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ABSTRACT

Newcastle disease (ND) is a highly contagious viral bird disease affecting the domestic and

other wild birds. The disease is a major threat to the farming of village chicken by small,

medium, and large scale farmers.

In this dissertation, a non-linear deterministic mathematical model of ND to study the dynam-

ics, control and the economic loss of the village poultry with village chicken population, wild

birds population of virus in the environment is formulated and analyzed.

The basic reproduction number(R 0) which represents the number of secondary cases where one

case would produce in a completely susceptible population is derived using the Next Genera-

tion Matrix technique. The bifurcation analysis of the equilibrium points shows that a model

exhibits the forward bifurcation meaning that theR 0 less than a unit is a suf�cient condition

to reduce the transmission of ND in village chicken population. The sensitivity analysis of the

parameters inR 0 were computed using a normalized forward sensitivity analysis, results show

that the transmission coef�cient of the Newcastle disease virus between the hosts and the envi-

ronment is found to be the most positive sensitive parameter in the model.

A model is then extended to include three time dependent variables: vaccination, culling and

the environmental hygiene and sanitation control strategies. To determine the best control strat-

egy to mitigate the ND burden, the optimal control techniques are applied. The existence of

the optimal control problem is proved with the necessary conditions for optimality determined

using the Pontryagin's Maximum Principle. Numerical simulations were performed using the

forward-backward sweep iterative scheme of Runge-Kutta method of order four.

Finally, a cost-effectiveness analysis is performed using the Incremental Cost-Effective Ra-

tio (ICER). The results showed that the vaccination control strategy indicates the lowest cost

compared to other control measures. The economic burden of the ND to chicken farmers, is

considered as the total annual expenditure that a chicken farmer can incur to rescue the at risk

chicken population from the ND is also investigated. The economic data of the model were

collected from ten villages of Bagamoyo and Kibaha, Tanzania. Results from this study in-

dicate that the recurrence of the ND in the village chicken population could lead to a serious

economic loss at family level in this already �nancially constrained environment where small

and medium farmers operate. The results obtained shows that there was22:5%loss from their

expected pro�t post Newcastle outbreaks in2017. Also the results show that the occurrence of
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the ND leads to an average range of482:89� 541:30$economic loss at family in2017.

Therefore, for the effective control of NDV and its transmission we recommend vaccination to

be paired with regular cleaning of chicken yards.
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CHAPTER ONE

INTRODUCTION

1.1 Background of the Study

Newcastle disease (ND) is a highly contagious viral disease affecting many domestic and wild

avian species (Gilchrist, 2005; Ashraf and Shah, 2014; Brown and Bevins, 2017). The sus-

ceptibility of Newcastle disease virus (NDV) to the host depends on the isolates of the poultry

groups among the avian species. The �rst isolate includes a group of chicken whilst the second

isolate comprises of the group of other domestic and wild birds (Muniret al., 2016). The effects

of ND are more notable to chicken due to their high susceptibility than to other avian species

(Alexanderet al., 2004).

The disease is caused by Avian Paramyxovirus Serotype 1 (APMV-1) virus in paramoxyviridae

family (Yongoloet al., 2002; Muniret al., 2016) and it is a major constraint to the development

of village chicken industry particularly in Africa and Asia (Otteet al., 2004; Ashraf and Shah,

2014). High mortality rate of up to90% have been documented with sometimes devastation of

whole �ocks during an outbreak (Yongoloet al., 2002; Hugoet al., 2017). ND is characterized

by: coughing, head twisting, paralyzed legs and wings,greenish diarrhea, and other nervous

symptoms that follow in one or two weeks (Alexanderet al., 2004; Oluwayeluet al., 2014).

Figure 1: The clinical signs of ND (Source:https:www.agricpays.com)

However, these signs and symptoms are not pathognomonic thus it becomes hard to distinguish

1



the disease from other avian paramyxovirus diseases (Alexanderet al., 2004). The rates nor-

mally vary depending on the age of the host, virulence and the strains of the pathotypes (velo-

genic, mesogenic and lentogenic), susceptibility of the host, other diseases in the �ock, environ-

mental in�uences, and the vaccination history of the birds (Brown and Bevins, 2017). Though

chickens among other domestic birds are mostly affected by the disease, young birds in a �ock

are extremely susceptible to disease where death rate reaches the peak of 100% (Knueppelet al.,

2009). Though ND is not common to human and other animals, the disease is transmissible to

humans, with conjunctivitis, in�uenza-like symptoms being the most common clinical signs

(Spradbrow, 2001; Ibitoyeet al., 2013).

The disease under consideration is of global importance as it could affects both poultry and

humans. It is primarily posing a potential threat to village poultry farming by small and medium

farmers leading to serious economic losses to an already �nancially constrained environment.

1.1.1 History of Newcastle Disease

The �rst documented outbreaks were in Java, Indonesia (1926) and in Newcastle-upon-Tyne,

England in1927(Alexander, 2001; Kapczynskiet al., 2013). However; there were earlier

reports of similar disease outbreaks in Central Europe before this date that wiped out all the

domestic fowls in the North-West Isles of Scotland in1896(Macpherson, 1956). The disease

is now endemic in Asia, the Middle East, Africa, Central and South America (Alexanderet al.,

2004). Its history, origin and spread to Tanzania have not been reported but it is documented in

some countries of Africa and the rest of the world (Awanet al., 1994; Yongoloet al., 2011).

1.1.2 Transmission Dynamics of Newcastle Disease

Although the ND is endemic in rural poultry, many aspects of its epidemiology have not fully

understood. In rural environment, poultry are managed in semi-free range and/or free range

system where chickens are left freely searching for food themselves. Under the free range sys-

tem village chickens get the ND and primarily spreads through direct contacts of the susceptible

birds with the contaminated water, food, droppings or discharges of the infected birds and other
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farm utensils (Dortmanset al., 2011) of the infected birds or carrier birds and other un-infected

birds in their �ocks. Furthermore, the carrier birds may shade NDV in their discharges and

contaminate the environment. Depending on the season, the virus can survive for days in the

environment, forage, water and in the bird's feathers. The . Interactions of the wild birds and the

chickens when searching for food is another way that virus passes to village chicken (Alexander

et al., 2004; Gilchrist, 2005).

1.1.3 Poultry Industry in Tanzania

The poultry industry in Tanzania is greatly dominated by local chickens and exotic birds (breed

chickens, turkeys, guinea fowl, geese, parrots, pigeons and ducks). This industry though it may

contribute very little to the growth domestic product (GDP), it is possibly the most important

socio-economic factor of the rural population along with subsistence agriculture (Yongoloet al.,

2002). It is a good enterprise for less privileged groups in villages especially women and youth

who are left behind economically (Alderset al., 2009). The enterprise provides them with

employment, nutritious food and income depending on the number of chicken available per

household (Alexanderet al., 2004; Alderset al., 2009). In2011, Tanzania had an estimate of56

millions chicken, where80% of chicken were local breeds reared traditionally by the free range

system and the rest (that is,20%) were exotic breeds (Swaiet al., 2011).

1.1.4 The Study Area

Pwani Region is one among the administrative Regions in Tanzania Mainland. It is located

between latitude60 and80 South of Equator and longitude37030 and400 East Greenwich. It

borders the Indian ocean and Dar es salaam Region in East, Morogoro Region in West, Tanga

Region in North and Lindi Region in South. The Region has �ve Districts namely: Kisarawe,

Mkuranga, Ru�ji, Bagamoyo and Kibaha. Our study is focusing in two Districts of Kibaha and

Bagamoyo which have a total estimate of1; 817; 200village chickens. In Bagamoyo district

four villages namely: Dunda, Kibindu, Lugoba and Zinga villages were considered for the

study. However, six villages namely: Gwata, Soga, Janga, Kilangala, Ruvu and Mlandizi from
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Kibaha district were selected for data collection.

Figure 2: A map of Bagamoyo and Kibaha showing four surveyed villages in Bagamoyo and six

surveyed villages in Kibaha Districts, Tanzania

1.2 Statement of the Research Problem

Different studies have been conducted on the village chicken looking at different aspects for

the transmission dynamics of ND (Alexanderet al., 2004; Yongoloet al., 2011; Ristet al.,

2015). Those literature have not adequately studied the transmission dynamics and control of

ND with environment and wild birds reservoirs. However, interventions to reduce the spread of

ND have been proposed but no study has considered the optimal control of the ND and other
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poultry diseases that hinders the village poultry farming. The aim of this study is to formulate

and analyze mathematical model of the ND transmission and its control in village chicken

population.

1.3 Research Objectives

1.3.1 General Objective

The general objective of this study is to develop a mathematical model for the transmission,

control and economic loss of ND in the village chicken.

1.3.2 Speci�c Objectives

The speci�c objectives of this study are:

(i) To formulate and analyze a basic mathematical model for ND.

(ii) To formulate and analyze a mathematical model of ND with vaccination, culling and

environmental hygiene and sanitation control strategies.

(iii) To evaluate the cost-effectiveness in the control of ND.

(iv) To analyze the economic loss of ND at the family level.

1.4 Research Questions

(i) How to formulate a model for the transmission dynamics of ND with environment and

wild birds reservoir?

(ii) How to formulate a transmission dynamics model of ND with an optimal control?

(iii) What is the Cost-Effectiveness in the control of ND?

(iv) To what extent does the recurrence of ND affect the economy of people at family level?

5



1.5 Justi�cation of the Research Problem

The signi�cance of this study are:

(i) Provision of mathematical framework for determination of the control strategies of the

ND among the village chicken population.

(ii) Provision of understanding on the socio-economic importance of the ND as it affects both

human and village chicken industry.

(iii) Provision of a platform for future researches on the transmission of ND among the village

chicken.

1.6 Rationale of the Study

Understanding the transmission dynamics of the ND will help farmers, Veterinary of�cers and

the policy makers to plan the best time for different interventions so as to reduce the possibilities

for the spread of the Newcastle disease. The selected research topic aims to �ll the gap that has

been left behind by other theoretical and empirical studies by developing a mathematical model

that shows the epidemiology of ND in the village chicken population. Identifying optimal

controls of the ND will help poultry keepers and policy makers to plan for the best time and the

control measures for reducing the spread of NDV. Furthermore, this study will help farmers to

improve their economy by optimizing the number of poultry that can be reared per households.

1.7 Basic Mathematical Concepts

1.7.1 Dynamical System

A dynamical system_X = G(X; t ) is a function which describes the time dependence of a point,

X 2 Rn , in a geometrical space.
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1.7.2 Basic Reproduction Number

The basic reproduction number(R 0) is de�ned as the average number of secondary cases

caused by one infectious individual introduced in a population that consisting of entirely sus-

ceptibles (Foppa, 2005; Harteminket al., 2008; Mwangaet al., 2014). This number tells and

quanti�es the ability of an infectious disease to invade a purely susceptible population and per-

sist (Foppa, 2005; Harteminket al., 2008) and is measured as the spectral radius of the next

generation matrixi:e; R 0 = � (FV � 1).

1.7.3 Next Generation Method (NGM)

It is a method developed by Van den Driessche and Watmough (2002) that give brief descrip-

tions on how to calculate the basic reproduction numberR 0. This method is applied as follows;

Given a dynamical system

dX i

dt
= Gi (X; t ) ; for i = 1; 2; :::; n 2 N (1)

whereX i be the status of the disease in the compartmenti and supposeV +
i andV �

i be the rate

of transfer in and out of the compartmenti , respectively. It also assumes that the disease free

equilibrium point of the dynamical; system is given by� 0. Therefore,

dX i

dt
= Fi (t) � Vi (t) ; where; Vi = V �

i � V +
i (2)

Then

F =
@Fi (� 0)

@t
; V =

@Vi (� 0)
@t

(3)

and lastly the basic reproduction number is found as the spectral radius of the Next Generation

Matrix (NGM) written as;

R 0 = �
�
FV � 1

�
(4)

1.7.4 Metzler Matrix

The real square matrixM = [ mij ] 2 Rn� n is called the Metzler matrix if its all off-diagonal

entries are nonnegative, i.e.mij � 0; i 6= j:
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1.7.5 Lipschitz condition

Let (Z ; k:k) be a normed linear space, A dynamical systemG(t; X (t)) : Z ! Z is said to be

Lipschitz if 9K � 0 for which the Lipschitz conditionkG(X 1 )�G (X 2 )k
X 1 � X 2

� K is satis�ed for all

pairsX 1; X 2 2 Z , X 1 6= X 2: The boundK is called a Lipschitz constant forG.

1.7.6 The Optimal Control Theory

The optimal control theory is a mathematical tool that helps the designing of the optimization

systems which are in�uenced by external factors to be controlled (Sadiqet al., 2014; Kahuru

et al., 2017b; Hugo et al., 2017). The theory helps to describe different external factors of

complex models and provide control measures by analyzing the necessary conditions of optimal

control using the Pontryagin's maximum principle (Lenhart and Workman, 2007; Kahuruet al.,

2017b). The theory was developed by Lev S. Pontryagin(1968� 1988)and his co-workers

and over decades has been used for the analysis of the optimality of the solutions in different

complex mathematical models from biological sciences (Lenhart and Workman, 2007; Schńttler

and Ledzewicz, 2012; Kahuruet al., 2017b).

Optimal Control theory as a mathematical tool has different procedures and/or ways of reaching

the optimality of the desired problem. Lets consider the controlled dynamical system:
8
><

>:

_X (t) = G(t; X (t) ; u (t)) ; t > 0

X (0) = X 0; X (T) = X T

(5)

According to the dynamical system(5), X (t) refers to the state variable in a speci�ed time

t, X 0 is the initial condition of the state variables,X T is the �nal condition of the state vari-

able andu (t) refers to time dependent control parameter. This model system is a continu-

ous dynamical system and is governed by the set of non-linear ordinary differential equations

(ODEs) under a �xed and/or free time interval. The state variableX (t) is enclosed in the Eu-

clidean spacef X (t) 2 Rn : n 2 Ng and the controlu (t) variable is Lebesgue measurablei:e

f u (t) 2 U 2 Rm : 0 � u (t) � Tg. The controls affects the dynamical system with the main

purpose of minimizing or maximizing the cost functional. We minimize the cost function,

J (u (t)) by �nding the primal control variableu� such that,
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