003, € = 1/30, 75 = 0.5.

For the above parametric values, the reproduction number R} is 1.11 which is grater
than one. So, the system (9.1) for such parameters is endemic according to Theorem
9.3 which is also depicted by Figure 9.5 where it has been shown that infected mosquito
population, infected reservoir population as well as infected human population do not
vanish as time increases. It is observed that ultimately these are going to the said en-
demic equilibrium point (45.83,88.89,643.2,273.4,1183.0,516.6,29.79,620.6). Again, in

this numerical simulation, we have s = 0.0035 which is grater than zero.
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Hence, according to discussion in Section 9.5, the endemic equilibrium point
(45.83, 88.89,643.2,273.4,1183.0, 516.6,29.79, 620.6) is also globally asymptotically sta-

ble.
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Figure 9.4: Represents disease free equilibrium point without control.
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Figure 9.5: Represents endemic equilibrium point without control.
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With Control

Problem 3: Here the same set of parametric values has been considered in Problem 2.
including five control parameters such as: u; = 0.5, uy = 0.5, u3 = 0.5,u4 = 0.5,u5 = 0.5
with full effectiveness i.e., 7o = 71 = 7o = 73 = 74 = 75 = 1.0 in the system.

For the above set of parametric values, the system (9.1) is disease free since the repro-
duction number R} = 0.1920 which is less than one. In Figure 9.6 it has been shown that
infected mosquito, infected reservoir and infected human vanish as ¢ tends to infinity.
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Figure 9.6: Represents the mosquito and human populations with control Ry < 1.

Problem 4: For this problem parametric values have been considered as

r =12, K(t) = 1000 + 0.08sin(1gt), n = 0.0021,§ = 0.0001, o = 0.3, j1; = 1/186,

f1 = 0.001, f; = 0.4,y = 4.5, u2 = 150, u3 = 1/65, fo = 0.4, B> = 0.0003, € = 1/45,
Yo = 4.5.

The above parametric values have been used to illustrate the effectiveness of all control
parameters on the system to reduce the infected humans from the Japanese Encephalitis
disease. Also different results have been given in Table 9.1 due to different combinations

of application of all control parameters.
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Table 9.1: Disease extinction or disease persistent

Effectiveness of controls Values of control parameters R} Results
0= 1.0 up = 1.0,us = uz = ug = us = 0.0 0.4522 | Disease free
71=1.0 us = 1.0,u1 = uz = ug = us = 0.0 0.2173 Disease free
™ =1.0 uz = 1.0,u1 = us = ug = us = 0.0 0.6229 Disease free
3 =1.0 uy = 1.0,u1 = us = uz = us = 0.0 1.1077 | Disease persist
7 =1.0 us = 1.0,u; = uo = ug = uy = 0.0 1.1077 | Disease persist

73=1.0,74=1.0 uy = 1.0,us = 1.0,u7 = ugs = uz = 0.0 1.1077 | Disease persist
To=T173=T14=1.0 u; = 1.0,u4 = 1.0,u5 = 1.0, us = uz = 0.0 | 0.4522 Disease free

For the above set of parametric values from Table 9.1 the following observations have
been made:

(i) when the control combinations are (ug = 1.0,u; = us = uzg = us = 0.0), (us =
1.0,u; = ug = uz = ug = 0.0) and (uy = 1.0,us = 1.0,u; = uy = uz = 0.0), then the
values of R} is grater than one for each such combination i.e., in these situations the
disease persists in the system. Therefore, we can say that

(a) the system remains endemic if only one of the following control parameters such
as use of vaccination to the susceptible human (u4) and treatment of the infected
human (u;) are used in the model.

(b) if we apply one or more control parameters such as uy, us and (uy, us) in the model
then the system remains also endemic.

(i7) when the control combinations are (u; = 1.0,us = ug = uy = us = 0.0), (ug =
1.0,u; = ug = uy = us = 0.0) and (uz = 1.0,u; = uy = uy = uz = 0.0) then the values
of R} is less than one i.e., in such situations the system becomes disease free. Since this
set of parametric values satisfies the Lemma 9.4.

So, from the above numerical simulations, it is concluded that the control parameters
uy, ug and ug are more effective than wug,us and (uy, us).

The Figure 9.7 represents the value of the reproduction number with respect to the
control parameters uq, us and us for the parametric values used in Table 9.1. From this
figure it is concluded that the reproduction number (R}) is a decreasing function with
respect to the above mentioned parameters. Hence the Lemma 9.3 is also verified.
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0 0.2 0.4 0.6 0.8 1
Controls

Figure 9.7: Represents the value of R} with respect to control parameters uy,us and us.

With Hopf bifurcation of the System

In this section, environmental carrying capacity of mosquito population has been con-
sidered as a constant without any control parameter i.e., K(t) = a and u; = uy = ug =
Uy = Uy = 0.

Problem 5: For this case the following parametric values have been considered as:
K = 50, 5 = 002, o = 02, M1 = 01, .fl = 003, fg = 004, Y1 = 01, M2 = 100, M3 = 02,
B2 = 0.03, e = 0.002, v5 = 0.2, N; = 500.

For this parametric values, it is seen that our proposed system undergoes Hopf bifurca-
tion with respect to the parameter r (intrinsic growth rate of susceptible mosquito), n
(per capita contact rate of infected reservoirs with the susceptible mosquito population)
and /3 (per capita contact rate of infective mosquito with susceptible reservoir popula-
tion). If we change the value of r, n and /31 from 0.1 to 0.5, 0.02 to 0.08 and 0.05 to 0.08
then the Hopf bifurcation occurs which have been shown in Figure 9.8, Figure 9.9 and
Figure 9.10 respectively. It is clear from the bifurcation diagram that for lower values
of n(= 0.0242), £1(= 0.0638) and higher value of r(= 0.384) the our proposed system
remains stable but, above the threshold value of n(= 0.0242), 5;(= 0.0638) and lower
values of r(= 0.384) our proposed system losses its stability and periodic solution arises
through Hopf bifurcation.
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9.7 Conclusion

In this concluding part we would like to mention that this Japanese Encephalitis model
has been derived depending on time dependent carrying capacity and some control pa-
rameters. The existence of local stability of disease free equilibria of the model has been
analyzed. The condition under which the global stability of endemic equilibria of the sys-
tem exist has been derived. Theoretically, we have found the required conditions under
which system will be disease free and disease persist along with numerical verification
also.

From the analysis of this model the following have been drawn
(i) The solutions of the system (9.1) are bounded if min{mu; + Tus, @ + Tyus} > 0.

(ii) The basic reproduction number is a decreasing function with respect to uy, us and
uz under some conditions.

(iii) Our proposed system can be disease free with the application of single control of
u1, ug and us under some conditions.

(iv) It is also shown that if one control cannot make the system disease free then two
or three controls make the system disease free under some conditions.
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(v)

(vi)

(vii)

The disease free solutions and endemic solutions of our proposed system will be
locally asymptotically stable and globally asymptotically stable under certain con-
ditions.

For a certain set of parametric values from the Table 9.1 it is concluded that any
one control among intermittent irrigation system (u;), use of pesticide to kill the
mosquito larvae (uy) and the application of vaccination on the reservoir population
(u3) make the system disease free.

Our proposed system in the absence of control parameters with constant environ-
mental carrying capacity of mosquito undergoes a Hopf bifurcation with respect to
some parameters. If we change the intrinsic growth rate of susceptible mosquito,
per capita contact rate of infected reservoirs with the susceptible mosquito popu-
lation and per capita contact rate of infective mosquito with susceptible reservoir
population, then a Hopf bifurcation occurs. Our study suggests that if the intrin-
sic growth rate of susceptible mosquito increases, the the system remains unstable
up to a threshold value r*. But, the system becomes stable above that threshold
value. Similarly, if per capita contact rate of infected reservoirs with the suscepti-
ble mosquito population (n) and per capita contact rate of infective mosquito with
susceptible reservoir population (f;) increase, then our proposed system remains
stable up to a threshold value n* and [} respectively. But, the system becomes
unstable above that thresholds.
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Chapter 10

Summary and Future Research

Work

In this dissertation, some innovative Ecological and Epidemiological problems have been
considered and solved.

In Chapter 2, the first model of this thesis represents the dynamics of a prey-predator
model interacting among three species such as Phytoplankton, Zooplankton and Fish.
It is considered that the growth rate of Phytoplankton growth rate is logistic and it
produces some toxin which makes some death on Zooplankton population. Again, it is
also assumed that Zooplankton consumes only Phytoplankton and Fish consumes Phy-
toplankton as well as Zooplankton. The equilibrium points of our proposed system are
determined and the stability of this system have been discussed around these equilibrium
points. After that Hopf bifurcation analysis has been done with respect to the consump-
tion rate of Zooplankton () and releasing rate of toxin substances (p) produced by unit
biomass of Phytoplankton. Finally, sensitivity analysis on two critical parameters R
and Ry involved in the stability of the equilibrium points are also carried out.

Chapter 3 also deals with a prey predator mathematical model where prey population
is divided into two subpopulations such as juvenile prey and adult prey. It is assumed
that the growth rate of the juvenile prey depends on the adult prey population and is
also assumed that juvenile prey becomes adult after staying sometimes on the juvenile
stage. In this model, it is considered that predator consumes both juvenile prey and
adult prey. An anti-predator behavior has been considered on adult prey population.
Due to this behavior, the adult prey makes a defense against the predator to save its
infants from predation making some deaths on the predator population. Then, different
equilibrium points are determined and stability of the system around these equilibrium
points has been done. Hopf bifurcation analysis has been carried out with respect to the
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anti predator behavior term (7). Comparison of results with and without anti predator
behavior has been resulted analytically as well as numerically.

In Chapter 4, the impacts of an additional food on a harvested three species prey
predator system have been analyzed. Among three species, one species is prey, other
two species are middle predator and top predator. Here, it is assumed that the middle
predator can consume only prey and the top predator can consume both prey and middle
predator. The harvesting of top predator is considered in this model. It is assumed that
some constant amount of additional food is to be supplied to the top predator popula-
tion. Due to this, the predation pressure on the prey and middle predator population
must decrease. Then, the different equilibrium points are determined and the stability
of the system around these equilibrium has been carried out. Hopf bifurcation analysis
have been investigated with respect to the consumption rate of prey to the top predator
(a3) and the harvesting effort (e). Finally, some numerical simulation has been presented
for better understanding the dynamics of the model.

In Chapter 5, the effects of additional food on a three species such as prey, predator
and super predator have been discussed. In this model, it is assumed that the predator
population only consumes the prey population and the super predator consumes only
predator. A constant rate of refuge has been considered on the predator population.
Also, harvesting on the super predator population has been considered. It is also as-
sumed that a constant amount of additional food be supplied to the super predator
population. Henceforth, the predator population is also benefited from this additional
food in a little amount. Then, Hopf bifurcation analysis has been done with respect to
the predation rate of predator to the super predator (as). An optimal harvesting problem
has been formulated and solved by using Pontryagin’s maximum principle. The effects
on the the optimal harvesting rate have been shown with respect to the additional food.
Finally, some numerical results are given to substantiate our theoretical results.

In Chapter 6, a Cholera disease transmission model has been developed. In this model,
the total human population is divided into three subpopulations such as susceptible hu-
man, infected human and recovered human and total bacterial population has been di-
vided into three subpopulations such as hyper-infectious, low-infectious Vibrio Cholerae
and bacteriophage population. It is considered that the susceptible human becomes in-
fected by hyper-infectious and low-infectious Vibrio Cholerae. It is also assumed that
the hyper-infectious Vibrio Cholerae grows through infected human feces, vomiting etc.
and the growth of low-infectious Vibrio Cholerae depends on the hyper-infectious Vib-
rio Cholerae, because hyper-infectious becomes low-infectious after certain times. It is
considered that the bacteriophage reduces the density of both hyper-infectious and low-
infectious bacterium. Then determining the different equilibrium including disease free
and endemic, the stability of the system has been investigated. Here, the required condi-
tions for which the system will be disease free and disease persistent have been explored.
Finally, some numerical results are presented to validate our analytical findings.
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In Chapter 7, a Cholera disease transmission model has been developed considering
all parametric values in the model to be fuzzy uncertainty. Here, the model consists
of the interaction between human populations to be divided into three subpopulations
such as susceptible human, infected human and recovered human along with one bacterial
population i.e., Vibrio Cholerae in the environment. It is assumed that the susceptible
human becomes infected through food and drinking water contaminated by the Vibrio
Cholerae in the environment. The bacterium Vibrio Cholerae are released in the envi-
ronment through the feces and vomiting of an infected human. Then, a mathematical
model is formulated considering interactions among all populations and fuzziness of all
parameters. After that the disease free and endemic equilibrium points are determined
in the system along with the showing of the stability of the model. The change of equi-
librium points with the variation of uncertainty has been investigated. Different solution
graphs are given in the numerical section for better understanding the dynamics of our
proposed model.

In Chapter 8, a Malaria disease transmission model has been developed. Here, to-
tal mosquito population is divided into two subpopulations such as susceptible mosquito
and infected mosquito and also total human population is divided into three subpopu-
lations such as susceptible human, infected human and recovered human. It is assumed
that the growth rate of susceptible mosquito is logistic and susceptible mosquito becomes
infected through the bite of infected human. Again, the disease will be spread in the
human population when an infected mosquito bites a susceptible human. To eradicate
the Malaria disease from human population, three types of control parameters such as
bed-nets, insecticide spray and use of citronella plant based product have been consid-
ered. Again, it is considered that the disease transmission rate from human to mosquito
and mosquito to human are control parameters and time dependent. Here, death rate
of mosquito is depended on a control parameter. Then the disease free and endemic
equilibrium have been determined. The stability of the system around these equilib-
rium has been investigated. An optimal control problem of the Malaria disease has been
constructed and solved by Pontryagins maximum principle. The Hopf bifurcation has
been analyzed with respect to disease transmission rate from human to mosquito («)
and recruitment rate of susceptible human (\) for autonomous case of the system.

Chapter 9 discusses the derivation of the transmission of Japanese Encephalitis dis-
ease among mosquito, reservoir and human populations. The growth rate and carrying
capacity of mosquitoes have been considered as logistic and time dependent. It is as-
sumed that the susceptible mosquito becomes infected through the bite of it an infected
reservoir and then the susceptible human becomes infected through the bite of infected
mosquito. To eradicate the disease from human population, some control parameters
such as intermittent irrigation system, use of pesticide to kill the mosquito larvae, ap-
plication of vaccination on the reservoir, treatment of infected human and application of
vaccination to the human have been used. Then the stability of the system around dis-
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ease free and endemic equilibrium has been investigated. The Hopf bifurcation analysis
have been done with respect to growth rate of susceptible mosquito, per capita contact
rate of infected reservoirs with the susceptible mosquito and per capita contact rate of
infective mosquito with reservoir respectively. Finally, the numerical simulation has been
given to support our analytical results with the effectiveness of using different control
strategies.

Future Research Scope

Following modifications can be made in the models described in the thesis for future
extension: (7) In Model-2.1, the mathematical formulation is quite general and hence
the present models can be extended to include ratio dependent functional response, time
delay, harvesting on the fish species etc. (ii) Model- 3.1 can be extended to include
time delay, refuge, harvesting on the predator population etc. (iii) Model-4.4 can be
extended to include ratio dependent functional response, time delay, refuge, additional
food to both top predator, middle predator and prey etc. (iv) Model-5.1 can further
be extended in several ways like harvesting on both super predator and predator, time
delay, anti-predator behavior and others. (v) Model-6.1 can be extended by introducing
new factors which are responsible for disease transmission, suitable control strategies,
time delay on the Vibrio Cholerae in the bacterial population etc. (vi) Model-7.1 can
be extended by introducing optimal control, time delay, Holling type II or III type func-
tional response etc. (vii) Model-8.1 can be extended by consideration of some new type
of control strategies, time delay etc. (viii) Model-9.1 can further be extended in several
ways like optimal control, time delay, time dependent transmission rates etc.
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