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ABSTRACT

Cassava mosaic disease (CMD) is caused by cassava mosaic virus (CMV) and is transmitted by
the whitefly vector called Bemisia tabaci. In this study, the deterministic model for transmission
dynamics of CMD is formulated by considering the whitefly vector, cassava resistant and sus-
ceptible breeds, and infected cassava. The basic reproduction number Ry and sensitivity index
for each parameter with respect to basic reproduction number Ry are computed to determine
which parameters are sensitive to the dynamics of cassava mosaic disease. Analysis shows that
the death rate of whitefly vectors, infection rate for susceptible vectors, the number of vectors
that can be supported and recruitment rate of whitefly are most sensitive parameters to the dy-
namics of cassava mosaic disease. The disease stability at cassava mosaic free equilibrium was
investigated by using metzler matrix (box invariance). We found that disease free equilibrium is
asymptotically stable when Ry < 1. By using Lyapunovs direct method and LaSalles invariant
principle, endemic equilibrium is asymptotically stable when Ry > 1. Numerical simulation in-
dicates that, cassava new infections increase as many whitefly vectors are recruited and acquire
cassava mosaic disease. When controls are not considered, the susceptible breed and cassava
resistant breed will be wiped out after five and ten months respectively. To control the disease
interventions which target whitefly vectors, farmers are encouraged to apply control strategies
such as spraying of insecticide, using of vector-resistant varieties, phytosanitation which in-
volves the removal of infected cassava plants from the farm, crop hygiene and the use of free
stem cutting method. Analysis shows that spraying of insecticide and the death of whitefly vec-
tor plays the most important role in the eradication of CMD. This study concludes that, spraying
of insecticide is the possible way to get rid of both infected and susceptible vector as well as the
removal of infected cassava plants from the farm will help to reduce the contact rate between

plants and vectors.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Cassava (Manihot esculenta) is one of the crops which was firstly introduced in West Africa
from Brazil at the end of 16 Century by Portuguese and spread to other African countries
(Fauquet and Fargette, 1990; Nweke, 2009). Cassava has become the major staple food in
the world, particularly in developing countries like African countries, India and Sri Lanka.
According to FAO, about 700 million people depend on cassava as their main food in Africa
(Rogans and Rey, 2016).

Cassava is grown in semi-arid tropical and subtropical areas which experience low rainfall as
the crop can survive in drought climate. The communities in tropics and sub-tropics regions
have relied on this crop for food since their areas sometimes receive low rainfall and some of

the areas have poor soil which cannot support other crops (Irungu, 2011; De Tafur et al., 1997).

Production of cassava in Africa is becoming low due to a number of causes, notably pests and
diseases (Hillocks, 1997). Cassava brown streak disease (CBSD) and cassava mosaic disease
(CMD) are the most important biotic constraints which have led to decrease in yields. These
diseases are the main threats to farmers who produce cassava (Kinene et al., 2015; Calvert and
Thresh, 2002). Cassava brown streak disease is caused by cassava brown streak virus, after the
attack cassava plant can show the symptoms of CBSD, it attack the cassava tuber, leaves and
stem. This depends on cassava variety since others cannot show the symptoms earlier, and also
it depends on altitude, rain, plant age and virus species and sometimes the farmer confusing it
with the cassava mosaic disease (Kinene et al., 2015). While cassava mosaic disease is easy
to be recognized by the farmers, it attacks the leaves of cassava by destroying chlorotic area
which leads to the poor growth and poor health of a plant (Hillocks and Thresh, 2000). Both
diseases (CBSD and CMD) are more destructive since some of the introduced resistant breed
are easy to be affected by CBSD but highly susceptible to CMD while in contrast some are
highly susceptible to CBSD but resistant to CMD (Ntawuruhunga and Legg, 2007).

1.1.1 Causes and Transmission of Cassava Mosaic Disease

Cassava mosaic virus is a virus in a family of begomoviruses (Zhou et al., 1998). In this family
there are three familiar species which include African cassava mosaic virus (ACMV), East

African cassava mosaic virus (EACMV) and Indian cassava mosaic virus (ICMV) and lately
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there is another virus known by the name South African cassava mosaic virus (SACMYV) (Pita
et al., 2001). These diseases have been categorized in this way due to serological properties in

tests with a panel of monoclonal antibodies (Thomas et al., 1986; Zhou et al., 1998).

African cassava mosaic virus (ACMYV) contaminates the cassava leaves and is transmitted by
the whitefly vector called Bemisia tabaci (Fauquet and Fargette, 1990). There are other 500
different plants including weeds and crops which are hosts to whitefly vector (Legg and Fauquet,
2004; Morales and Anderson, 2001). Cassava mosaic disease can also be transmitted through
the use of infected stem cuttings as well as grafting infected bud wood onto uninfected cassava
plants (Alabi et al., 2011). Other factors, include the use of continuous infected plant materials
(Kapinga et al., 2005) as well as the use of CBSD resistant breed, which becomes vulnerable to

the cassava mosaic disease (Thomas et al., 1986; Zhou et al., 1998).

The disease was first reported from East Africa in 1894 (Thresh and Cooter, 2005) and spread
to the whole African continent, causing a great loss to cassava farmers. It attacks cassava plants
and affect the cassava leaves and roots leading to poor harvest and hence food insecurity (Fau-
quet and Fargette, 1990). Other cassava disease that attack the cassava plants are cassava brown
streak disease as it is explained above, cassava frog skin and green mite which is transmitted

through grafts, cassava meal burg just mention the few of them (Calvert and Thresh, 2002).
1.1.2 Disease Symptoms

The cassava plant which has been infected with the disease shows some symptoms which can
be recognized easily by the farmers (Thresh and Cooter, 2005). The infected cassava plant is
characterized by leaf mosaic patterns and it can persist during the premature stage of cassava
leaf development. The cassava leaves which are infected by the disease are warped, reduced in
size and distorted with yellow color separating the ordinary green color which is the health part

of the leaves. They then deteriorate and the new leaves bend (Hillocks and Thresh, 2000).



Figure 1: Symptoms of cassava mosaic disease on cassava plant.

The image (A) shows an infected cassava where the plant shows much severe stunting and
leaves distortion, Image (B) is a healthy plant. It is not yet affected by the disease. Image (C)
and image (D) the leaves of the plant becomes warped and abnormal leaflets mottling symptoms
(Alabi et al., 2011).

1.1.3 Impact of Cassava Mosaic Disease

Cassava mosaic diseasef poses food security problem in tropical and subtropical regions where
cassava is a staple food and cause a great loss to the farmers. Since the production of cassava is
interrupted with different factors the past two decades, in the year 2017 The world production
of cassava is experience to decline to 278 million tonnes, around 1 million tonnes lower than
the level of previous year (FAO, 2017). In Benin the cassava production has become lower by
9% from 2017 level and the reasons for the lower production is the outbreak of pest and disease
(FAO, 2018). For the past years, the actual production of cassava in Africa was approximately
to be 73 million tonnes but about 12-23 million tonnes are lost due to the disease (Thresh et al.,
1997). In Uganda almost four district have been rendered unproductive due to the incidence
of cassava mosaic disease. It is estimated that the disease has brought loss of 60 000 hectares
which were expected to produce 600 000 tonnes of tuberous roots. The same applies to other

places in Rwanda and Western parts of Tanzania (Thresh and Cooter, 2005).

According to FAO, Tanzania is one of the main producer of cassava in the world (Legg and
Hillocks, 2003). Cassava Mosaic Disease in Tanzania is one of the problem that is facing
the production of cassava. The disease has been spread at a fast rate leading to food short-

ages (Uzokwe et al., 2016). According to Tanzania Commission for Science and Technology



(COSTECH) production of cassava in Tanzania is only 8 t/ha which is lower compared to 20
t/ha that can be produced. The main causes of low production are pests and diseases.

Figure 2 shows the world production of cassava from 2011 to 2017.

WORLD PRODUCTION OF CASSAVA
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Figure 2: World production of cassava 2011-2017 (FAO, 2017).

1.2 Research Problem

Cassava mosaic disease is still a threat to the production of cassava in different parts of Africa
(Kinene et al., 2015). In Tanzania the rate of spread of cassava mosaic disease has increased
dramatically, which has led to food shortage and cash due loss of harvest as cassava is a cash
crop (Uzokwe et al., 2016).

Different measures have been taken to control and combat the disease. Some of these measures
include, the use of breeding which is resistant to diseases, CMD-free planting material, vec-
tor control by insecticides, and the sanitation method which involves the removal of infected
cassava plants. Most of the measures which help in the control of transmission dynamics of
disease (Thresh and Cooter, 2005) are biological. However, few studies have used mathemati-
cal models to investigate how control strategies can contain the disease. This work studies the

dynamics of cassava mosaic disease by considering cassava resistant breed which only catch



cassava mosaic disease through unhealthy cutting and susceptible breed which catch mosaic
disease through unhealthy cutting and contact from whitefly vector when the controls are not

and are implemented.
1.3 Objectives
1.3.1 General Objective

To develop and analyze a mathematical model for cassava mosaic transmission dynamics with

and without controls.

1.3.2 Specific Objectives

The specific objectives of this research were:
(i) To develop a mathematical model for the transmission dynamics of cassava mosaic dis-
ease.
(i) To analyze the model equilibria states.

(ii1) To perform sensitivity analysis, to determine which parameters are sensitive to the dis-

c€ase.

(iv) To determine the impact of cassava mosaic controls.

1.4 Research Questions

The study was guided by the following questions:
(1) How can a mathematical model for the transmission of cassava mosaic disease be formu-
lated?
(i1)) How can model equilibrium states be analyzed?
(iii)) How can sensitivity analysis be performed?
(iv) Which parameters are sensitive to cassava mosaic disease?

(v) What impact do controls have on cassava mosaic dynamics?



1.5 Significance of the Study

The study will have the following advantageous to the farmers, researchers as well as to the

agricultural stakeholders:

(1) To the farmers, researchers and other agricultural stakeholders, the study will improve

current knowledge about the transmission dynamics of CMD.

(i1) To the agricultural stakeholders and farmers, this study will help them to decide on the

suitable control strategies that will help them to reduce the persistence of CMD.

(i11) This study will act as a base for further research on CMD in Tanzania.



CHAPTER TWO

LITERATURE REVIEW

This chapter reviews some studies that have been conducted to investigate cassava mosaic dis-
ease (CMD) and its causes, disease symptoms, and impact, the possible solutions leading to
its control. Also various models explained more about CMD. Some of these studies are briefly

reviewed as follow.

Fargetie et al. (1994) presented analysis and modeling of the temporal spread of African cassava
virus and its implications for disease control. The relationship between the ACMYV epidemic in
a given period of time which depends on the age of a crop and the planting date and the ACMV
progress curve were presented. The simulation of the model shows that if the cutting is not
selective by considering the healthy and better plants, the occurrence of a disease will increase
sequentially to other plants in the field and ultimately will reach 100%. This can occur in any
amount of a host resistance even if it is after a certain period, by contrast, with reversion and/or
cutting selection, disease incidence may reach below 100% of equilibrium value. The effect
of these methods balances the new transmission of virus by whitefly vectors. By exploring
their ability to revert, it accentuates the possible way for the farmers to control the CMYV, after

infection, the farmers suffer low yield even after several crop rotations.

Fargette and Vie (1994), in their study title modelling and temporal primary spread of cassava
mosaic virus into planting, shows that the rate of transmission of ACMYV is dependent on the
planting date p, and the age of a cassava plant at time t. The relationship between these two
was expressed mathematically whereby the suitable functions were selected and the parameters
were derived by using nonlinear regression. The disease progressive curves were obtained by
using numerical integration of the differential equation. The fit between the model and the
experimental curves shows the trend of the epidemic. After testing the model it was found that

there was a good fit between observed and modelled disease progressive curves.

Fargette and Vié (1995) in their study on the Simulation of the effects of host resistance, re-
version, and cutting selection on incidence of African cassava mosaic virus and yield losses in
cassava, they discuss the model, which describes the epidemic of African cassava mosaic. They
use the model to explain the effect of resistance and sanitation on epidemic severity and cassava
productivity in successive annual cropping cycles. The parameters included in the model are
host resistance, secondary spread within plantings, latent period, and yield losses. The resis-

tance and sanitation were modelled in two different ways, firstly reversion which is percentage



of cutting the healthy plants from the infected plants and special cutting section which is the
ratio of cutting from the healthy plants to the number of an infected plants. When these two
methods are adopted, the disease incidence is increased during the first few annual crop cycles,
but it reaches the equilibrium which is below 100%. At this step of equilibrium, new infection
caused by whitefly vectors escapes, though the reversion and the yield losses become limited,
as well as the yield losses are assessed due to the incidence of the disease by combined effects

of host resistance reversion, and cutting selection.

Holt et al. (1997) in the study of an epidemiological model incorporating vector dynamics
applied to African cassava mosaic virus disease formulated a model which specifies the healthy
(susceptible) and infected cassava as well as the susceptible (non-infectious) and infectious
vector (the model is SI-susceptible and infectious). The study show that the increase in the
using of infected cutting have a little effect on the occurrences of a disease also the model
shows that the elimination of infectious cassava plants had little impact on the occurrences of a

disease.

In the study titled plant-vector-virus models with vector aggregation applied to cassava mo-
saic virus by (Hebert, 2014), three different differential equations as well as the corresponding
Markov chain models were used to model the dynamics of cassava plants that can be infected
by the virus from the vectors. These models included the effect of accretion of vectors implic-
itly through its transmission term. The basic reproduction numbers for these three models were
computed, and the probability of eliminating the disease was computed by using the stochastic
process models. The model was applied to cassava mosaic virus, the numerical and analytical
results show that the vector aggregation is growing in intricacy for the vector movement and

resistant crops as a well as the possibility of a disease to be recognized in host plant.

Lawrence and Wallace (2011) in their work named spatiotemporal dynamics of African Cas-
sava mosaic disease, used the system of differential equation to find the equilibrium value of
the whitefly vector and the cassava plants. The temporal ordinary differential equation system
was modified to incorporate the spatial dynamics. The result was analyzed by using the fi-
nite difference method to assess the spatiotemporal spread of a disease. The PDE system was
changed scientifically and this led to a solution which is in terms of the predicted relative cassava
yields. The simulation of the model includes parameter sensitivity analysis, spatial modifica-
tions, analysis of the impact of a source term, and initial condition variance. Results obtained
were compared to the field data and the implication of controlling the CMV practically were
explored. The study concluded that using of ACMD resistant strains of cassava and windbreaks

will have positive results to cassava yields.



The work on a general model of plant-virus disease infection incorporating vector aggregation,
(Zhang et al., 2000) They show that there is always a combination bilinear immunization rate
which is direct proportional to susceptible plants and the profusion of infective vectors. Also
the rate of acquiring is assumed to be directly proportional to uninfected vector (susceptible
vector) and that of infectious plants and that of infectious plants. The incidence of CMD were
examined, in which the combination of the new infection terms allowed the range of observed
disease progressive curve types to be described. New evidence of a mutual interaction between
the viruses and the whitefly vector, has shown that spatial aggregation of the vectors is an
unavoidable result of infection, particularly with a severe virus strain or a sensitive host. Virus
infection increases the fertility of a vector and the density of vectors on unhealthy plants. This
assumes to increase the spread of the disease through an increased emigration rate of infective
vectors to other crops. Paradoxically, within the infected crop, Vector aggregation reduces the
effective contact rate between vector and plants and therefore the predicted disease incidence is

less than when a bilinear contact rate is used.

Thresh and Cooter (2005) in their study titled strategies for controlling cassava mosaic virus
disease in Africa. Plant pathology, explain the different possible control solution of the disease
which can be taken. Among the possible control measures are phytosanitation. The study
explains how the health of a cassava plant can be improved to eliminate the further spread of
the disease. These include different features like crop hygiene which include, the removal of all
affected cassava plants from the farm, also the use of free-CMD stem cutting and the removal

of the diseased plants within the crop standing.

Generally, few of these studies considered the aspect of controlling the CMD mathematically.
This work studies the dynamics of cassava mosaic disease by considering cassava resistant
breed which only catch cassava mosaic disease through unhealthy cutting and susceptible breed
which catch mosaic disease through unhealthy cutting and contact from whitefly vector when

the controls are implemented.



CHAPTER THREE

MATERIALS AND METHODS

3.1 Methods on Formulation of the Basic Model

The study adopt an epidemiological process which is categorized into subpopulation. It includes
cassava plants which consists of three compartments (resistant breeds, susceptible breed as well
as infectious cassava) and the second subpopulation is vector population, which consists of two
compartments of susceptible vector and infectious vector. The system of ordinary differential
equation is formulated by considering the rate of change with time for each compartment. The
basic properties of the model which includes positivity of the solution and invariant region were
computed in order to prove if the model is mathematically and epidemiologically meaningfully.
The disease free equilibrium was shown and the basic reproduction number Ry was computed
by using the next generation matrix. The disease stability at cassava mosaic free equilibrium
was investigated by using Metzler matrix. Lyapunovs direct method and LaSalles invariant
principle were used to determine stability of endemic equilibrium. The forward normalized
sensitivity index was used to compute sensitivity index for each parameter. All methods are

explained below:
3.2 Next Generation Method

Next generation method is used to compute the basic reproduction number R and the effective
basic reproduction number Rj, in this method we assume f; (X) is the rate of cassava and whitefly
new infections and V; (x) = V;~ (x) — V;" (x), where V,", are the terms that are transferred into

the compartment and V™ is the terms that are transferred out of the compartment. From this we

obtain F and V by differentiating f; and V; respectively with respect to the infected classes.

_Afil0) oy Vi)
2 () T

then the basic reproduction number Ry is given as the maximum eigenvalue of FV~! (Van den
Driessche and Watmough, 2002).

F

3.1

3.3 Linearization Method

Local stability of cassava mosaic free equilibrium is proved by using the linearization method,
the ordinary differential equation formulates above was linearized and the Jacobean matrix

was obtained by differentiating the model system with respect to S,,Sc,Ic,Sy),Iy)T. Cassava
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mosaic free equilibrium is said to be locally asymptotically stable if Jacobean matrix has a

negative eigenvalue (Routh, 1877) or negative and positive determinant.
3.4 Metzler Matrix Method

The global stability at cassava mosaic free equilibrium is established by approach used by

(Castillo-Chavez et al., 2002). When this approach is used, system (4.1a) - (4.1e) is written

as follows: p
X
— = H (X1~ X)) HiXo, (32)
7))
— =GX 3.3
0 25 (3.3)

Where x; presents the noninfectious classes and x; infectious class, X(r ) present mosaic free
equilibrium. Therefore mosaic free equilibrium is said to be globally asymptotically stable if

eigenvalues of matrix H are negative and matrix G is a Metzler matrix.
3.5 Lyapunov Direct Method

Stability of cassava mosaic equilibrium is investigated by Lyapunov and LaSalles invariant
principle (Kahuru ef al., 2017). The system of differential equation which is combined with

Lyapunov equation. By using Lyapunov logarithmic function which is given by:
L=Y Gi(P—PF*InP;), (3.4)

where G1, is a positive constant which is to be chosen carefully, P, is a variable in a compartment
i and P* present a compartment variable at equilibrium point. At endemic equilibrium point is
said to be globaly stable when the rate of change of Lyapunov logarithmic function L is negative

for all value.
3.6 Sensitivity Analysis

In this part, we use the forward normalized sensitivity index to determine which parameters are

sensitive to the disease, which is given by:

YRo _ dRy f

Pk (35)

Where: Ry is the basic reproduction number and f is a parameter in basic reproduction number
Ro.
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3.7 Data Collection and Model Simulation

The study has used different parameters values from the literature and assumed ones as they are
summarized in Table 3. In numerical analysis, MATLAB R2014a software was used to in order

to validate and study the model.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Model Formulation

The model is formulated by modifying the model which was developed by Holt et al. (1997) to
include breed which catches cassava mosaic disease through unhealthy cutting and susceptible
breed that catches mosaic disease through unhealthy cutting and through contact with whitefly
vector. The model consists of two groups of population. The first group includes the cassava
population (N¢) which is divided into resistant (S,) and Susceptible (S¢) breeds, and infected
cassava (Ic). Second group includes the whitefly vector population (Ny) which consists of

susceptible vector (Sy) and infectious vector (Iy ).

Resistant breed is replanted at a rate r; and is infected by cassava mosaic disease through un-
healthy cutting at a rate §; and they are harvested at a rate p;. The term kj, represents the max-
imum plants for resistant breed which can be planted. Susceptible breed of cassava is replanted
at a rate rp, and is infected by cassava mosaic disease following contact with infected whitefly
vector and unhealthy cutting at a rate 3, while it is harvested at a rate p,. The maximum plants
of susceptible breed that can be planted is k;. Infected cassava flourish following infection of
resistant breed through unhealthy cutting at a rate 81, and infection of susceptible breed through
unhealthy cutting and contact with infected whitefly vector at a rate 3, and they decrease due
to the effect of cassava mosaic disease at a rate a and harvested at a rate p3. Susceptible vector
is recruited by birth at a rate b and catch infection following contact with infected cassava at a
rate 3. Also, k3 is the maximum number of vectors that can be supported. Infected vector is
recruited when susceptible vector catch infection following contact with infected cassava at a

rate 33 and ¥ is the death rate of whitefly vector.
4.1.1 Assumptions of the Model

The model has following assumptions:

(i) All whitefly vectors are born susceptible to cassava mosaic disease.
(1) The replanted cassava for both breeds are susceptible to CMD.

(iii)) The whitefly vector transmit cassava mosaic disease to resistant breed through unhealthy

cutting.
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(iv) Cassava susceptible breed gets cassava mosaic disease through contact with infected

whitefly and through unhealthy cutting.

(v) Susceptible vectors can be infected when they come into contact with the infected cassava.

Interaction between cassava and vector population is shown in Fig. 3. Variables and

parameters are described in Table 1 and 2; respectively.

Table 1: Variables” Description

Variables Description

Sy Resistant breed cassava at time t.

Sc The susceptible population of cassava at time t.
Ic The infectious population of cassava at time t.
Sy The susceptible vectors population at time t.

Iy The infectious vector population at time t.

Table 2: Parameters’ Descriptions

Variables Description

T Rate of planting resistant breed.

P1 The rate of harvesting resistant breed.

Bi The rate of resistant breed become infected.

r Rate of planting susceptible breed.

o) The rate of harvesting susceptible breed of cassava.

B2 The rate of susceptible breed become infected.

03 The rate of harvesting infectious cassava.

a The rate of loss of infected cassava due to disease.

b Recruitment rate for whitefly vectors.

B3 Vector infection rate .

Y The death rate of whitefly vectors.

K The maximum number of resistant breed that can be
planted.

ks The maximum number of susceptible breed that can be
planted.

k3 Maximum number of vectors that can be supported.
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Figure 3: Compartmental Model for the transmission of Cassava Mosaic Disease.
4.1.2 Model Equations for the Two Groups

ds S

TtrzrlSr (1_]{_:) _ﬁlerV_pISra (4.13)
ds S

=€ = mSe(1=25) = BoScly — paSe, (4.1b)
dt ko

dlc

E = ﬁZSCIV + ﬁlsrlv - p3IC - alc> (410)
ds Sy +1,

Ttv:b(SerIv) (1— v V) — BsSvIc— Sy, (4.1d)
dl

— = BsSvlc —vly. (4.1¢)

Subject to S, > 0,S¢ > 0,Ic > 0,Sy > 0,Iy > 0.
The total population of cassava is given as S, + Sc + Ic = N¢ and the total population of vector

is given as Ny = Sy + Iy.
4.2 Basic Properties of the Model
4.2.1 Invariant Region

Metzer matrix is used to show the feasible region, in which the variables are positive V¢ > 0. To

deduce the feasible region; the model system (4.1a) - (4.1e) can be written as:

dx
— =Ax+F 4.2
dt o ’ (4.2)

where x = (Sr,SC,IC,Sv,IV)T and a constant term F' = (0,0,0, O,O)T such that:
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—q 0 0 0 0

0 —q2 0 0 0
Ax=|filv  Balv  —q3 0 (B2Sc+BiSr) | (4.3)
0 0 0 —qs (p—2087
0 0 0 Bsly —y
where;
q1=Pilv+pi—n (1 —2f—;>, ¢ =Polv+p2—r2 (1 —2%),

S
g3 =pP3+a,qs= 7+ﬁ31c—b—2%.

In equation (4.3), A is a Metzler matrix Vx € [R§r and due to the fact that F > 0, the model system
(4.1a) - (4.1e) is positive invariant in IRi and F is Lipschitz continuous. Therefore the feasible
region Q is a set of Q = {S,,S¢,Ic,Sv,ly € IRi} with initial condition S, > 0, S¢ > 0, I > 0,
Sy >0,Iy >0.

4.2.2 Positivity of the Solutions

Let the initial condition be S,(0),S¢(0),1c(0),Sy (0),1y(0), the solution of model system (4.1a)
- (4.1e) of set S,,Sc,Ic, Sy, Iy is positive V¢ > 0. We show that, the solution of the model system
(4.1a) - (4.1e) are positive by starting with equation (4.1a) that:

ds,
7 2 —(B1S:y +p1S;), (4.4)

Separate the variables and integrate both sides of the equation,

1
[ 5452 [~Biltpryar, (4.5)
p
ll’l(Sr) > —(Bllv+p1)t+C. (4.6)
This gives the values of S, as:
S.(t) > Ae” (PhFp1)t, (4.7)

At initial condition time, t = 0, equation (4.7 ) above becomes

S-(0) > A, (4.8)

Therefore
S, (t) > S, (0) e~ Bibtpi)r, (4.9)
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Thus, S,(0) > 0, V¢ > 0.

Apply the same procedure to the remaining equations (4.1a) - (4.1e).

We get:
Sc (1) > Sc (0) e Bbtp)r, (4.10)
Ic (1) > Ic (0) e (P3ta)t 4.11)
Sy (1) > Sy (0) ¢~ (Bslet 7). (4.12)
L,(0) > 1,(0)e” (4.13)

Here we conclude that, the requirement to study the dynamics of CMD is satisfied due to the

fact that all the solutions of the model (4.1a) - (4.1e) are positive and bounded in the region:

'Q‘:{Sr(t)7SC(t)vIC(t)7SV(t)>IV(t)}’ 4.14)

4.3 Model Analysis
4.3.1 Cassava Mosaic Free Equilibrium

The steady state when there is no cassava mosaic disease is called cassava mosaic free equilib-
rium. We compute cassava mosaic free equilibrium when Ic = Iy = 0. At this state the total
cassava plants is the sum of susceptible and resistant breeds. However, the population of the
vector at this state consists of susceptible whitefly vector. Cassava mosaic free equilibrium is

given by:

FO(S,,Sc,Ic, Sy Iy) = ((” —pVk (n=pr)k 0, U"”’“,o). (4.15)

r ’ |¥) ’ b

4.3.2 Basic Reproduction Number R

The basic reproduction number is denoted by Ry, refers to an expected number of secondary
infections from an infected whitefly when introduced into a susceptible population of cassava
plants (Heffernan et al., 2005). If Ry > 1, the infectious whitefly can transmit the cassava
mosaic disease to more than one cassava plants, and if Ry < 1, an infectious whitefly transmits
the cassava mosaic disease to less than one cassava plants, hence the disease is clearing out. The
basic reproductive number Ry will be determined by next generation matrix (Van den Driessche
and Watmough, 2002).

Assume that, f; () is the rate of cassava and whitefly new infections and V; (x) = V,” (x) = V.* (%)
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transfer terms, where Vf are the terms which are transferred into the compartment and V;™ (X)

are the terms that are transferred out of the compartment such that: (Heffernan ez al., 2005).

i), Vi)
2 () o)

where i, j = 1,2,...,m and x¢ indicates the cassava mosaic free equilibrium. From the model
system (3.1), f; and V; are defined by:

F (4.16)

S, 1 Scl
fie B Srly + BScly ’ @.17)
B3Svic
and
+ al,
vi= (Pl (4.18)
Ylv
F and V are obtained by differentiating equation (4.17) and (4.18) with respect to Ic and Iy so
that:
0 S, S
P PS+hSc) (4.19)
B3Sv 0
and
+ al, 0
y— [P . (4.20)
0 Y

The next generation matrix is given by,

| 0 B2Sc+B1 Sy

-1 _ Y

Fvl=( g, i 4.21)
p3+a

The basic reproduction number R for cassava plants and vector is a dominant eigenvalue of the
next generation matrix FV ! (Van den Driessche and Watmough, 2002). The basic reproduc-

tion number Ry is therefore given by:

| Bs(b=7)ks ((r1—p1)kiB1 | (rn—p2) ka3
Ro—\/ Tt ( . = ) (4.22)

From equation (4.22), basic reproduction number Ry is determined by all parameters from the

model. The basic reproduction number Ry increases in proportion to vector infection rate f33,

18



recruitment rate for whitefly b, maximum number of vectors that can be supported k3, the rate at
which resistant breed becomes infected B, the rate at which susceptible breed becomes infected
B2, the maximum number of resistant breed that can be planted k;, rate of planting resistant
breed rq, the maximum number of susceptible breed that can be planted k; and the rate at which
susceptible breed of cassava is replanted r,. It decreases as the death rate of whitefly vectors 7,
the rate of harvesting infectious cassava p3, the rate of harvesting susceptible breed of cassava
P2, the rate of loss of infected cassava due to disease a and the rate of harvesting resistant breed

p1 increase.
4.3.3 Local stability Analysis of Cassava Mosaic Free Equilibrium

To prove local stability of cassava mosaic free equilibrium, we use linearization method. In
this case the system (4.1a) - (4.1e ) is linearized at cassava mosaic free equilibrium to obtain
a Jacobian matrix. If the Jacobian matrix has negative eigenvalues or negative real part, then
cassava mosaic free equilibrium is said to be locally asymptotically stable. From system (4.1a)

- (4.1e), Jacobian matrix at cassava mosaic free equilibrium is given by:

—(7‘1 - pl) 0 0 0 ay
0 —(r2—p2) 0 0 a
J(FY) = 0 0 —(p3+a) 0 az |, (4.23)
0 0 e e I U R
0 0 B Pl 0 Y
where a; = — Pk (:11 —Pl),az = _ﬁzkz(Z—Pz) a3 = (ﬁlkl (:11 —p1) 4 ﬁzkz(g—l?z))’
(b=1)k:
aq —ph_ 2bh( k;, %).

From matrix (4.23), it is clear from first, second and third columns that the eigenvalues are:

—(r1 —p1), —(r2 — p2) and —(b — y) respectively. The matrix then reduces to:

0 —(p3+a) (ﬁlkl(fll_p‘) + ﬁsz(g_pz))
JE) = pua(o- . -
b

(4.24)

The determinant and trace are then used to determine the sign of the remaining eigenvalues.
From matrix (4.24):
TrJ' (FO) = —(ps +a+7), (4.25)

and
DetJ' (F®) = y(p3 +a)(1 — (Ry)?). (4.26)
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According to RouthHurwitz stability criterion the necessary and sufficient condition for a sta-
bility of any system, all the factors of characteristic polynomial of a system must be negative
(Routh, 1877). Since the Eigenvalue of matrix above are negative hence at cassava mosaic free
equilibrium it is asymptotically stable when basic reproduction number Ry < 1 and it is unstable

when Ry > 1.
4.3.4 The Global Stability Analysis of the Disease Free Equilibrium

The global stability of cassava mosaic free equilibrium is established by approach used by

Castillo-Chavez et al. (2002). When this approach is used, system (4.1a) - (4.1e) is written as

follows: p
X
—dll — H (X| — Xg,) Hi X2, (4.27)
daX,
L GX 4.28
0 2, (4.28)

where X presents the noninfectious classes and X; infectious classes. Xy present mosaic free
equilibrium. Mosaic free equilibrium is said to be globally asymptotically stable if eigenvalues
of matrix H are negative and matrix G is a Metzler matrix (Irunde et al., 2017). We thus define
X1,X> and Xp, as follows:

S,
Sy
I
X = C). (4.30)
Iy
(ri—p1)ki
(Vr;)z)kz
r
XF, = 0 . (4.31)
(b—7)ks
b
0
Matrices H; and H are defined by:
0 _ﬁlsr
H) = 0 —B2Sc (4.32)
—BsSy b— 2b(Sy+1y)

k3
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and

—q1 0 0
H=1| o —¢ 0 |, (4.33)
0 0 —q3

where

q1 = (r1+2r/1<fr+ﬂllv+l)1), g2 = (r2+2%+ﬁ2IV+p2)’ q3 = (b+ %;MjLﬁﬂchw

Matrix G is also given by:

JI(X2) _ (_(p3+a) b l(rl_ffl)kl+l32(r2_’§2)k2)- (4.34)

e )T\ B -y
Matrix (4.32) has a real and non-positive eigenvalue and in matrix (4.34) all the diagonal el-
ements are negative and the off diagonal elements are positive. Therefore, when the basic
reproduction number Ry of a disease, is less than one (Ry < 1) and greater than one (Rp > 1),
then the disease free equilibrium point is said to be globally asymptotically stable and unstable

respectively.
4.4 Cassava Mosaic Equilibrium

For the mosaic disease to continue to exist in the cassava population, I () # 0 and Iy (t) # 0,
from that the equilibrium point of our model called endemic equilibrium point which is denoted
by Fy = (S,*,Sc*, Ic*,Sv ™, Iy*) # (0,0,0,0,0). For Fj to exist, at least one infected class should
not be zero. We obtain endemic equilibrium when the rate of change of each variable is equal

to zero. To solve for endemic equilibrium, the system (4.1a)- (4.1e) is written as:

Sy
0=rS, (1 - E) —BiS: Iy — p1 Sy,
Sc
0=rSc|1— k_z — B2Scly — p2Sc,
0= ﬁZScIv + ﬁlSrIv —p3le—alg, (4.35)
Sy + 1
O:b(Sv+Iv) <1— v V>—B3SVIC_YSV7
0= B3Svic—vly,
Thus,
¥ — S* B, I*
SF— (a+p3)Ic—Scpe v (4.36)

Bily;
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(a+ps)lc —SrBily

= 4.37
Sc Bl (4.37)
_ 2% DY & _ * _ bk (1% —
I = bSy=" + ((=21; +k3)b *7k3)Sv bly (I k3). (4.38)
k3 B35Sy

* 2 * * k *

\/k3 ((—[33IC+b— ) ks +4bL; (B3IE+ y)) + (=Bsli+b—7v) ks —2bL;
S;=1/2 ; . (4.39)

V/ (Bls =458, (Bsl+7)) bhs + (—2587 + ks ) b
I =1/2 . : (4.40)
The equilibrium point is non-negative if:

(a+p3)ic > ScPaly, (4.41)
(a+p3)ic > S:Bily, (4.42)
(bSyks + blyy,) > (bSy* +2bSy Iy + bly* + ySyks), (4.43)

\/k3 ((—ﬁﬂc +b—7)*ky+4bly (Bslc+ Y)) +k3b > —(Bslcks +2bly +vk3)  (4.44)

and

V (Bks =4Sy (BaIg+ 7)) bks + ksb > —2y (4.45)

4.5 Global Stability of Cassava Mosaic Equilibrium

Stability of cassava mosaic equilibrium is investigated logarithmic Lyapunov function which is
given by:
L=Y Gi(P—P'InP;), (4.46)

where G, is a positive constant which is to be chosen carefully, P; is a variable in a compart-

ment i and P* present a compartment variable at equilibrium point. Using system (4.46 ) the

Lyapunov function is defined by:
L(SrSc,Ic, Sv,Iv) :Gl (Sr - Sr*ll’lSr) + Gz (SC — Sc*ll’lSC) + G3 (IC — Ic*lnlc)
+ G4 (Sy — Sv*lnSV) +Gs (Iy —Iv*lnlv) .

(4.47)

Differentiate the Lyapunov function (4.47)above with respect to time, we get:
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dL S\ dS, SE\ dSe dlc
— =G| [1-*= Gy (1-2E Gy 1-—
dt 1( S,) a 2( SC) a ( 1C> d

S dSV I d[v 4.48
G el A el SpNIe _V\ =¥ (4.48)
* 4( Sv> a 5< 1V> dr
From equation 4.48 we have:
dL Sy Sr
— =G| 1—— (I”lSr 1—— ) — ﬁlSrIv —plSr)
Sr ki
St S
+Go (1=2C) (1mSc (1=25) = BoScly — paSc)
Sc 9}

I*
1— —) (B2Scly + BiS/ly — p3lc —alc)
Ie (4.49)

Sy +1y

) — B3Svic —ySy)

(
+ Gy (1 —j) (b(Sy +1v) (1 -
(1-

) (B3 Svic—vly).

At cassava mosaic equilibrium, we have:

dL S’ S¥ S
=G (1-L)((—nS:(1- SiT A S 1-+
dt 1( Sr>(< ! r( k1)+B1 riv P r)+<r1 ( kl)

—BiSily —p1Sy)) +Go (1 - g—ﬁ) (((r25¢c ( - %)

« « S )
—BaScly — p2S¢)) + (r2Sc (1 - k_j) — BaSciv — p2Sc))

I* * * *
+ G3 (1 — I—g) (((ﬂzSc]V -+ BlSrIV —p3lc— aIC))

+ (BaScly + BiSily — p3lc —alc))

+Gy (1 - %) (((b(Sy +1y) (1 -

S;k/—}—lv

(4.50)

ST/ + Iy

)—&%k—ﬁ%)

+@GVMOO— )—&%k—ﬁ%)

#6s (1= 1) (B SVl — 117) + By Svlc 1)
\%
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Manipulation of equation (4.50) gives

‘Z =G, (1 — ‘;—) (—r1 S (1 — —) +r <1 — —> + (Bily +p1)S;
(Bilv +p1)Sr) + G2 ( *) —r2S¢ ( kS)
+r2Sc (1 i ) + (Balv + p2)Sc — (B2ly + p2)Sc
+Gs <1 ——) (p3 +a)IE — (p3 +a)lc) + Gy (1 - E) 4.51)
Sy F V) +b(Sy+1v) (1 - SV,;IV)

*

SV —|—IV (
1 *
- ,l) (18— vic).
\%4

T (Bsle+ 7)) — (Bsle +7)Sv) + Gs (

dL S* S* S St
=G [1-2L ) (=S {1-2L S, (1-= Gi(1-=L
a0 (1-5)ers (-0 ns (1o ) -ea g

S* S* Sc S*

Gy[1=2E) [ —msSe(1-=£ Scl1-"5) —Ga(1-=5)?

" 2( SC)( rzc( k2)>+rzc< kz) 2( Sc)
5\ 2 Sk SE 4
C) 4G4 (1=ZX ) (—b(S5+Iy) [ 1— vl

Sy k3

Sy +1 S: I
V(1= -2y gy (1-W
3 Sy Iy

On simplifying, we get:

(4.52)

-|-b(SV +1Iy

Now Arrange equation 4.52, we get
dL S:\° Si. I
=—G[1-Z) —G(1-52-G3(1-L) —G4(1—2%)?
dt ! ( Sr> 2( SC) ( Ic) 4( SV)
2

Sy Sy S

) rer(1-5) (os (-5 e (1))
! (4.53)

I*
—Gs(l——V +G [ 1-L
Iy r 1
Ay S¢ S Sy
—|—G2(1——C) <—l’25é~<1——)+FQSC(1——C))+G4( ——V>
C k2 k2 Sy
. Sy +1 Sy +1
—b(Sy+1y) (1— Vk V>+b(sv+lv) (1— Vk V),
3 3
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which can be written as

dL S\ 2 Sk I\ ? St 2
— =G ([1-Z) —-G(1-52-G3([1-EL) —G4(1-TL)V?—Gs(1-Y ) +F(Q
(4.54)

where

S* S* S
FQ) =G (1-ZL)(-rnS(1-2 i
@ =0 (15 ) (s (1) s (1))
S S Sc S
Gy [1=2C ) =msi(1-=C Sc(1-= Gy(1-2¥ 4.55
+2( Sc)(rzc( k2)+rzc< k2>)+ 4< Sv) (4:9)

. St 1,
—b(Sh+1y) (1— 14 V) +b(Sy +1y) (1—

and a <O0forVS,,Sc,Ic,Sv,ly >0, for the %:O if S, =87, Sc=5¢,1c =15,Sy =Sy, Iv =1, =0
Thus the singleton which is the endemic equilibrium point is the greatest invariant set by using
the LaSalles invariant principle (LaSalle, 1976). We therefore conclude that if Ry > 1, then

endemic equilibrium is asymptotically stable and it is unstable if Ry < 1.
4.6 Sensitivity Analysis

Sensitivity index of a parameter tells how a parameter is sensitive to the disease. In this section,
sensitivity index of each parameter with respect to basic reproduction number R is computed
to determine how each parameters influences the disease. If f is a parameter in reproduction

number R then, sensitivity index of f with respect to Ry is given by:

Ry AdRo _f

YR =220 L 4,
P = e (4.56)

4.7 Parameters Adoption

Parameter values from the literature and assumed ones are used. Table 3 summarizes the pa-

rameter values, their range and the corresponding sources.
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Table 3: Parameter Values.

Parameters Value Range Source

r 0.025day™! Assumed

P1 0.005day ™! Assumed

Bi 0.0012vector 'day™! Assumed

123 O.Zday’1 0.025-0.2 Lawrence and Wallace (2011)

P2 0.003day ! 0.002 —0.004 Holt et al. (1997)

B 0.003vect0r_1day_1 0.002 —0.032 Holteral. (1997)

P3 0.003day ™! 0.002 —0.004 Holt et al. (1997)
0.033day™! 0—0.033 Holt et al. (1997)
0.5vector'day™! 0.1-1.0 Sisterson and Stenger (2015)

Bs 0.002plant 'day™"  0.002—0.032 Holt et al. (1997)

Y 0.0782day ! 0.06—0.18 Holt et al. (1997)

ki 3000 Silva et al. (2013)

ko 2000 Assumed

k3 350 0-2500 Holt et al. (1997)

The forward normalized sensitivity index of the rate at which susceptible breed acquire infection

B, with respect to basic reproduction number Ry is derived as follows:

dRy B
Ry _ “0 P2
Yﬁz = a5, X Ry 4.57)
Ry _ | P(b=V)ks(r2=pa) k2 ! . 4.58)
dp rb(ps+a)y By(b—7)ks (m By (rz—Pz)kzﬁz)
b(ps+a)y ri r
Using equation (4.56), we have:
Y’gg = +0.3362. (4.59)

The solution above shows the sensitivity index for parameter 3. We applied the same method
to obtain sensitivity indices for other parameters. Table 4 summarizes sensitivity indices for

other parameters with respect to basic reproduction number Ry.
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Table 4: Sensitivity Indices

Parameters Sensitivity index Parameters Sensitivity index
B3 -+0.5000 o) +0.0051
Bi +0.1638 Y —0.5927
B> +0.3362 p3 —0.0417
k3 -+0.5000 P2 —0.0051
b +0.0927 p1 —0.0410
ki +0.1638 a —0.4583
r +0.0410 k +0.3362

From the Table 4, the rate at which susceptible breed becomes infeced f3,, the vector infection
rate 33, the rate at which resistant breed becomes infected 31, the maximum number of resistant
breed that can be planted k;, the maximum number of susceptible breed that can be planted k5,
maximum number of vector that can be supported k3, recruitment for whitefly b, rate of planting
resistant breed rq, rate of replanting susceptible breed r, have positive indices showing that the
basic reproduction number Ry increase as the rate of susceptible breed becomes infeced f3,, the
vector infection rate 33, the rate at which resistant breed becomes infected B, the maximum
number of resistant breed that can be planted k;, the maximum number of susceptible breed
that can be planted k>, maximum number of vector that can be supported k3, recruitment for
whitefly b, rate of planting resistant breed ry, rate of replanting susceptible breed r, increase.
The most sensitive parameters are the vector infection rate 3, maximum number of vector
that can be supported k3 and recruitment for whitefly b. Parameters such as the rate of loss of
infected cassava due to disease a, the rate of harvesting resistant breed p1, the rate of harvesting
susceptible breed of cassava p;, the rate of harvesting infectious cassava p3 and the death rate
of whitefly vectors y have negative indices. This shows that the basic reproduction number will
decrease when a, the rate of harvesting resistant breed p;, the rate of harvesting susceptible
breed of cassava p, the rate of harvesting infectious cassava p3 and the death rate of whitefly

vectors Y increase.
4.8 The Model with Controls for Cassava Mosaic disease

Different methods are used to control cassava mosaic disease (CMD) so as to minimize the
effect of disease to plants and hence improve yields for farmers. To control the disease, farmers
are encouraged to apply control strategies such as spraying of insecticide, and to use vector
resistant varieties. Other methods include the phytosanitation method, which improves plant
healthy and it improves crop hygiene, and removes unhealthy cassava from the farm, CMD-
free stem cuttings method, as well as the removal roguing of diseased plants from within the
plant standing (Thresh et al., 1998).
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Few authors have studied different control strategies which can be applied to eliminate cassava
mosaic virus. These strategies include, the use of insecticide to kill the vector among the plants,
using of vector resistant varieties: These methods decrease the number of white fly vector and

transmission of cassava mosaic disease (Thresh and Cooter, 2005).
4.8.1 The Model with controls for Cassava Mosaic disease

In this model, cassava resistant breed are planted at a rate rq, they are infected by cassava mosaic
disease through unhealthy cutting at a rate 8;(1 — €) and harvested at a rate p;. Parameter €
measures the effectiveness of cleaning tools which are used to cut cassava during planting.
The term k; represents the maximum plants for cassava resistant breed which can be planted.
Cassava susceptible breed are replanted at a rate r;, they are infected by cassava mosaic disease
following contact with infected whitefly vector and unhealthy cutting at a rate B>(1 — €) and
harvested at a rate p,. The maximum plants of cassava susceptible breed that can be planted are

represented by k».

Infected cassava flourish following infection of resistant breed through unhealthy cutting at a
rate B1(1 — €), and infection of susceptible breed through unhealthy cutting and contact with
infected whitefly vectors at a rate ,(1 — €). However, they decrease due to cassava mosaic
disease at a rate a and harvested at a rate p3. The parameter ¢, is the rate of removal and

burning of infected cassava plants.

Susceptible vector is recruited by birth at a rate b and catch infection following contact with
infected cassava at a rate 3. Also, k3 is the maximum number of vectors that can be sup-
ported. Infected vector is recruited when susceptible vector catch infection following contact
with infected cassava at a rate 33 and v is the natural mortality rate for whitefly vectors. The

insecticides kill white fly vector both susceptible and infected at a rate oy.

—=nS,1—— | =Bi(1l—¢&)S. Iy —p1S,,
I r ( kl) Bi(1—¢€)S, Iy —p1

ds, S,
c = rSe (1 - _c) _ﬁZ(l - 8>SCIV — P25,

dr ko

dl. 4.60
E=[§’2(1—S)SCIV+[31(1—S)S,IV—pglc—alc—Gzlc, (4.60)
ds Sy +1

Ttv =b(Sy+1y) <1— Y S V) — BsSvI. — ySy — 018y,

dl

7; :ﬁ3SVIc_yIV_GIIv-
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Subject to initial condition S, > 0,S¢ > 0,1c > 0,Sy > 0,1y > 0.
The total population of cassava is given as S, + Sc + Ic = Nc¢ and the total population of vector

is given as Ny = Sy + Iy.
4.8.2 Cassava Mosaic Free Equilibrium When Controls are Applied.

The steady state when there is no disease is given by:

FO(S,,Se, 1., Sy, Iy) = ((” —pok (n=pke (b_y_o‘)k3,0> . (4.61)

r 1) b

4.8.3 Effective Reproduction Number Rj

The effective reproduction number R is used to assess the effect of control strategies. The
control strategies are effective if on their administration R, and ineffective if R > 1. Using
next generation matrix operator (Van den Driessche and Watmough, 2002), the effective repro-
duction number R{; is computed by identifying new infections .%; and transfer terms 7; such
that:

c=p(F7v1). (4.62)

From the model (4.60), new infections and transfer terms are given by:

ﬁl(l — S)Srlv —i—ﬁz(l — S)SCIV

Fi = BsSyI, (4.63)
and
1 I 1
¥ = p3lc+ale + 02l¢ . (4.64)
}/iV + Gllv
The matrices .% and ¥ are:
0 S, A\
B3Sy 0
and
(6] 0
- p3t+a+ 0o . (4.66)
0 Y+ 01
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From equation (4.62), the effective reproduction number Rj is given by:

6= Psks (b—7—01) A (n=p1)  kp(l—€)(n—p2)
Ro_\/b(P3+a+0'2)(}’+cl) (klﬁl(l €) T - ) (4.67)

The control parameters which includes the rate of spraying insecticides is to kill whitefly vector
both susceptible and infected o7, the rate of removing and burning of infected cassava plants o,
and the rate of of measures effectiveness of cleaning tools which are used to cut cassava during

planting €.

The effective reproduction number Rj; decreases as the rates of spraying insecticides is to kill
white fly vectors 67, removal and burning of infected cassava plants ¢, and cleaning tools which
are used cut cassava during planting increase. Control strategies will eradicate the disease if
when they are administered, the effective reproduction number Rj; becomes less than unity.
In the absence of control strategies that is when o7 = 0, = € = 0, the effective reproduction

becomes basic reproduction number Ry which is:

RBZ\/7ﬁ3k3(b_7) (k]ﬁl(l_g)<rl_pl)+k2ﬁ2(1_8)(r2_p2)), (4.68)

b(ps+a) 1 2

4.8.4 Parameters Adoption

Table 5 shows the adopted parameters and their source.
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Table 5: Parameter Values.

Parameters Value Range Source

r O.O25a’ay’1 Assumed

p1 0.005day ™! Assumed

Bi 0.0012vector'day™! Assumed

ra 0.2day”! 0.025 0.2 %\Zﬁi??z o Snd
P2 0.003day ! 0.002 —0.004 Holt et al. (1997)
B> 0.003vector 'day™! 0.002 —0.032 Holt et al. (1997)
p3 0.003day ! 0.002 —0.004 Holt et al. (1997)
a 0.033day ™! 0—0.033 Holt ez al. (1997)
b 0.5vector 'day™! 0.1-1.0 gicsef;(r)lzZOlS;md
B3 0.002plant'day™! 0.002 —0.032 Holt et al. (1997)
Y 0.0782day ™" 0.06—0.18 Holt et al. (1997)
ki 3000 Silva et al. (2013)
ko 2000 Assumed

k3 350 0-2500 Holt et al. (1997)
(o] 0.4 Assumed

(e2) 0.7 Assumed

£ 0.5 Assumed

4.9 Numerical Simulation by Considering the Basic Model

We simulate dynamics of cassava mosaic disease when controls are not included. The result

shows that susceptible whitefly vectors will catch infection within first two months which results

to more mosaic disease in cassava as shown in Figs. 4, 5a and 5b.

Figure 4 demonstrate the dynamics of cassava mosaic disease. the graph shows that susceptible
vectors contact the CMD before three months. This cause the number of susceptible vectors to
decrease exponentially and the number of infected vector to increase. This cause the number of
susceptible breed and resistant breed to decrease. As the number of susceptible cassava decrease

due to CMD, it leads the increase of infected cassava. Fig. 5a and 5b demonstrate dynamics of

cassava and vector population respectively.
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Figure 5: Total dynamics of CMD.

4.10 Numerical Simulation of Sensitive Parameters

Figure 6 demonstrates the variation of the rate of loss of infected cassava to the infected classes.
It shows the behavior of infected cassava and infected vectors when the parameter a vary, the

increase of a lead to the decrease of infected cassava and the decrease of infected vector.
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Figure 6: Variation of loss of infected cassava rate in infected class.

Figure 7, shows the variation of vector mortality rate y to the infectious vector and infected

cassava class, if the rate of vector mortality increase the number of infected vector and infected

cassava decreases.
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Figure 7: Variation of vector mortality rate in infectious class.

From Fig. 8 the graphs demonstrate the variation of vector carrying capacity k3 to the suscep-
tible class of cassava and susceptible class of vector. The graphs show as the carrying capacity

of whitefly vectors increase the number of susceptible cassava breed decrease, the number of

susceptible vector increase.
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Figure 8: Variation of vector carrying capacity to the susceptible class.

Figure 9 shows the impact of variation in the recruitment of susceptible vector to the susceptible
class of cassava and susceptible class of vector. It shows that as the recruitment rate of whitefly

vector increases the number of susceptible cassava and vectors decreases.
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Figure 9: Variation of susceptible vector recruitment rate to the susceptible class.

4.11 Numerical Simulation of a Control Model

This part is showing the numerical simulation of a control model. It comprises of a numerical
simulation when the control parameters varies as well as before control strategies have been
applied to the model. The figures shown below, demonstrate the impact of applying control

strategies to the cassava and vector population at large.
4.11.1 Impact of Applying Insecticides o

Figure 10 demonstrates the impact of applying insecticide to the susceptible cassava and vector.
After applying the insecticide there is an increase of harvesting susceptible breed and resistant
breed in 24 months from 150 plants to about 1300 out of 2000 plants in the farm before 10
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months. As the control parameter vary the number of susceptible cassava increase. It also

shows the decrease of susceptible vector before four months as the control parameter vary.
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(a) Susceptible breed. (b) Susceptible vector.

Figure 10: Effect of applying insecticides to the susceptible class.

Figure 11 shows the impact of applying insectcides to the infectious class of cassava and vector
Fig. 9a demonstrate that there is a decrease of infected cassava from 3100 plants within 7
months to 700 plants before 5 Months. As we increase the control the infected cassava is
decreasing fast. The number of infected vector is decreases as the control is applied, graph 9b

shows that the infected vector is decreaded from 225 to 55 vectors before 2 months.
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(a) Infected cassava. (b) Infected vector.

Figure 11: Effect of applying insecticides to the Infected class.

4.11.2 Impact of Removing Infected Cassava from the Farm o,

Figure 12 shows the impact of removing the infected cassava o, from the farm to the infectious
class. Its impact has been shown to both infected cassava and infected vector. The graphs shows

that Fig. 12 demonstrates how the number of infected cassava change as the parameter varies.
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The number of infected cassava decreases from 3000 plants before 10 months to 600 before
3 months, also the number of infected vector is decreasing as the control parameter increase,

hence they have an inverse relationship.
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(a) Infected cassava. (b) Infected vector.

Figure 12: Impact of removing infected cassava to the Infected class.

Figure 13 shows the impact or removing infected cassava to the susceptible class and until the
harvesting time, there is an increase of susceptible breed from less than 100 plants to 1000
plants, and as the parameter increase the number of susceptible breed of cassava is increasing.
Since the infected cassava is removed from the farm. The impact have also seen in susceptible
vector, graph 13b shows that as we continue to apply it, the number of susceptible vector is

decreasing.
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Figure 13: Impact of removing infected cassava to the Susceptible class.

36



4.11.3 The Impact of Control Strategies When Both Parameters Vary

Figure 14 shows the Impact of control strategies when both parameters vary to the Infected

class. Its impact has been shown to both infected cassava in Fig. 12a and infected vector in

Fig. 12b. The number of infected cassava decreases from 3000 plants before 10 months to

400 before 3 months, also the number of infected vector is decreasing as the control parameters

increase.
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Figure 14: Impact of control strategies to the Infected class.
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Figure 15 demonstrates the impact of applying control strategies to the susceptible class when

these parameters vary. In Fig. 13a, after applying control there is an increase in harvesting of

susceptible breed from less than 100 plants to 1000 out of 2000 plants in the farm before 10

months and keep in increasing as we increase the control strategies. It also shows the decrease

of susceptible vector before four months as the control parameter vary as it is shown in Fig.

13b.
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Figure 15: Impact of control strategies to the Susceptible class.

Figure 16 demonstrates the impact of control strategies to the resistant breed. There is an
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increase of harvesting resistant breed from 150 plants to about 1500 out of 2000 plants in the
farm before five months. As the control parameter vary the number of resistant breed increase

to 1900 plants during the harvesting time of cassava.
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Figure 16: Impact of control strategies to the resistant breed
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

In this work we used mathematical model to study transmission dynamics of cassava mosaic
disease. The aim was to formulate the model and compute reproduction number Ry to determine
which parameters are sensitive to the dynamics and propose controls to eradicate the disease.
Equilibrium states were derived and their stability investigated. After identifying sensitive pa-
rameters two control strategies were proposed to eradicate the disease and improve cassava
yields. By using appropriate assumptions, models with and without controls were formulated
with the aid of differential equations and it was tested whether it is meaningful or not, basic and
effective reproduction numbers were computed by next generation matrix operator and stabil-
ity analysis for equilibrium states was established by linearization method, Metzler matrix and
Lyapunov function. Sensitivity index for each parameter was computed by forward normalized

sensitivity index.
5.1 Conclusion

The deterministic model for transmission dynamics of CMD which includes cassava plants and
whitefly vector is presented and analyzed. The basic reproduction number R and sensitivity in-
dex for each parameter with respect to basic reproduction number R are computed to determine

which parameters are sensitive to the dynamics of cassava mosaic disease.

Sensitivity analysis was performed to identify sensitive parameters. Analysis shows that the
rates at which vectors are recruited and acquire the disease play the important role in the trans-
mission dynamics of cassava mosaic disease. New infections will increase as the rates of re-
cruitment and infection of vectors increase. Other parameters which are sensitive to disease
includes vector infection rate, maximum number of vectors that can be supported, the rate of
susceptible breed become infected , the rate at which resistant breed becomes infected, the max-
imum number of resistant breed that can be planted, rate of planting resistant breed, the rate at
which susceptible breed of cassava is replanted and the maximum number of susceptible breed

that can be planted.

The disease stability at cassava mosaic free equilibrium was investigated by using Metzler
matrix (box invariance), It found that cassava mosaic free equilibrium is locally and globally
asymptotically stable when Ry < 1. Using logarithmic Lyapunov function and LaSalles invari-
ant principle, we found that cassava mosaic equilibrium is globally asymptotically stable when

Rp > 1 and unstable when Ry < 1. To improve cassava productivity, campaigns to eradicated

39



cassava mosaic disease should focus on strategies which reduce vectors’ population. These
strategies include spraying insecticide, use of vector-resistant varieties, phytosanitation which
involve the removal of infected cassava plants from the place that will be used for the new
plantings, crop hygiene and the use of free stem cutting method. The Control model developed
here, use spraying of insecticide and the removal of infected cassava from the farm as effective
control strategies that can be applied. Applying of insecticide and the removal of infected cas-
sava plants gives the positive results. Analysis shows that after applied the control strategies
effective reproduction number R < 1, analysis further shows that, spraying of insecticide that

will cause the death of susceptible and infected whitefly vectors which transmit CMD.

Generally spraying of insecticide is the possible way to get rid of both infected and susceptible
vector, as well as the removal of infected cassava plants form the farm will help to reduce the

contact rate between plants and vectors.
5.2 Recommendations

In this study, we recommend that, in order to control the CMD and to reduce the number of
whitefly vectors, the mentioned control parameters in the model as well as the parameters which
have negative impact to the basic reproduction number must be applied by the farmers. The
study also encourage the farmers to use the effective cleaned tools to all kinds of cassava breed.

The implementation of these intervention strategies will help to get rid of CMD.

Government and other agriculture stakeholders should use different modes of communication
like seminars, social media, mobile phone applications, newspaper, and door to door seminar
in order to provide education to the farmers on the general transmission dynamics of Cassava

mosaic disease.

The study study can be extended more as follows:

(1) More scientific investigation and further research are still needed on the dynamics and

transmission of CMD.

(i1) The study can be extended by performing cost effective analysis in controlling cassava

mosaic disease.

(i11) The study can be extended to a stochastic model or Markov chain to show more about the
dynamics of CMD.

(iv) Another class can be added to the model to show more on how the CMD can be eradicated
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or transmitted, example the environmental factors can be included in the model.
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APPENDICES

Appendix 1: Matlab Scripts and Functions Used in Simulations
Codes for the Total Dynamics of CMD

%\ linespread {1.0}

Function dy=EACMD(~,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;

r2=0.2;beta2=0.003;rh02=0.003;

rho3=0.003;a=0.033;

b=0.13;beta3=0.002;

gamma=0.0782:k1=3000;k2=2000;k3=350;

%Declaration of variables

Sr=y(1); Sc=y(2); Ie=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Sr*x(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

2)=r2*Scx*(1—(Sc)/k2)—beta2*Sc*Iv—rho2xSc;

)=betal*SrxIvt+beta2*Sc*Iv—rho3xIc—axIc;

)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—betad*SvxIlc—gammax*Sv;

)=beta3*SvxIc—gammaxIv ;

%Basicreproduction number formula written in Matlab codes

A= beta3*k3*(b—gamma)./b;

B=betal*kl*(rl—rhol)./r1;

C= beta2xk2x(r2— rho2)./r2;

D=gammax(rho3+ a);

RO = sqrt (A*=(B+C) . /D)

clear all

cle

%Runge Kuta forth order approach

tspan =[0 24];%Time in Months

y0 =[2000 1500 100 200 50];

[t,y]= oded5(QEACMD, tspan ,y0) ;

figure (6)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,1),'g¢" ,t,y(:,3),'¢' ,t,y(:,2),'k",t,y(:,5),'b",t,y
(:,4),'r','linewidth"' 4)

xlabel (' Time|[Months| ', ' Fontsize' ,25)

dy (

dy (3
dy (4
dy (5

ylabel (' Cassava and vector population','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend (' Susceptible Resistance Breed','Infected Cassava','
Susceptible Cassava','Infected Vector','Susceptible Vector',!'
Interpreter', 'Latex','FontSize' 50)

grid on
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hold off%Stop operation

hold on

figure (7)

set (gca, ' FontSize', 14"')

set (legend , ' FontSize', 20")

plot (t,y(:,1),'g" ,t,y(:,3),'¢c',t,y(:,2),'k","linewidth"' 4)
xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Cassava plants','Fontsize' ,25)

% title ('CASSAVA POPULATION VS TIME',' Fontsize ',25)

legend (' Susceptible Resistance Breed','Infected Cassava','
Susceptible Cassava','Interpreter', 'Latex','FontSize' 50)

grid on

hold off%Stop operation

hold on

figure (8)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 20")

plot (t,y(:,5),'b" jt,y(:,4),'r', 'linewidth"'  4)

xlabel (' Time[Months| ', ' Fontsize' ,25)

ylabel (' Vector Population','Fontsize'  25)

% title ('VECTOR POPULATION VS TIME', ' Fontsize ',25)

legend (' Infected vector','Susceptible vector','Interpreter',
Latex','FontSize' ,50)

grid on

hold off%Stop operation

hold on

MATLAB Script for the sensitive parameter of a basic model

%\linespread {1.0}

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.3;

b=0.13;beta3=0.002;
gamma=0.0782:;k1=3000;k2=2000;k3=350;

%Declaration of variables

Sr=y(1); Sc=y(2); le=y(3); Sv=y(4); Iv=y(5);
%Equation of the model

dy (1)=r1*Sr*x(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*ScxIv—rho2xSc;

dy (3)=betal*Sr*Iv+beta2*ScxIv—rho3*Ic—axlc;

dy (4)=b=*(Sv+Iv)*(1—((Sv+Iv)/k3))—betad*SvxIc—gammaxSv;
dy (5)=betad*Sv*Ic—gammax1v ;

%Basicreproduction number formula written in Matlab codes
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A= betad*k3x*(b—gamma)./b;
B=betalx*klx*(rl—rhol)./r1;
C= beta2xk2x(r2— rho2)./r2;
D=gammax(rho3+ a);
RO = sqrt (Ax(B+C)./D)
function $dy=a_2(",y)$
dy= zeros(size(y));
%Declaration of Parameters
rl =0.025;rhol1=0.005;betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;
rho3=0.003;a=0.6;
b=0.13;beta3=0.002;
gamma=0.0782:k1=3000:k2=2000:k3=350;
%Declaration of variables
Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);
%Equation of the model
dy( )=r1*Sr*(1—(Sr)/kl)—betal*Sr+xIv—rhol*Sr;
dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*Iv—rho2xSc;
dy (3)=betal*Sr*Iv+beta2xScxIv—rho3*Ic—axlc;
dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—betad*SvxIc—gammaxSv;
dy (5)=betad*Sv*Ic—gammaxIv ;
% asicreproduction number formula written in Matlab codes
A= beta3*k3*(b—gamma)./b;
B=betal*kl*(rl—rhol)./r1;
C= beta2xk2x(r2— rho2)./r2;
D=gammax(rho3+ a);
RO = sqrt (A*=(B+C) ./D)
clear all
cle
%Runge Kuta forth order approach
tspan =[0 24];%Time in Months
y0 =[2000 1500 100 200 50];
[t,y]= ode45(QEACMD, tspan ,y0) ;
[t1,yl]= ode45(Q@a_1,tspan,y0);
[t2,y2]= ode45(Q@a_2  tspan,y0);
figure (1)
set (geca,'FontSize', 14")
set (legend , ' FontSize', 10")
plot (t,y(:,3),'k",t1,y1(:,3),'b—",t2,y2(:,3),'r", "linewidth"'  4)
xlabel (' Time[Months| "', ' Fontsize' 25)
ylabel (' Infected cassava','Fontsize' ,25)
% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)
legend ({'$a=0.033,R_.0=29.5109%"','$a=0.3,R_.0=10.1721%",'$a=0.6,
R.0=7.2107¢$"'},' Interpreter', 'Latex','FontSize' , f25)
grid on
hold off%Stop operation
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hold on

figure (2)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot(t,y(:,5), k', t1,y1(:,5),'b—",t2,y2(:,5),'r","linewidth"'  4)
xlabel (' Time[Months| ', ' Fontsize' ,25)

ylabel (' Infected vector','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$a=0.033,R_.0=29.5109% "', '$a=0.3,R_0=10.1721$",'$a=0.6,

R.0=7.2107$"'}, ' Interpreter', 'Latex','FontSize' 35)
grid on
hold off%Stop operation
hold on

when $\gamma$ vary

function dy=gammal(~,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;
rho3=0.003;a=0.033;

b=0.13;beta3=0.002;
gamma=0.09;k1=3000;k2=2000;k3=350;
%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);
%Equation of the model

dy (1)=r1*Sr*(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;
dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*Iv—rho2xSc;
dy (3)=betal*SrxIv+beta2+Sc*xIv—rho3xIc—axlc;
dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ic—gammaxSv;
dy (5)=beta3d*Sv*Ic—gammaxIv ;
%Basicreproduction number formula written in Matlab codes
A= betad*k3*(b—gamma)./b;
B=betal*klx(rl—rhol)./r1l;

C= beta2xk2x(r2— rho2)./r2;

D=gammax (rho3+ a);

RO = sqrt (Ax(B+C)./D)

function dy=gamma2(~ ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;
rho3=0.003;a=0.033;

b=0.13;beta3=0.002;
gamma=0.12;k1=3000;k2=2000;k3=350;
%Declaration of variables

Sr=y(1); Sc=y(2); Ic=y(3); Sv=y(4); Iv=y(5);
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%Equation of the model

dy (1)=r1*Sr*x(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*xIv—rho2xSc;

3)=betal*SrxIv+beta2+ScxIv—rho3*Ilc—axlc;

4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—betad*SvxIc—gammaxSv;

5)=beta3*Sv*lc—gammaxIv;

%Basicreproduction number formula written in Matlab codes

A= beta3*k3*(b—gamma)./b;

B=betal*kl*(rl—rhol)./r1;

C= beta2xk2x(r2— rho2)./r2;

D=gammax (rho3+ a);

RO = sqrt (A= (B4+C) . /D)

clear all

cle

%Runge Kuta forth order approach

tspan =[0 24];%Time in Months

y0 =[2000 1500 100 200 50];

[t,y]= oded5(QEACMD, tspan ,y0) ;

[t1,yl]= ode45(Qgammal, tspan ,y0);

[t2,y2]= oded45(Qgamma2, tspan ,y0) ;

figure (1)

set (gea,'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,3),'k",t1,y1(:,3),'b—",t2,y2(:,3),'r', 'linewidth"'  4)

xlabel (' Time[Months| ', ' Fontsize' ,25)

ylabel (' Infected cassava','Fontsize' ,25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ',25)

legend ({'$\gamma=0.0782,R_0= 29.5109%"',"'$\gamma=0.09,R_0
=24.1729% "' ,'$\gamma=0.12,R_.0=10.4672¢"'}, ' Interpreter ', 'Latex
', 'FontSize' 35)

grid on

hold off%Stop operation

hold on

figure (2)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,5), k', t1,y1(:,5),"'b—",t2,y2(:,5),'r","linewidth"'  4)

xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Infected vector','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ' ,25)

legend ({'$\gamma=0.0782,R_0= 29.5109%"',"'$\gamma=0.09,R_0
=24.1729%"' ,'$\gamma=0.12 , R_0=10.4672¢%"'}, ' Interpreter ', 'Latex
', 'FontSize' 35)

grid on

hold off%Stop operation

hold on

dy
dy
dy
dy
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when k3 vary
function dy=k3_1(7,y)
dy= zeros(size(y));
%Declaration of Parameters
rl =0.025;rhol1=0.005;betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;
rho3=0.003;a=0.033;
b=0.13;beta3=0.002;
gamma=0.0782;k1=3000;k2=2000;k3=500;
%Declaration of variables
Sr=y(1); Sc=y(2); Ie=y(3); Sv=y(4); Iv=y(5);
%Equation of the model
dy( )=r1*Sr*(1—(Sr)/kl)—betal*Sr+xIv—rhol*Sr;
)=r2*Sc*(1—(Sc)/k2)—beta2*ScxIv—rho2*Sc;
)=betal*SrxIvt+beta2*Sc*xIv—rho3xIc—axIc;
)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ilc—gammaxSv;
)=beta3*xSvxIc—gammaxIv ;
% asicreproduction number formula written in Matlab codes
A= beta3xk3+*(b—gamma)./b;
B=betal*kl*(rl—rhol)./r1;
C= beta2xk2x(r2— rho2)./1r2;
D=gammax*(rho3+ a);
RO = sqrt (Ax(B+C)./D)
function dy=k3_2(7,y)
dy= zeros(size(y));
%Declaration of Parameters
r1 =0.025:rhol=0.005:betal=0.0012;
r2=0.2:beta2=0.003;rho2=0.003:
rho3=0.003;a=0.033;
b=0.13;betad3=0.002;
gamma=0.0782;k1=3000;k2=2000;k3=600;
%Declaration of variables
Sr=y(1); Sc=y(2); le=y(3); Sv=y(4); Iv=y(5);
%Equation of the model
dy( )=r1*Sr=*(1—(Sr)/kl)—betal*Sr+xIv—rhol*Sr;
dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*Iv—rho2xSc;
dy (3)=betal*Sr*Ivt+beta2*Sc*xIv—rho3*xlc—axlc;
dy (4)=b*(Sv+1v)*(1—((Sv+Iv)/k3))—beta3d *Sv*Ic—gammaxSv;
dy (5)=betad*SvIc—gammax1Iv ;
%Basureproduction number formula written in Matlab codes
A= beta3*k3+*(b—gamma)./b;
B=betalxkl*(rl—rhol)./rl;
C= beta2xk2x(r2— rho2)./r2;
D=gammax (rho3+ a);
RO = sqrt (A*(B+C)./D)

clear all

dy (2

dy (3
dy (4
dy (5
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cle

%Runge Kuta forth order approach
tspan =[0 24];%Time in Months
y0 =[2000 1500 100 200 50];
[t,y]= ode45(QEACMD, tspan ,y0) ;
[t1,y1l]= oded45(@Qk3_1,tspan,y0);
[t2,y2]= ode45(Q@Qk3_2  tspan,y0)
figure (1)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")
plot (t,y(:,2),'k",t1,y1(:,2),'b—",t2,y2(:,2),'r"', 'linewidth"'  4)
xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Susceptible breed','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ' ,25)

legend ({'$k3=350,R_0= 29.5109%"','$k3=500,R_0=35.2722%" ,'$k3=600,

Y

R_0=38.6388%"'}, 'Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on
figure (2)

set (geca,'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,4),'k",t1,y1(:,4),'b—",t2,y2(:,4),'v', 'linewidth"'  4)

xlabel (' Time[Months] ', ' Fontsize' ,25)

ylabel (' Susceptible vector','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ',25)

legend ({'$k3=350,R_0= 29.5109¢"','$k3=500,R_0=35.2722%" ,'$k3=600,
R_0=38.6388¢%"'},'Interpreter', 'Latex','FontSize' , 35)

grid on

hold off%Stop operation

hold on

When$ b$ vary

function dy=b_1(7,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;

r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.033;

b=0.3;betad=0.002;

gamma=0.0782;k1=3000;k2=2000;k3=350;

%Declaration of variables

Sr=y(1); Se=y(2); Ie=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Sr*x(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*xIv—rho2xSc;

dy (3)=betal*Sr*Iv+beta2*ScxIv—rho3*Ic—axlc;
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dy (4)=b*(Sv+1Iv)*(1—((Sv+Iv)/k3))—beta3d*SvxIc—gammaxSv;
dy (5)=betad*SvIc—gammax1Iv ;

%Basicreproduction number formula written in Matlab codes
A= beta3*k3+*(b—gamma)./b;

B=betal*klx*(rl—rhol)./r1l;

C= beta2xk2x(r2— rho2)./r2;

D=gammax*(rho3+ a);

RO = sqrt (A*=(B4+C) . /D)

function dy=b_2(7,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol=0.005;betal=0.0012;
r2=0.2;beta2=0.003;1rho2=0.003;

rho3=0.003;a=0.033;

b=0.5;betad=0.002;
gamma=0.0782;k1=3000;k2=2000;k3=350;

%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);
%Equation of the model

dy (1)=r1*Sr*(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*ScxIv—rho2xSc;

dy (3)=betal*SrxIv+beta2+Sc*xIv—rho3xIc—axlc;

dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ic—gammaxSv;
dy (5)=beta3d*Sv*Ic—gammaxIv ;

%Basicreproduction number formula written in Matlab codes
A= betad*k3x*(b—gamma)./b;

B=betal*kl*(rl—rhol)./rl;

C= beta2x*k2x(r2— rho2)./r2;

D=gammax (rho3+ a);

RO = sqrt (Ax(B4+C) . /D)

clear all

cle

%Runge Kuta forth order approach

tspan =[0 24];%Time in Months

y0 =[2000 1500 100 200 50];

[t,y]= ode45(QEACMD, tspan ,y0) ;

[t1,yl]= oded45(@b_1,tspan,y0);

[t2,y2]= ode45(@b_2  tspan,y0);

figure (1)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,2), k', t1,y1(:,2),'b—",t2,y2(:,2),'r","linewidth"'  4)
xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Susceptible breed','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ' ,25)

legend ({'$b=0.13 ,R_.0= 29.5109%"','$b=0.3,R_.0= 40.1984%"','$b=0.5,
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R_0= 42.9395%$"'},'Interpreter', 'Latex','FontSize' 35)
grid on
hold off%Stop operation
hold on
figure (2)
set (gea,'FontSize', 14")
set (legend , ' FontSize', 10")
plot (t,y(:,4),'k",t1,yl(:,4),'b—"t2,y2(:,4),'r", 'linewidth"'  4)
xlabel (' Time[Months| ', ' Fontsize' ,25)
ylabel (' Susceptible vector','Fontsize' , 25)
% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ',25)
legend ({'$b=0.13,R_0= 29.5109$"','$b=0.3,R.0= 40.1984$ "', '$b=0.5,

R_0= 42.9395%$"'},'Interpreter', 'Latex','FontSize' 35)
grid on
hold off%Stop operation
hold on

MATLAB script for the simulation of a Control model

%Before and after control when \sigmal vary

function dy=FACMDCONTROL(™,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol =0.005: betal =0.0012;

r2=0.2:beta2=0.003:rho2=0.003:

rho3=0.003;a=0.033;

b=0.13;betad3=0.002;

gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.5;sigma2=0.1;

%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Sr*(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*Iv—rho2xSc;

dy (3)=betal*Sr*Iv+beta2*xSc*Iv—rho3*Ic—axlc—sigma2xIc;

dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d *Sv*Ic—gammaxSv—sigmal*Sv;

dy (5)=betad*SvIc—gammaxIv—sigmal*Iv;

%Effective Basic reproduction number formula written in Matlab
codes

A= beta3dxk3x*(b—gamma—sigmal)./b;

B=betal*klx*(rl—rhol)./r1l;

C= beta2xk2x(r2— rho2)./r2;

D=(gamma+sigmal ) *(rho3+ a+sigma?2);

Re = sqrt (A*(B+C)./D)

% %Basicreproduction number formula written in Matlab codes

% A= beta3xk3=*(b—gamma)./b;

% B=betalxkl*(rl—rhol)./r1;
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% C= beta2xk2%(r2— rho2)./r2;

% D=gammax*(rho3+ a);

% RO = sqrt (Ax(B+C)./D)

function dy=controll (7 ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;

r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.033;

b=0.13;beta3=0.002;

gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.7;sigma2=0.1;

%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Sr*(1—(Sr)/kl)—betal*Sr*Iv—rhol=Sr;
y(2)=r2*xSc*(1—(Sc)/k2)—beta2xScxIv—rho2*Sc;
y(3)=betal*xSrxIv+beta2*ScxIv—rho3xIc—axlc—sigma2xIc;

dy (4)=bx*(Sv+Iv)*(1—((Sv+lv)/k3))—beta3d*Sv*lc—gammaxSv—sigmal*Sv;
y (5)=beta3*Svxlc—gammaxIv—sigmalx*Iv;

%Bdbl(,reproduction number formula written in Matlab codes

A= beta3d*xk3x*(b—gamma—sigmal)./b;

B=betal*klx*(rl—rhol)./r1l;

C= beta2xk2x(r2— rho2)./r2;

D=(gamma+sigmal ) *(rho3+ a+sigma?2);

RO = sqrt (Ax(B+C)./D)

function dy=control2 (™ ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rho1=0.005;betal =0.0012;

r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.033;

b=0.13;beta3=0.002;

gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.8;sigma2=0.1;

%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Srx(1—(Sr)/kl)—betal*SrxIv—rhol=Sr;
y(2)=r2xScx(1—(Sc)/k2)—beta2xScxIv—rho2x*Sc;
y(3)=betal*SrxIv+beta2*ScxIv—rho3xIc—axlc—sigma2x*Ic;

dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ic—gammaxSv—sigmal*Sv;
y (5)=beta3*SvxIlc—gammaxIv—sigmalx*Iv;

%Baﬂ(I‘Cproduction number formula written in Matlab codes

A= beta3d*xk3x*(b—gamma—sigmal)./b;

B=betal*klx*(rl—rhol)./r1;

C= beta2xk2x(r2— rho2)./r2;

D=(gamma+sigmal) *(rho3+ a+sigma?2) ;
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RO = sqrt (A*=(B+C) . /D)

clear all

cle

%Runge Kuta forth order approach

tspan =[0 24];%Time in Months

y0 =[2000 1500 100 200 50];

[t,y]= ode45(QEACMD, tspan ,y0) ;

[t1,y1l]= ode45(QEACMDCONTROL, tspan ,y0) ;

[t2,y2]= ode45(Qcontroll ,tspan,y0);

[t3,y3]= oded5(Qcontrol2 ,tspan,y0);

%ploting of graphs on susceptible casava resistant breed
population

figure (1)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot(t,y(:,1),'g" ,;t1,y1(:,1),'k",;t2,y2(:,1),'b—",t3,y3(:,1),"'r"
,'linewidth ' ,4)

xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Resistant breed','Fontsize'  25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$no$ $control$', '$\sigma_1=0.5¢","'$\sigma_1=0.7$","'$\

sigma_1=0.8$"'}, ' Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on
figure (2)

set (gea,'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,2),"'g",t1,y1(:,2),'k",t2,y2(:,2),'b—",t3,y3(:,2),"'r"
' linewidth ' 4)

xlabel (' Time[Months| ', ' Fontsize' ,25)

ylabel (' Susceptible breed','Fontsize' ,25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ',25)

legend ({ '$no$ $controls','$\sigma_1=0.5¢","'$\sigma_1=0.7$","'$\

sigma_1=0.8$"'},'Interpreter', 'Latex','FontSize' 35)
grid on
hold off%Stop operation
hold on
figure (3)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,3),'g" ,t1,y1(:,3),'k",;t2,y2(:,3),'b—",t3,y3(:,3),'1"
,'linewidth ' ,4)

xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Infected cassava','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)
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legend ({ '$no$ $controls','$\sigma_1=0.5¢","'$\sigma_1=0.7¢","'$\

sigma_1=0.8$"'}, ' Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on
figure (4)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,4),"'g" ,t1,y1(:,4),'k",t2,y2(:,4),'b—",t3,y3(:,4),'r"
' linewidth ' 4)

xlabel (' Time[Months| "', ' Fontsize' ,25)

ylabel (' Susceptible vector','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$n0$ $control$', '$\sigma_1=0.5%$","'$\sigma_1=0.7$","'$\

sigma_1=0.8$"}, 'Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on
figure (5)

set (gca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,5),"'g",t1,y1(:,5),'k",t2,y2(:,5),'b—",t3,y3(:,5),'r"
,'linewidth ' 4)

xlabel (' Time[Months] ', ' Fontsize' ,25)

ylabel (' Infected vector','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({ '$no$ $controls$','$\sigma_1=0.5¢","'$\sigma_1=0.7¢","'$\

sigma_1=0.8$"'}, ' Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on

When sigma2 vary

function dy=control3 (7 ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol1=0.005;betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.033;

b=0.13;beta3=0.002;
gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.5;sigma2=0.3;
%Declaration of variables

Sr=y(1); Se=y(2); Ie=y(3); Sv=y(4); Iv=y(5);
%Equation of the model

dy (1)=r1*Sr*x(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*xIv—rho2xSc;

dy (3)=betal*Sr*Iv+beta2*ScxIv—rho3*Ic—axlc—sigma2x*Ic;
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dy (4)=bx*(Sv+Iv)*(1—((Sv+lv)/k3))—beta3d*Sv*lc—gammaxSv—sigmal*Sv;

dy (5)=betad*SvIc—gammaxIv—sigmal*Iv;

%Basicreproduction number formula written in Matlab codes

A= beta3xk3#*(b—gamma—sigmal)./b;

B=betal*klx*(rl—rhol)./r1l;

C= beta2xk2x(r2— rho2)./r2;

D=(gamma+sigmal ) *(rho3+ a+sigma?2);

RO = sqrt (A*=(B4+C) . /D)

function dy=controld (7 ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl1 =0.025:thol=0.005: betal=0.0012;

r2=0.2:beta2=0.003;rho2=0.003:

rho3=0.003;a=0.033;

b=0.13;beta3=0.002;

gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.5;sigma2=0.5;

%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Sr*(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*ScxIv—rho2xSc;

dy (3)=betal*SrxIv+beta2*ScxIv—rho3xIc—axlc—sigma2x*Ic;

dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ic—gammaxSv—sigmal*Sv;

dy (5)=betad*SvIc—gammaxIv—sigmal*Iv;

clear all

cle

%Runge Kuta forth order approach

tspan =[0 24];%Time in Months

y0 =[2000 1500 100 200 50];

[t,y]= oded5(QEACMD, tspan ,y0) ;

[t1,y1l]= ode45(QEACMDCONTROL, tspan ,y0) ;

[t2,y2]= ode45(Qcontrol3 ,tspan,y0);

[t3,y3]= ode45(Qcontrol4 ,tspan,y0);

% %ploting of graphs on susceptible casava resistant breed
population

figure (1)

set (geca,'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,1),"'g",t1,y1(:,1),'k",t2,y2(:,1),'b—",t3,y3(:,1),"'r"
,linewidth ' 4)

xlabel (' Time[Months]| ', ' Fontsize' ,25)

ylabel ('resistant breed','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({ '$no$ $controls','$\sigma_2=0.1$","'$\sigma_2=0.3%$","'$\
sigma_2=0.5$"'},'Interpreter', 'Latex','FontSize' 35)

grid on
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hold off%Stop operation

hold on

figure (2)

set (gca, ' FontSize', 14"')

set (legend , ' FontSize', 10")

plot (t,y(:,2),"'g",t1,y1(:,2),'k" ,t2,y2(:,2),'b—",t3,y3(:,2),'r"
,'linewidth ' ,4)

xlabel (' Time[Months] ', ' Fontsize' ,25)

ylabel ('susceptible breed','Fontsize'  25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ',25)

legend ({'$no$ $controls$','$\sigma 2=0.1$","'$\sigma_2=0.3%","'$\

sigma_2=0.5$"'}, ' Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on
figure (3)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,3),"'g",t1,y1(:,3),'k",t2,y2(:,3),'b—",t3,y3(:,3),"'r"
' linewidth ' 4)

xlabel (' Time[Months| "', ' Fontsize' 25)

ylabel ('infected cassava','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ',25)

legend ({'$no$ $controls$','$\sigma_2=0.1$","'$\sigma_2=0.3%$","'$\

sigma_2=0.5$"'}, ' Interpreter', 'Latex','FontSize' ,25)
grid on
hold off%Stop operation
hold on
figure (4)

set (gca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,4),'g",t1,y1(:,4),'k",t2,y2(:,4),'b—",t3,y3(:,4),'r"
,'linewidth ' ,4)

xlabel (' Time[Months] ', ' Fontsize' ,25)

ylabel ('susceptible vector','Fontsize' , 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$no$ $controls$','$\sigma 2=0.1$","'$\sigma_2=0.3%","'$\

sigma_2=0.5$"'}, ' Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on
figure (5)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,5),"'g" ,t1,y1(:,5),'k",t2,y2(:,5),'b—",t3,y3(:,5),"'r"
' linewidth ', 4)
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xlabel (' Time [Months| ', ' Fontsize' ,25)

ylabel ('infected vector','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ' ,25)

legend ({'$no$ $controls','$\sigma_2=0.1$","'$\sigma_2=0.3%$","'$\

sigma_2=0.5$"'}, ' Interpreter', 'Latex','FontSize',35)
grid on
hold off%Stop operation
hold on

Effect of varying both control strategies

function dy=control5 (" ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol =0.005; betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.033;

b=0.13;beta3=0.002;
gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.7;sigma2=0.3;
%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Sr*(1—(Sr)/kl)—betal*Sr*xIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*Sc*Iv—rho2xSc;

dy (3)=betal*SrxIv+beta2*ScxIv—rho3xIc—axlc—sigma2x*Ic;

dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ic—gammaxSv—sigmal *Sv;
dy (5)=betad*SvIc—gammaxIv—sigmal*Iv;

function dy=control6 (™ ,y)

dy= zeros(size(y));

%Declaration of Parameters

rl =0.025;rhol =0.005;: betal =0.0012;
r2=0.2;beta2=0.003;rho2=0.003;

rho3=0.003;a=0.033;

b=0.13;beta3d3=0.002;
gamma=0.0782;k1=3000;k2=2000;k3=350;sigmal =0.8;sigma2=0.5;
%Declaration of variables

Sr=y(1); Se=y(2); le=y(3); Sv=y(4); Iv=y(5);

%Equation of the model

dy (1)=r1*Srx(1—(Sr)/kl)—betal*SrxIv—rhol=Sr;

dy (2)=r2*Sc*(1—(Sc)/k2)—beta2*ScxIv—rho2xSc;

dy (3)=betal*SrxIv+beta2*ScxIv—rho3xIc—axlc—sigma2x*Ic;

dy (4)=b*(Sv+Iv)*(1—((Sv+Iv)/k3))—beta3d*Sv*Ic—gammaxSv—sigmal*Sv;
dy (5)=betad*SvIc—gammaxIv—sigmal*Iv;

clear all

cle

%Runge Kuta forth order approach
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tspan =[0 24];%Time in Months

y0 =[2000 1500 100 200 50];

[t,y]= oded5(QEACMD, tspan ,y0) ;

[t1,y1l]= ode45(QEACMDCONTROL, tspan ,y0) ;

[t2 ,y2]= oded45(Qcontrolb ,tspan,y0);

[t3,y3]= oded5(Qcontrol6 ,tspan,y0);

figure (1)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,1),"'g" ,t1,y1(:,1),'k",t2,y2(:,1),'b—",t3,y3(:,1),"'r"
,'linewidth ' ,4)

xlabel (' Time|[Months| ', ' Fontsize' ,25)

ylabel (' Resistant breed','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ' ,25)

legend ({'$no$ $control$','$\sigma_1=0.5,\sigma_2=0.1$","'$\
sigma_1=0.7,\sigma_2=0.3%$","'$\sigma_1=0.8,\sigma_2=0.5%$"},"

Interpreter', 'Latex','FontSize' , 35)
grid on
hold off%Stop operation
hold on
figure (2)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,2),"'g",t1,y1(:,2),'k",t2,y2(:,2),'b—",t3,y3(:,2),"'r"
' linewidth ' 4)

xlabel (' Time[Months| "', ' Fontsize' 25)

ylabel (' Susceptible breed','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$no$ $control$’,'$\sigma_1=0.5,\sigma_2=0.1$","'$\
sigma_1=0.7,\sigma_2=0.3%","'$\sigma_1=0.8,\sigma_2=0.5$"},"

Interpreter', 'Latex','FontSize' 35)
grid on
hold off%Stop operation
hold on
figure (3)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,3),'g",t1,y1(:,3),'k",t2,y2(:,3),'b—",t3,y3(:,3),'r"
' linewidth ' 4)

xlabel (' Time[Months| ', ' Fontsize' 25)

ylabel (' Infected cassava','Fontsize' 25)

% title ('TOTAL DYNAMICS VS TIME', ' Fontsize ' ,25)

legend ({'$no$ $control$’','$\sigma_1=0.5,\sigma_2=0.1$","'$\
sigma_1=0.7,\sigma_2=0.3%","'$\sigma_1=0.8,\sigma_2=0.5$"},"
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Interpreter', 'Latex','FontSize' , 25)
grid on
hold off%Stop operation
hold on

figure (4)

set (geca, 'FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,4),"'g" ,t1,y1(:,4),'k",t2,y2(:,4),'b—",t3,y3(:,4),'r"
' linewidth ' 4)

xlabel (' Time[Months| "', ' Fontsize' ,25)

ylabel (' Susceptible vector','Fontsize' , 25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$no$ $control$’','$\sigma_1=0.5,\sigma_2=0.1$","'$\
sigma_1=0.7,\sigma_2=0.3%","'$\sigma_1=0.8,\sigma_2=0.5$"},"

Interpreter', 'Latex','FontSize' 35)
grid on
hold off%Stop operation
hold on
figure (5)

set (geca, ' FontSize', 14")

set (legend , ' FontSize', 10")

plot (t,y(:,5),"'g" ,t1,yl(:,5),'k",t2,y2(:,5),'b—",t3,y3(:,5),"'r"
,linewidth ' 4)

xlabel (' Time[Months]| ', ' Fontsize' ,25)

ylabel (' Infected vector','Fontsize',25)

% title ('TOTAL DYNAMICS VS TIME',' Fontsize ',25)

legend ({'$no$ $control$','$\sigma_1=0.5,\sigma_2=0.1$","'$\
sigma_1=0.7,\sigma_2=0.3%","'$\sigma_1=0.8,\sigma_2=0.5$"},"

Interpreter', 'Latex','FontSize'  25)
grid on
hold off%Stop operation
hold on
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1. Introduction

Cassava (Manihot esculenta) is one of the crops which was firstly introduced in West Africa
from Brazil at the end of 16/ Century by Portuguese and spread to other African countries [3,
19]. Cassava is grown in tropical and subtropical areas which experience low rainfall as the
crop survives in drought climate [10], and this makes cassava a major staple food in the world.
According to FAO, about 700 million people depend on cassava as their main food in Africa
[20]. Production of cassava in Africa is becoming low due to a number of causes, notably pests
and diseases [6]. Cassava Brown Streak Disease (CBSD) and Cassava Mosaic Disease (CMD)
are the most important biotic constraints which have led to decrease in yields [13, 1]. Cassava
mosaic virus (CMV) contaminates the cassava leaves and is transmitted by the whitefly vector
called Bemisia tabaci [3]. There are other 500 different plants including weeds and crops which
are host to whitefly vector [15, 17]. Different causes for transmission of cassava mosaic disease
have been reported, this includes the use of infected cassava stem, the use of infected plant
materials by the farmers [12] as well as the use of CBSD resistant breed which later becomes
vulnerable to cassava mosaic disease [22, 25].

The infected cassava plant is characterized by leaf mosaic patterns and it can persist during
the premature stage of cassava leaf development. The cassava leaves which are infected by
the disease are warped, reduced in size and distorted with yellow color separating the ordinary
green color which is the health part of the leaves. They then deteriorate and the new leaves bend
[7]. Tanzania is among the countries that face this problem and the disease has been spreading
at a fast rate leading to food shortages [24]. According to Tanzania Commissions for Science
and Technology (COSTECH) production of cassava in Tanzania is only 8t/ha which is lower
compared to 20t/ha that can be produced, the main causes of lower production are pests and
diseases.

Studies have been conducted to analyze the transmission dynamics of cassava mosaic disease
and the impact of different control strategies. Holt et al: [8] studied the model with susceptible
and infected cassava, and susceptible and infectious vectors. The study show that using infected
cutting tools and elimination of infectious cassava have a little effect on the occurrence of the

disease. Hebert M.P [4], use the Markov chain models to find the probability of eliminating the
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disease by using the stochastic process models.The model was applied to CMV, the numerical
and analytical results show that the vector aggregation is growing in intricacy as a well as the
possibility of a disease to be recognized in host plant. Lawrence et al: [14] use the system
of differential equation to find the equilibrium value of the whitefly vector and the cassava
plants. The result was analyzed using the finite difference method to assess the spatiotemporal
spread of the disease. Results obtained were compared to the field data and the implication of
controlling the CMV through the practical were explored. The study concluded that using of
ACMD resistant strains of cassava and windbreaks will have positive results on cassava yields.
This paper studies the dynamics of cassava mosaic disease by considering cassava resistant
breed which only catch cassava mosaic disease through unhealthy cutting and susceptible breed
which catch mosaic disease through unhealthy cutting and contact with whitefly vectors before

implementing controls.

2. Materials and Methods

2.1. Model Development

The model is formulated by modifying the model which was developed by Holt et al. [8] to
include breed which catches cassava mosaic disease through unhealthy cutting and susceptible
breed that catches mosaic disease through unhealthy cutting and through contact with whitefly
vector. The model consists of two groups of population. The first group includes the cassava
population (N¢) which is divided into resistant (S,) and Susceptible (S¢) breeds, and infected
cassava (Ic). Second group includes the whitefly vector population (Ny) which consists of
susceptible vector (Sy) and infectious vector (Iy ).

Cassava resistant breed is replanted at a rate r; and is infected by cassava mosaic disease
through unhealthy cutting at a rate §; and they are harvested at a rate p;. The term ky, represents
the maximum plants for cassava resistant breed which can be planted. Cassava susceptible
breed is replanted at a rate r,, and is infected by cassava mosaic disease following contact with
infected whitefly vector and unhealthy cutting at a rate 3, while it is harvested at a rate p,.

The maximum plants of cassava susceptible breed that can be planted is k,. Infected cassava
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flourish following infection of cassava resistant breed through unhealthy cutting at a rate f,
and infection of cassava susceptible breed through unhealthy cutting and contact with infected
whitefly vector at a rate 3, and they decrease due to the effect of cassava mosaic disease at a
rate a and harvested at a rate p3. Susceptible vector is recruited by birth at a rate b and catch
infection following contact with infected cassava at a rate 3. Also, k3 is the maximum number
of vectors that can be supported. Infected vector is recruited when susceptible vector catch
infection following contact with infected cassava at a rate 33 and 7 is the death rate of whitefly

vector.

2.2. Assumptions of the Model

The model assumes that, all whitefly vectors are born susceptible to cassava mosaic disease.
The replanted cassava for both breeds are susceptible to CMD. The whitefly vector cannot
transmit cassava mosaic disease to cassava resistant breed except through unhealthy cutting.
Cassava susceptible breed gets cassava mosaic disease through contact with infected whitefly
and through unhealthy cutting. Susceptible vectors can be infected when they come into
contact with the infected cassava. The interaction between cassava and vector population is

shown in Figure 1. Variables and parameters are described in Table 1 and 2 respectively.

TABLE 1. Variables’ Descriptions

Variables Description

S, Cassava resistant breed at time t.
Sc Cassava susceptible breed at time t.
Ic Infected cassava at time t.

Sy Susceptible vectors at time t.

Iy Infectious vectors at time t.
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TABLE 2. Parameters’ Descriptions

Parameters Description

r

p1
B
rn
p2
B2
P3

a

b
Bs

k
k3

The rate of planting cassava resistant breed

The rate of harvesting cassava resistant breed

The rate of infection for cassava resistant breed.

The rate at which cassava susceptible breed is replanted.
The rate at which cassava susceptible breed is harvested

The rate at which cassava susceptible breed is infected

The rate at which infected cassava is harvested

The rate of loss of infected cassava due to disease
Recruitment rate for whitefly.

Vector infection rate

The death rate of whitefly vectors

The maximum number of resistant breed that can be planted.
The maximum number of susceptible breed that can be planted

Maximum number of vectors that can be supported

b(Sy +Iy) ('1

"‘b\\
P25¢ l S

Sy +hy) .
ks

FIGURE 1. Compartmental Model for the transmission dynamics of Cassava

Mosaic Disease
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2.3. Model equations for the two groups

(1a) %zrlsr(l—i—:) —BiS.dy —piS,,

(1b) % =rSc (1 - i—j) = B2Scly — p2Sc,

(1c) CZ—tC = BoScl, + Bi1S/ 1, — p3l. — al.,

(1d) dditv =b(Sv+1v) (1_Svkﬂ) — B3SvIc —ySv,
(le) dé—: = BsSvic —vly,

Subject to S, > 0,S¢ > 0,1c > 0,5y > 0,1y > 0.
The total population of cassava is given as S, + Sc + Ic = N¢ and the total population of vector

is given as Ny = Sy + Iy.

2.4. Basic Properties of the Model
Invariant Region: Metzer matrix is used to show the feasible region, in which the variables are
positive V¢ > 0. To deduce the feasible region; the model system (1a)-(1e) can be written as:

dx
2 — =Ax+F
(2) 0 x+F,

where x = (Sr,SC,IC,SV,IV)T and a constant term F = (O,O,O,O,O)T such that:

a1 0 0 0 0
0 —¢ 0 0 0
I I — 0 Sc+ B1S,

3 A — Bily  Boly q3 (B2 C(Slill )) |
0 0 0 —q (b—20rt
0 0 0 Bsly -y

for;

q1=Pily +p1—r (1—22—;>,qz=ﬁzlv+p2—r2(1—2%),
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q3 = p3 ta, 614=7+[331c—b—2%-

In equation (3), A is a Metzler matrix Vx € R and due to the fact that F > 0, the model system
(1a) - (le) is positive invariant in R> and F is Lipschitz continuous. Therefore the feasible
region Q is a set of Q = {S,,S¢,Ic, Sy, Iy € R} with initial condition S, > 0, S¢ > 0, Ic > 0,
Sy >0,y >0.

Positivity of the solutions:

Let the initial condition be S,(0),S¢(0),1c(0), Sy (0), 1y (0), the solutions S, S, I, Sy, I, of the
model system (1a) - (le) are positive V¢ > 0. We show that, the solution of the model system
(1a) - (1e) are positive by starting with equation (1a) that:

ds,

“4) o

> —(BiSAv +p1S;).

Separate the variables and integrate both sides of the equation,

1
® [ 55> [~Bit+par

(6) In(S,) > — (Bily+p1)t +C.

This give the values of S, as:

(7) S.(1) > Ae=Bibtpit,

At initial condition time, ¢ = 0, equation (7) above becomes

® 5,(0) > A,
Therefore
©) S, (t) > S, (0) e~ Bibtp)t,

Thus, S,(0) > 0, V¢ > 0.
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Apply the same procedure to the remaining equations (1b), (1c), (1d) and (1e):

We get
(10) Sc (1) > Sc (0) e (Bobtp)r
(11) I (t) > Ic (0) e~ (P3ta),
(12) Sv (1) > Sy (0) e~ Bket?),
(13) L,(0) > 1,(0)e ™.

Here we conclude that, the requirement to study the dynamics of CMD is satisfied considering

that, all the solutions of the model (1a) - (1e) are positive and bounded in the region:

(14) Q:{Sr(t)ySC<t)aIC(t)7SV(t)7IV([)}'

2.5. Cassava Mosaic Free Equilibrium

The steady state when there is no cassava mosaic disease is called cassava mosaic free equi-
librium. We compute cassava mosaic free equilibrium when . = I, = 0. At this state, the total
cassava plants is the sum of susceptible and resistant breeds. However, the population of the
vector at this state consists of susceptible whitefly vector. Cassava mosaic free equilibrium is

given by:

(15) FO = (S,,Sc,Ic, Sy, Iy) = ((” _rp DLIG _rp 2k o (b _b” k3,0) .
1 2

2.6. Basic Reproduction Number R

The basic reproduction number is denoted by Ry. It refers to an expected number of secondary
infections from an infected whitefly when introduced into a susceptible population of cassava

plants [5]. If Rgp > 1, the infectious whitefly can transmit the cassava mosaic disease to more
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than one cassava plants, and if Ry < 1, an infectious whitefly transmits the cassava mosaic
disease to less than one cassava plants, hence the disease is dying out. The basic reproductive
number will be determined by next generation matrix [11] as follows:

Assume that, f;(X) is the rate of cassava and whitefly new infections and V; (X) = V™ (%) —
V" (x) where V." (x) are the terms that are transferred into the compartment and V™ (X) are the

terms that are transferred out of the compartment such that: [5].

= 9fi(x0) and V = Vi (%)

9 (x;) d(x;)

where i, j = 1,2,...,m and xq indicates the cassava mosaic free equilibrium. From the model

(16) F

system (1a)- (1e), f; and V; are defined by:

B S Iy + B2Scly
(17) fl = ﬁ3SvIC
and
p3+alc
(18) vi=| iy

Matrices F' and V are obtained by differentiating equation (17) and (18) respectively, with re-

spect to 1. and I, so that:

0 BS,+BSc
(19) F= ﬁ3Sv 0

and

p3+alc 0
(20) V= 0 y
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The next generation matrix is given by:

0 B2Sc+B1Sr
Y
1 _ | s
(21) FV ' = p33+‘; 0

The basic reproduction number Ry for cassava plants and vector is a dominant eigenvalue of
the next generation matrix FV ! [18]. The basic reproduction number Ry is therefore given by:

\/ﬁS (b—7v)ks ((Vl_Pl)klﬁl_{_(rZ_PZ)kZBZ).

(p3+a) r r

(22)

From equation (22), basic reproduction number R is determined by all parameters from the
model. The basic reproduction number Ry increases in proportion to f33,b,k3, B1, B2, k1,71, k2

and rp, and decreases as ¥, 03, p2,a and p; increase.
3. Sensitivity analysis

Sensitivity index of a parameter tells how a parameter is sensitive to the disease. In this
section, sensitivity index of each parameter with respect to basic reproduction number Ry is
derived to determine how each parameter influences the disease. If f is a parameter in repro-

duction number Ry then, sensitivity index of f with respect to Ry is given by:

Ry _ dRo f
(23) T ¥ df
3.1. Parameters Adoption

Parameter values from the literature and assumed ones are used. Table 3 summarizes the

parameter values, range and their sources.
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TABLE 3. Parameter Values.

Parameters Value Range Source
r 0.025day™! Assumed
p1 0.005day ™! Assumed
Bi 0.0012vector'day™! Assumed
r 0.2day™! 0.025-02  [14]

02 0.003day ! 0.002 —0.004 [8]

B> 0.003vector 'day™"  0.002—0.032 [8]

P3 0.003day ! 0.002 —0.004 [8]

a 0.033day™! 0—0.033 (8]

b 0.5vector " 'day™! 0.1-1.0 [26]

Bs 0.002plant'day™"  0.002—0.032 [8]

y 0.0782day ! 0.06—0.18  [8]

ky 3000 [21]

ky 2000 Assumed
k3 350 0-2500 [8]

11

Using forward normalized sensitivity index for each parameter with respect to basic repro-

duction number Ry, sensitivity index for 3, is derived as follows:

(24)

(25)

dRy

dp,

—1/2

dR [s

gy _ 4Ry Po

Tﬁz dﬁz X

B3 (b—7) k3 (r2—p2) ko 1
rb(ps+a)y

Full computation gives:

(26)

8

ﬁ = +0.3362.

Bs(b=7)ks ( (ri—p)kiB1 | (rn—p2)k:
\/3(p3+a);(1 111_|_2r222)
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We apply the same method to obtain sensitivity indices for other parameters. Table 4 sum-

marizes sensitivity indices for all parameters with respect to basic reproduction number Ry.

TABLE 4. Sensitivity Indices.

Parameters Sensitivity index Parameters Sensitivity index

Bs +0.5000 r +0.0051
B +0.1638 y —0.5927
B2 +0.3362 03 —0.0417
k3 +0.5000 P2 —0.0051
b +0.0927 P1 —0.0410
ky +0.1638 a —0.4583
| +0.0410 ky +0.3362

From the Table 4 parameters S, B3, B1,k1,k2,k3,b,r1, > have positive indices, this means
that the basic reproduction number Ry increase in proportion to these parameters. Parameters
a, p1, P2, p3 and y have negative indices. This means that the basic reproduction number Ry
decrease when a, py, P2, p3 and ¥ increase. The most sensitive parameter is the death rate of

whitefly vectors 7, the increase of this parameter decrease the basic reproduction number Ry.
4 . Global Stability of Cassava Mosaic Free Equilibrium

The global stability of cassava mosaic free equilibrium is established by approach used by

Castillo-Chavez [2]. When this approach is used, system (1a) - (1e) is written as follows:

dX
27) d—tl = H(X) — Xg,) + Hi Xs,
ax,
28 — =GX
(28) 0 2,

where X; presents the noninfectious classes and X; infectious classes. X(x) present mosaic
free equilibrium. Mosaic free equilibrium is said to be globally asymptotically stable if eigen-

values of matrix H are negative and matrix G is a Metzler matrix [9]. We thus define X1, X, and
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XF() by:
S,
(29) X1 =| Sc
Sy
I
(30) o=
Iy
(r1—pk1
r
(n=p2)ka
r
(31) Xp, = 0
(b=7)ks
b
0
Matrices H; and H are defined by:
0 _ﬁlsr
(32) H = 0 —B2S¢
and
—q 0 0
(33) H=1 0 —q> 0 |,
0 0 —qs3
where

q1 = (r1+2r11c_fr+l3ﬂv+l)1),6]2= (r2+2riic+ﬁ2IV+p2)’Q3 = (b+ %;qu}ﬂcj”/)'

Matrix H has negative eigenvalues and matrix G is Metlzer matrix since elements in the main
diagonal are negative and the off diagonal elements are positive provided the rate of planting
cassava is greater than the rate at which they are harvested and the recruitment rate of whitefly

vectors is greater than their death rate. Therefore, when the basic reproduction number Ry,
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is less than one (Rp < 1) and greater than one (Rp > 1), then the disease free equilibrium is

globally asymptotically stable and unstable respectively.

5 . Global Stability of Cassava Mosaic Free Equilibrium

Due to non-linear nature of the model, it is not possible to obtain cassava mosaic equilibrium
explicitly. To prove existence of cassava mosaic equilibrium, we state and prove the following
theorem:

Theorem: Cassava mosaic equilibrium exists if S; > 0,55 > 0,15 > 0,8y, > 0,1j; > 0.
Proof: Approach in Tumwine et al. [23] and Massawe et al: [16] is adopted in proving existence
of cassava mosaic equilibrium. We use the sum of cassava plants and whitefly vectors when their

rate of change is zero. When we consider total cassava plants at cassava mosaic equilibrium,

we have:
(34 rnS;(1— E +nScl1- E —p1S; —p2Se — (p3 +a) I
This lead to :
(35) plSr+pZSC+(p3 —|—a)IC:rlS, l_k_ +I’2SC _k_ .
1 2

Since Sy < k1,8 < ko and all the parameters are positive.

Then:

S* Sk
(36) nS(1="2) +mS:(1--C) >0,
ky ko

showing that: S > 0,55 > 0 and I/ > 0. Using the same approach for whitefly vector we have

Sy > 0 and Ij; > 0. This shows that cassava mosaic equilibrium exists.

5.1. Global Stability of Cassava Mosaic Equilibrium
The global stability of cassava mosaic equilibrium is investigated by logarithmic Lyapunov

function which is given by:

(37) L=Y Gi(P— P InP;),
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where G1, is a positive constant which is to be chosen carefully, P; is a variable in a compartment
i and P* present a compartment variable at equilibrium point. Using system (37) the Lyapunov

function is defined by;

L(S-Sc,Ic,Sv,1Iv) = G1 (S, —S,"InS,)
+Go (SC — Sc*lnSC)

+G3 (Ic —Ic*Inlc)
(38)
+G4 (SV - Sv*lnSV)

+G5 (IV —Iv*lnlv) .

Differentiate the Lyapunov function (38) above with respect to time, we get

dL Sy Sy ST\ dSc dlc
— =G ([1-ZL ) 4G (1-E ) == +G3 (1 -
dt ( Sr) dt < Sc) a 3( IC) dt
S dly
G __V _V
* 4( Sy ) dt ( 1V> dt

From equations (39), we have:

—Gl (1 - —) (r1S, (1 - i—:) —BiS:ly —p1Sy)

S
+ G, (1 ) rnSc (1 — k_§> — BaScly — p2Sc)

(39)

Gy 1- )ﬁzSclv+/315 Iy — p3lc —alc)

(40) (
S Sy +1
+ Gy (1—S—V> Sv—l—]v (1— V]j_ V)—ﬁ?aSVIC_YSV)
3

+Gs 1——5) (B3 Svic —vly).
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At cassava mosaic equilibrium, equation (40) becomes:

2 2 2
dL (S, —5;)° (Sc—S¢) (lc —1¢) (Sv —Sp)
——Gip L Gy G = C Gyt v
T 1P1 S, 202 Sc 3(p3+a) e 4y S,
Iy —I%)? S, —S*) (SyIy — S*I Sc—Sc+) (Scly — ST
@l) o R g S =S (Sly =8iK) g (Sc—Scr) (Sely — Sly)
Iy Sy S,
Sy —S8%) (Sylc — S5
—G4[33( v v)(Svc Vv),
v
this simplifies to:
2 2 2
dL S, — §*)? Sc — St Ic—1I Sy —Si
:_GIPIQ_G2I)2¥_G3(p3+a)@_G4f}/u
dr S, Sc Ic Sv
(42) s
Iy — I
_Gsyu +F(Q),
Iy
where:
S, — S5 (Sly — SiI Sc—S%) (Scly — SEI%
43) " '
(Sy —8y) (Svic = SyI¢)
— G4 Sy :

The function F(Q) is negative or zero in €, therefore dL < 0in Q and it is zero for Q = Q*.
Slnce =0 when Q = Q" and dL < 0in Q then the largest invariant set in 2 when ‘% =0is
a smgleton Q* which is cassava mosaic equilibrium point. By LaSalles invariant principle, the

casssava mosaic equilibrium Q* is globally asymptotically stable when Ry > 1.
6. Numerical Simulation of the Basic Model

In this section, we simulate model system (1) to determine the long term impact of cassava
mosaic disease. We simulate the dynamics of cassava mosaic disease by considering sensitive

parameters.
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The dynamics of cassava mosaic disease is demonstrated in Figure 2. All susceptible vectors
contract the disease before five months, this is reflected by susceptible cassava which also de-
crease due to the disease. Cassava resistant breed takes longer to get cassava mosaic disease as

demonstrated in Figure 2. Figure 3 illustrates cassava and vector populations.

3501
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= Susceptible Cassava
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on

3000~

N

@

3

3
T
I

2000(= 4

1500 : -

1000~ . T

Cassava and vector populat
g
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e~ ——

0 5 10 1‘5
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FIGURE 2. Total Population
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3000 usceptble Cassava a0l = Susceptible vector
c
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s >
Q. 2000 3
g £
S 1500 =
17} 2
8 g 100
1000 >
500 0
n n .
0 5 10 15 20 2% 0 5 [ 15 2 2
Time[Months] Time[Months]

FIGURE 3. Vector and Cassava Population
The variation of sensitive parameters shows that cassava mosaic disease increase
proportionally to recruitment rate of whitefly vectors and decreases as the rate of loosing
infected cassava increases. All classes are demonstrated in Figures below as follows.
Figure 4 demonstrates the variation of the rate of loss of infected cassava to the infected
classes. It shows the behavior of infected cassava and infected vectors when the parameter a

vary, the increase of a lead to the decrease of infected cassava and the decrease of infected
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vector.
TN T
I . o
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[} [P
§ P g 200
o
3 2
35 10
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(A) Infected cassava. (B) Infected vector.

FIGURE 4. Variation of loss of infected cassava rate in infected class.
Figure 5, shows the variation of vector mortality rate Y to the infectious vector and infected
cassava class, if the rate of vector mortality increase the number of infected vector and infected

cassava decreases.

—7 =0.0782, Ry = 42.9395]
==y =0.09, Ry = 39.4619
—7 = 0.12, Ry = 32.9009

/(- 3000

25001

2000}

1500~
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—v = 0.12, Ry = 32.9009
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0 % 0 i
Time[Months] Time[Months]

(A) Infected vector. (B) Infected cassava.

FIGURE 5. Variation of vector mortality rate in infectious class.
From Figure 6 the graphs demonstrate the variation of vector carrying capacity k3 to the
susceptible class of cassava and susceptible class of vector. The graphs show as the carrying
capacity of whitefly vectors increase the number of susceptible cassava breed decrease, the

number of susceptible vector increase.
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Time[Months]

(A) Susceptible breed.
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(B) Susceptible vector.

FIGURE 6. Variation of vector carrying capacity to the susceptible class.
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Figure 7 shows the impact of varying the carrying capacity of susceptible breed of cassava

to the infected cassava class and infected vector . It shows that as the carrying capacity of

susceptible breed increases the number of infected cassava and infected vector increases.
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FIGURE 7. Variation of cassava susceptible breed carrying capacity to the in-

In this paper, the deterministic model for transmission dynamics of CMD which includes

population of cassava and whitefly vector is presented and analyzed. The sensitivity analysis

was performed to identify sensitive parameters. Analysis shows that the number of vectors

that can be supported, the rates at which vectors acquire disease and the carrying capacity of

susceptible cassava breed, play important role in the transmission dynamics of cassava mosaic
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disease. New infections will increase as the carrying capacity of susceptible cassava and the

rate of infection of vectors increases. To improve cassava productivity, campaigns to eradicate

cassava mosaic disease should focus on strategies which reduce vectors’ population. These

strategies include spraying insecticide, use of vector-resistant varieties, phytosanitation which

involve the removal of infected cassava plants from the place that will be used for the new

plantings, crop hygiene and the use of free stem cutting method.
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