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A SPATTAL NONLINEAR MATHEMATICAL MODEL OF MALARIA
TRANSMISSION DYNAMICS USING VECTOR CONTROL STRATEGIES

CHARITY JUMAI ALHASSAN, AND KENNETH OJOTOGBA ACHEMA*

ABSTRACT. Malaria is one of the serious life-threatening diseases with negative effects
on both the social and economic aspects of human life. Researching into its curtailment
or eradication is necessary for elevating human health and social-economic status. In this
regard, this study focuses on the spatial non-linear mathematical model to investigate how
vector control strategies are correlated with the dynamics of malaria transmission. The
study employs a non-linear partial differential equations (NPDE) mathematical model to
investigate malaria transmission. The model system incorporates human (host), mosquito
(vector), and invasive alien plant populations. Some applicable epidemiological mathe-
matical analyses were carried out on the model system, such as critical points, stability,
the basic reproduction number, local asymptotic stability (LAS), bifurcation, global as-
ymptotic stability (GAS), wave speed, and numerical analyses using relevant data were
extensively analysed. Using the sharp threshold conditions imposed on the basic repro-
duction number, we were able to show that the model exhibited the backward bifurcation
phenomenon and the DFE was shown to be globally asymptotic stable (GAS) under certain
conditions. It was found that the invasive alien plants have significant effects on malaria
transmission. This study suggests that mosquito repellent plants should be planted around
the human environment to replace the invasive plants so as to reduce mosquito shelters and
feeding opportunities for mosquitoes.

1. INTRODUCTION

Malaria is a life-threatening illness that affects millions of people all over the world
(WHO, 2021), despite that there are new scientific research innovations for curtailing and
preventing the vector, such as insecticide spray and insecticide-treated bed nets (Raghaven-
dra et al. 2011; Ranson et al. 2011). For instance, in so many parts of African countries,
the disease remains endemic and severe, and even though the mortality rates have drasti-
cally reduced in 2013, it was estimated that about 855,000 people died of malaria (Cjl et
al., 2014). However, with the application of insecticide-treated bed nets control measures,
there is a drastic decline in malaria transmission (WHO, 2022). In 2017, it was estimated
that only 435,000 deaths occurred, as against 855,000 in 2013.
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Malaria infection begins when an infected female Anopheles mosquito bites a suscep-
tible human. As a result, the parasites in the form of sporozoites enter or are injected
into the bloodstream and then transferred from the susceptible individuals into exposed
individuals. Malaria infection has an incubation period of 7 to 30 days after an infective
female Anopheles mosquito bites a susceptible human and its symptoms include diarrhea,
fever, chills, and vomiting to mention a few, and can also occur for years if not treated on
time. Recently, the World Malaria Report (WMR) reported 241 million cases of malaria
in 2020, which is higher than the previous year’s (2019) figure of 227 million cases of
malaria. However, in 2020, the estimated number of malaria deaths stood at 627,000 - an
increase of 69,000 deaths over the previous year (2019) was recorded. It is worth noting
that about two-thirds of these deaths (47,000) were due to disruptions during the COVID-
19 pandemic, while the remaining one-third of deaths (22,000) reflects a recent change
in WHO’s methodology for calculating malaria mortality (regardless of COVID-19 dis-
ruptions)(WHO, 2022). Even though African countries accounted for almost half of the
disease burden and more than half of the malaria deaths worldwide, Nigeria has the high-
est share of the disease burden (31.9%) followed by the Democratic Republic of Congo
(13.2%), the United Republic of Tanzania (4.1%) and Mozambique (3.8%)(WHO, 2022).

Malaria infections are normally prevented by the following four scientific ways, which
include insecticide-treated bed nets (ITNS), indoor residual spraying, and intermittent-
preventive treatment, while artemisinin-based combination therapy (ACT) is used for the
treatment of uncomplicated malaria (Mack and Smith 2011). Vaccination has proved over
time as a preventive measure for malaria disease. In October 2021, the World Health Or-
ganisation (WHO) recommended broad use of the RTS, S/ASOI malaria vaccine among
children living in regions with moderate to high plasmodium falciparum malaria trans-
mission. The vaccine has been shown to significantly reduce malaria, and deadly severe
malaria, among young children (WHO, 2021). This was as a result of the malaria report
in 2020 that the African Region had 95% of malaria cases and 96% of malaria deaths.
Children under 5 years accounted for about 80% of all malaria deaths in the region.

Environmental management became paramount over decades to obtain a sound and
environmentally friendly ecosystem. The environmental protection agency (EPA) pro-
gramme was highly successful as a result of environmental measures for the control of
both falciparum and vivax plasmodium as parts of mosquito larvae in the early 1900s. The
work was based on Watson in Malaysia, which showed the necessity of environmental
modification by selective clearing of forests that harbour mosquitoes (Nkya et al. 2014).
The world health organisation (WHO) uses dichlorodiphenyltrichloroethane (DDT) as one
of the major control mechanisms for eradicating malaria in 1956-1967, and it was not ex-
pensive to purchase and use, and highly recommended insecticides as the residual house
spraying which was highly effective and promised an end to malaria. The campaign for
DDT failed due to its environmental persistence and effects led to its being banned by the
government of the USA in 1972. Stone et al. (2018) presented another promised method
of eradicating malaria due to changes in vegetation structure and composition, or as a re-
sult of deforestation (Villa et al. 2011; Zhu et al. 2015; Hien et al. 2016; Shackleton
et al. 2017). In Africa, invasive alien plants are now one of the major problems, and in
other African regions, where they have negative effects on health, water and other natural
resources, and also pasture production. The invasive alien plants are capable of affecting
human resources in two ways. First of all, both male and female mosquitoes need sugar
and honeydew for their survival and also obtained from floral sources. And secondly, the
invasive plants serve as breeding and resting sites for adult mosquitoes, thus enhancing
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malaria vector multiplication (Kroeger et al. 2013; Muturi et al. 2015; Davis et al. 2016;
Gardner et al. 2017; Muller et al. 2017; Stone et al. 2018).

Mathematical models have become significant tools for understanding the transmission
of malaria infections and also offer control measures that will enable health professionals
to overcome the disease (Diabate et al., 2022; Koutou et al., 2023). However, Artzy et al.
(2010) formulated a mathematical model for the transmission intensity and drug resistance
in malaria population dynamics and underscore that climate change and drug resistance
can interact and need not be considered as alternative explanations for trends in disease
incidence in this region. Julius et al. (2014) extended the work of Tumwine et al. (2017)
model in which they divided the infected human population into individuals infected with
drug-sensitive and resistance. Their findings were that the basic reproduction number was
obtained in terms of the demographic and epidemiological parameters. It is noted from
this threshold parameter that the effectiveness of treatment for the sensitive parasite plays
a crucial role in the spread of the disease and the emergence of drug resistance against the
most common and affordable anti-malarial poses a key obstacle to malaria control.

A mathematical model for the in-host dynamics of malaria and the effects of treatment
was proposed by Zadoki et al. (2017). It was found that the infection rate of merozoites,
the rate of sexual reproduction in gametocytes, and the burst size of both hepatocytes and
erythrocytes are more sensitive parameters for the onset of the disease. It was also reported
that a treatment strategy using highly effective drugs against such parameters can reduce
malaria transmission. Resmawan (2017) provides numerical simulations to show the effec-
tiveness of vaccines and anti-malaria drugs in humans to suppress the rate of transmission
of disease. It was assumed that humans in the susceptible class could move into the recov-
ering class due to vaccination. The simulation results showed that the increase in vaccine
effectiveness and anti-malaria drugs in humans can reduce the reproduction numbers so
that within a certain time the disease will vanish from the population. Titus et al. (2018)
modelled and studied the in-host plasmodium falciparum malaria subject to malaria vac-
cines was formulated and analysed. An efficacious pre-erythrocytic vaccine was shown to
greatly reduce the severity of clinical malaria. Based on the normalized forward sensitivity
index technique, the average number of merozoites released per bursting blood schizont
was shown to be the most sensitive parameter in the model. More so, Takoutsing et al.
(2019) investigated the malaria dynamics model of a within-host and with periodic anti-
malaria treatment. They found that eradication is possible under periodic regimens. A
Spatio-temporal model, using Diffusion-Reaction equations to describe how the drug du-
ration and efficiency can affect the parasite dispersal was also derived. In this work, we
propose a spatial non-linear mathematical model on the impact of vector control strategies
on the dynamics of malaria transmission. This work would result in helping policy-makers
to make decisions on how to reduce or eliminate invasive alien plants in the human envi-
ronment without compromising environmental sustainability and global warming disasters
to human lives.

The organisation of this paper is as follows. The model is formulated in Section 2. The
analyses of the formulated model and its numerical simulations are carried out in Section
3 and Section 4 respectively. The wave equation analyses and its numerical experiments
are carried out in Section 5. Discussion and conclusion are presented in Section 6 and 7
respectively.
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2. MODEL FORMULATION

In this section, we shall formulate mathematical model based on the biological paper
presented by stone et al. (2018) as follows.

2.1. Assumptions of the model equations. For proper understanding and formulation of
system of equations in this study, we present the following assumptions:

(H;) Invasive alien plants close to human population is capable of providing shelter for
a high density of the mosquito population.

(H2) Mosquitoes migrate from vegetation/invasive alien plants to human environment
due to their proximity to human habitat (Stone et al. 2018).

(Hs) We also assume that recovered humans lost immunity and become susceptible.

(Hy) There is a spatial movement of vectors from the invasive alien plants sites at the
borders of the community.

(Hs) We consider that susceptible, exposed and infected vectors have the same coeffi-
cients of diffusion, D and of advection, K, because the disease has no effect on
vector movement (Vanessa and Norberto 2019);

(Hg) We assumed that the distance measures from where the invasive plants are to hu-
man habitat can be covered by the vectors especially Anopheles mosquitoes.

(H7) We describe the spatial spread of the disease by the diffusion and advection of the
vectors only, disregarding the large-scale spatial movements of the human popula-
tion. These insects usually feed on hosts at night, so humans need to sleep in their
houses in villages in order to become infected. Hence, we do not assume local
dissemination by human movements.

(Hg) To make the population constant over time, we assumed that the recruitment rate
is the same as those that died naturally and due to infection (Vanessa and Norberto
2019).

2.2. Model variables and parameters. The variables and the parameters of our formu-
lated model are given in Table 1 below.

2.3. Descriptions of the model equations. In order to provide a quick understanding of
our proposed model, we will briefly describe each compartment of our proposed model as
follows. The susceptible human recruitment rate is denoted by u, which is the same as
the natural death rate of all the compartments. The population is increased by the recov-
ered persons that lost immunity and the disease induced death rate, while the population
is decreased by those that had contact with the infected mosquitoes and became exposed
and those that died naturally. The exposed human population/compartment is made up of
those that had contact with infected mosquitoes and is decreased by those that became in-
fected after some few days of exposure to mosquito bites and those that died naturally. The
infected human compartment is formed by exposed individuals that have malaria parasites
in their blood stream beyond the disease incubation period. The population is decreased
by recovered individuals, those that died due to infection and those that died natural death.
The recovered human compartment is formed by those that recovered from the disease
and is decreased by those that lost immunity and those that died naturally. The inva-
sive alien plants population is logistically modelled. The population is increased by the
plant’s growth rate and is decreased by the plant’s reduction/control rate, h. The suscep-

. . . . . . 85, 9Sm
tible mosquito compartment flight behaviour is described by the PDE, D%2m — K <9m

where the D and K represent the diffusion and advection movement of the mosquitoes
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TABLE 1. Description of model variables and parameters

Variable/Parameter Interpretation

Sh(t) Susceptible human population at time ¢

En(t) Exposed human population at time ¢

I, (t) Infected human population at time ¢

Ry (t) Recovered human population at time ¢

S (t) Susceptible mosquito population at time ¢

E.(¢) Exposed mosquito population at time ¢

L, (1) Infected mosquito population at time ¢

P(t) Plant population at time ¢

b Number of bite per mosquito/vector

D The coefficient of diffusion

K The coefficient of advection

qn Rate at which exposed human population
become infected

vy, Recovered rate of infected individual

ap Recovery rate of human

h Control rate of invasive alien plants

O recruitment rate of mosquitoes from

the density of invasive plants into the
general susceptible mosquito

Lh Recruitment rate of susceptible human and
natural death rate of humans

On Disease induced death rate

g Growth rate of invasive alien plants

K, Plant carrying capacity

Lo, Recruitment rate of susceptible mosquitoes
and natural death rate of mosquitoes

An (%) Force of infection for humans

Am(t) Force of infection for vectors

Bhw probability of malaria transmission from
infectious humans to susceptible mosquitoes

Bmh probability of malaria transmission from
infected vectors to susceptible humans

€ Availability of bed-nets

vy Efficacy of bed-nets

respectively. The susceptible mosquito is formed by the birth rate of y,,, and those that mi-
grated from the invasive plants with the rate, 6,,,. The population is decreased by those that
had contact with the infected humans and those that died naturally. The exposed mosquito

compartment flight behaviour is described by the PDE, Dagfg" - K %Lzm where the D

and K represent the diffusion and advection movement of the mosquitoes. The exposed
mosquito is formed by the vector force of infection, A, and is decreased by those that de-
veloped infection by the rate, g,,, and those that died naturally, p.,,. The infected mosquito
compartment flight behaviour is described by the PDE, D 8; ig — ka,dl—;“ where the D and
K represent the diffusion and advection movement of the mosquitoes respectively. The
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FIGURE 1. Schematic diagram of the model (1) with given values of \;,
and )\,

infected mosquito’s compartment is formed by the exposed mosquitoes that developed in-
fection at the rate ¢, and is decreased by those that died naturally, ti,.

2.4. Model equations. Keeping track of the above assumptions, variables, parameter de-
scriptions, and schematic diagram, the formulated model equations are given by

Sy, _ _ _ _ -
8t}/ = ppNp + 0ndy + ap Ry — ApSh — unSh
OF, _ _
Tth = MSh — (qn + pn) En
oI, _ _
87: =qnEn — (6n + pn +vp)1Ip
ORy, _ _
8775] = vpdp — (un + ap) Ry
op B 2.1)
— =g(1—- =—)P—hP
5 = I Kp)
S, 9%S,, S, _ _ _
OF,, O%E,, OF,, _ _
=D - )\mNm — dm m Em
ot 02 ox T (G + pim)
oI, %I, oL, - _

=D -K

8t - 8.7)2 ax + QmETn, - ,UJmI'm
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Where,
An=(1- ey)ﬁhmwi, Am = (1 — ey)ﬁmh@,o <e<1l,0<~v<1 (2.2)
Ny, Ny,
with the initial and boundary conditions:
gh(O,IE) >0, Eh(O, x) > O,fh(O,x) >0, Rh(O,x) >0
P(0,2) >0,5,(0,2) >0, E,,(0,2) >0,1,,(0,7) >0,

Sma(t,0)=0,8,(t,1) =1, E,,.(t,1) =0,
Ep(t,0) =0, I,,,(t,0) = 0, E,,,(¢,0) = 0.

where D and K are the coefficients of diffusion and advection of the mosquitoes respec-
tively.

The total human population is N}, = S}, + Ej, + I}, + R}, and the total population is given
by Ny = Sin + Ep + Iy,

We will normalize model (2.1) using the following changed variables with the following
scaling parameters:

— Su — B - Iy — B N — Sm — En
Sh — N’L7Eh - N’Lvlh — N’L7Rh - N’L7P - p*vSm — ]\fmaEm - N and
I, =i
m*N .

Substitu{nihg the re-scaled variables, together with their respective changes in derivatives,
into model (2.1), after several algebraic calculations, yields the following normalized sys-
tem:

05,
aith = pp(1 = Sy) + ol + ap Ry — k1 Spln,
OF
aith = k1Sndm — (Qh + Mh)Eh
oI,
afth = qnEn — (0n + pn + o) In
OR
Tth = vpdy — (un + an)Ry,
op (2.3)
5 =9 )P —h
857” 82 Sm aS’"l
o =D 92 — K o + pm (1 = Sp) + 0P — koI Sy,
8Em 62Em 6Em
5 D FrCa K oz + kol S — (@m + ftm) Em,
6Im 82Im aIﬂL
ot 022 5z T ¢ a

where

N k
kl = (1 - Gv)ﬁhmbfakQ = (1 - 6’7)6mhbac = 470 <e< 1a0 <7< 1.
Nh Nm
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with the initial and boundary conditions:
Sk(0,2) > 0,En(0,z) > 0,15(0,z) > 0, Ry(0,2) > 0
P(0,z) > 0,5,,(0,2) > 0, B, (0,2) > 0, [,,(0,2) >0,
Sz (t,0) = 0,5,(¢,1) =1, By (t,1) =0,
E,.(t,0) =0,1,,.(t,0) =0, E,,(¢,0) = 0.

Now, from the normalization and re-scaling carried out, we can now uncouple the system
to become

Oe .

87: = )\h(]- —ep —thp — Th) - (Qh + /ffh)eh

01 .

8—: = gnen — (On + vn + pp)in

or .

8—: = vpin — (pn + an)rn

o 2.4)
— =g¢g(1—-P)P—-hP

5 =9 )
Oem d%e,, e )

ot~ Doz K AT e i) = (o pm )

Oim D?im Oim
! pZ’ —KZ—+qmem—Mmim

ot ox2 ox

3. MODEL ANALYSIS

We first considered and studied the dynamics of the homogeneous model. The spatial
homogeneous model corresponding to system (2.3) is given by

dS
Tth = Mh(l — Sp) + 6ndn + an Ry — k11 Sk
dE
T: = k1 LnSp — (qn + pn) En
dl
dRy,
dt} = vpdy — (pn + an) Ry,
. (3.1
g0 PP
dE'm
= kol - E
ar ko hSm (qm “r,um) m
dl,
i AmLm — Pmim

3.1. Basic properties of the spatial homogeneous equations. Let N, (t) = Sp(t) +
Ep(t) + In(t) + Rp(t) be the total population of human at time, t. Also, let N,,(t) =
Sm(t) + En(t) + I, (t) be the total population of mosquitoes at time, t. Let P be the
plants population at time, t. The feasible region of the model (3.1) is given by
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Q = {(Sh+En+In+Rn, P, S+ Em+1In) € RS - Sp+En+In+Ry =1;P = §; S+
Em+Im = 1ash > 07Eh 2 Oth 2 07Rh Z O,P >07Sm > OvEm Z O;Im 2 0}

3.2. Disease free equilibrium (DFE) analysis. In this section, we shall carry-out a qual-
itative analysis of the model equations as follows.

3.2.1. CaseI: When there are invasive plants in human environment. Disease free-equilibrium
(DFE) corresponding to the presence of invasive alien plants is given by

Ey = (S}tvE;,I}t,R;aP*aS:mE* I*)

m)Tm

_ _ 3.2
(g h)7 pmg + Omec(g — h) 0,0) (3.2)
g Hmd

for g — h > 0 (which denotes the higher growth rate of plants than control rate).

Even when g = h, there is still a DFE. In this case, the DFE becomes a DFE without
invasive plants (i.e. the equilibrium E; becomes E»> = (1,0,0,0,0,1,0,0).

The biological implication of this equilibrium, E4, is that the DFE state in the presence
of invasive plants and susceptible mosquitoes is possible for malaria to be eradicated from
the local community even when the invasive plants are present in the target community.

= (1,0,0,0,

3.2.2. Basic Reproduction number (Ry). To calculate the effective reproduction number,
we divide system (3.1) into appearance of infection and transfer of infection as matrix
F;(x) and V;(z) respectively as follows:

0 0 0 (1 - 6’7)6hmb
P 0 0 0 0
= Vigt+ Ky (g—h ,
0 L 5 (1= )b 0 0
0 0 0 0
qn + Un 0 0 0
ve| “@  ontpnton 0 0
O O dm + gm + Hm O
1
qnt+ih 0 0 0
dh 1 0 0
vl = | (anten)(ontontun)  Ontunton :
0 0 T T 0
O O qm 1
(/“LWlJ’_gWL)((ImJFHWLJFEm,) (Hm+§m)

Therefore, the spectral radius of 'V ~! gives the effective reproduction number as shown
below.

ROl _ k1k2k3q”L(Qm + Nm)
P (qn 4 fin) (Vn + Ok + ) (@ + om ) (@m + i)

where k1 = (1 — €y)Bumb, k2 = (1 — €y)Bmnb, k3 = %‘;(Q*h)

3.2.3. Case II: When there are no invasive alien plants in human environment. Here, we
recompute the basic reproduction number of system (3.1), where there are no invasive alien
plants. Equilibrium, Fs, is used in this case and is given by

Ey= (S}, B L R, P SH BN T 33)
=(1,0,0,0,0,1,0,0) '
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3.2.4. Analysis of basic reproduction number (Ry). Following the approach in Van den
Drische and Watmough (2008), the approach used above, we calculated the effective re-
production number of the homogeneous system to be

R02 — k1k2Q’m(Q7n + ,um)
,um(Qh + /Jh)('Uh +on + /lfh)(%n + /Lm)(Qm + /im)

where k1 = (1 — €7)Brmb, ko = (1 — €7) Bmnb.

0.0g ;B T T T T T T T =
\\ o2 » e
I + v
0.08 & 1
007 b : ; N g
\\
= A
E - .
o .05 \ *
) b
2 005t S -
= @
o & g
£ 004f 2 ~ .
z -
€ ool T
002 -5 B
"9 _4- \-_-'\—.___-
oot b Kﬂ \—0.4———;
1 1 1 -z—ﬁlﬁ__il__‘o-‘?—_——
0.1 02 0.3 0.4 05 0k 07 08

Bitting rate, b (8, =0.1)
FIGURE 2. Contour plot of Ry, for 6,,, = 0.1

3.3. Local asymptotic stability (LAS) of F; equilibrium. The local asymptotic stability
(LAS) of the equilibrium, £ is obtained using Theorem 1.

Theorem 3.1. For R2, < 1, E; is locally asymptotically stable and unstable if otherwise.

Proof. Linearizing the spatial homogeneous model (3.1) with the corresponding equilib-
rium, F1, we obtained the following:

— MUk 0 5h Qp, 0 0 0 —kl
0 —mq 0 0 0 0 0 k1
0 g —ms 0 0 0 0 0
0 0 v, —mg 0 0 0 0

JE) = 0 0 0 h—-g 0 0 0 34

0 0 *kglfg 0 ng Hom, 0 0
0 0 k2k3 0 0 0 —my 0
0 0 0 0 0 0 Gm  —Hm

where mi1 = qn + fth, M2 = Op + fn + Vh, M3 = oy + Lh, M4 = Gm + Lhm
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[RNERS T T T : =
J %

00s - i

007+ -

0.08

0.058

E\\\\;

0.0 _:

0.1 0z 0.3 El.tl 0.5 06 07 0.8
Bitting rate, b (8, =07)

Transmigsion rate, B

FIGURE 3. Contour plot of Ry, for 8,, = 0.7

The eigenvalues corresponding to equation (3.4) is given by \; = h — g < 0,y =
—pns A3 = —(an + pin), Aa = —pim

The rest four roots can be obtain from the following polynomial
P(A) = A+ Ap)A® + 4107 + Ag) + A3 (3.5)

where
Ao = Op + 2pn + qn + Vb + 2 + Gm
Ay = Sppin + By + 20 hm + At + OhGm + 240 Gm + 2qnfim

+ UnGm + qhlm + 20ntm + OnGn + [nGn + GuOn + LU + B, F mGm
Ag = 20nphfim + On bty + 24 tm + 2pinfisy, + Onfingm
+ 201Gt + OhbomGm + OnGndm + B dm + HhQhdm + 20808k
+ 2 i + Gn e, + GhBanGm + 1R Gm + 2GR Uk + Vb im G + GhVRGm
+ 20p 0 o, + VR,
Az = —kikoksqm, + Spptn i, + B pe, + Onbth imm
+ Onqn i, + OnGntnGm + [ o Gm + B Gh iy + [0 GhHmGm
+ OB G + QnUR e, + Qh VR Gm + FhVn iy,

_ (ko = kakaksgm)[ptm (qn + pn) (v + On + p1n) (gm + pm)]
k1koksqngm + (,U'(qh, + ,U'h)(vh +n + ,Ufh)(Qm + ,Um))

(RS, — 1]
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where
ko = Onfintim, + Koy + Onfthbom G + Ondn i,
+ ShGhbmGm + K imGm + LhGhie, + BRGhimm

+ URVRUmGm + thhﬂfn + QUR UM Gm + thhﬂfn
[l

Remark 1. Clearly, Ay, Ay, Aa, Az > 0, provided that R%; < 1and (’“‘[Jk‘l’;;’Zz’;3qﬂﬁ’{;ﬁiﬂ;iﬁgh‘*ﬁ;m;)(ivztp)b)rf)] <

0. Thus, the DFE corresponding to the continuous presence of invasive plants in human
environment is locally asymptotically stable (LAS).

3.4. Local asymptotic stability (LAS) of F> equilibrium.
Theorem 3.2. For R3, < 1, Ey is locally asymptotically stable and unstable if R3, > 1.

Proof. Linearising the model equations (3.1) with the corresponding equilibrium, E5 and
obtained the following:

—Uh 0 5h ap, 0 0 0 *k’l
0 —-m 0 0 0 0 0 k1
0 gn  —ma 0 0 0 0 0
_ 0 0 v, —ms3 0 0 0 0
J(E) = 0 0 0 g—h 0 0 0 (3.6)
0 0 —ko 0 Omec  —pm 0 0
0 0 ko 0 0 0 —My 0
0 0 0 0 0 0 Gm  —Hm
where my = qp + pn,m2 = Op + pp + vp,m3 = Qp + By, My = ¢m + fm. The
eigenvalues corresponding to equation (3.6) is givenby 1 = g —h = 0,29 = —pp, x3 =
—(an + pn), T4 = —pim
The rest four roots can be obtain from the following polynomial
z* + Boa® + Biaz? + Box + B3 =0 (3.7)

where
Bo = 6n + 2un + qn + On + 20m + gm
By = Sppin + py + 20 fim + Anfim + Snm + 200Gm + 2qnkim

+ UhGm + Ghm + 20nfm + OnGn + [inGn + quon + 1RO + B2, F mGm
By = 20npthfim + Snpiy, + 24t tim + 2ttty + Onfingm
+ 261 Gntm + Sntm@m + OnGhGm + HhGm + BAGhGm + 20A Gk
+ 20 fmGm + Qh oy + GhbnGm + HhVRGm + 20h Uk + Vb fanGm
+ GhORGm + 20RO + Vnplin,
By = —kikaGm + Onpiniin, + [ tioy + SnlihfimGm + Sndniio,
+ O tmm + K banGm + BhGh o + BhQhfmGm + A3V Gm
+ qun 2, + QnVRHmdm + nVREZ,

_ (ko = k1kagm)[1m (gn + pn) (Vn + O + pn) (@m + fim)] (B2, 1]
kleQm + (,U(Qh + ,Ufh)(ruh + 5h + ,U'h)(Qm + ,um)) 02
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where
ko = Onpthbie, + Kty + Onbih fimGm ~+ Onqniia,
+ OnGntimGm + [ mGm + Bhdni, + BaGhfmGm
+ Bn VR Gm + GhOR L,  GhORmGm + VR,

3.4.1. Remark 2. Clearly, By, By, By, B3 > 0 provided that R32 < 1and

(ko — k1kaqngm) [1m (qn + pn) (Vn + 0n + pn) (gm + )]
[F1kagm + (ulan + ) (vn + 0n + g0 ) (@m + )]

Since one of the eigenvalues is zero, further analysis using the Center Manifold Theory
will have to be used in establishing the LAS of Es in the manifold of interest. However,
since the other eigenvalues are negative, with the associated effective reproduction number
less than unity, we conjecture that F, at most stable, and an attractor of trajectories in its
neighbourhood. FE is stable but may not be asymptotically stable since this DFE exists
only when g = h. These results show an important effect of the presence of invasive
alien plants on malaria dynamics: they can lead to the existence of two DFEs. This is an
important contribution to knowledge.

< 0.

3.5. Disease endemic equilibrium.

Theorem 3.3. System (3.1) has a unique positive equilibrium, E3 = (S;*, Ey*, I, Rf*, P**, S¥* B 1)
whenever R3, > 1.

Proof. We will begin the analysis of the disease model endemic equilibrium by rewritten
system (3.1) in terms of the force of infections as follows:
s
dt
dEy,
dt
dl,
dt
dR
Th = vplp, — (un + an)Rp
t
dP (3.8)
— =g(1—-P)P—-hP
] )
dSm,
dt
dE,,
dt
dl,,

Y = m,Em* mIm
dt q 12

= Mh(l — Sh) +6p1p + apRy, — AnSh
= AnSh — (qn + pn) En

= qgnEp — (6n + pn +op)1p

= Nm(l - Sm) + om,cp - )\mSm

where b b
Ap = mim )\m = m 7h
h = OB N, OBmn N,
To obtain this equilibrium, we set the right hand sides of (3.8), and solve for the state
variables. After several calculations, we have that
By = (S By 03 Ry P S B3 )

m m’Tm
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where
SZ* _ Hhrai1a2a3
(a1a2a3 — dpa, — Oppun — apvp) AS* + pparazas
B = a2a3p A}
(a1a2a3 — Opaep, — Opfin, — QpUR) AL + pnaiazas
= Hha3qn ;" (39
(a1a2a3 — dpa, — Oppun — apvp) AL + pparazas
Ry* — HhVRqR AT
(a1a2a3 — Opaep, — Opfin, — QRUR) AL + pnaiazas
P — Kp(g_h)7g> h
gror _ Mmg +Omelg —h)
" 9(pm +A57)
E* — A (fmg + Ome(g — h))
" 9 + X5 ) (@ + )
[ = /\:7? (,U'mg + amc(g — h)
" gt + A ) (@ + )
N = pn(arazas + Ap*(azas + asqn + vaqn))
(a1a2a3 — dpan — Sppin — pVR)N;* + ppaiazas
with
a1 = qn + pn, a2 = Op + pp + Vp, a3 = pip, + ap
and o bILT biy*
h = ¢maW7 m (bﬁmh N;;* (3.10)
for
¢=(1-ey)

substituting equations (3.9) in equations (3.10) show that the non-zero equilibrium of the
model can be written in a compact form as:

AN 4+ ZoNF + Z5 =0 (3.11)
where
Zy = 611a3bg s i i B + 2030917 G i, Bon + A3DGBLLG G Har Grr Bron
+ a2a3bg D1y G L G Brn + a3bg O GO 1, Ben + A3bGOUT, T VB G Bent
+ a1a203g 45 1, + A3GHT AR, + QLA3GHA AR LY, + Q205915 Qh i, + 010239107 1 G + Q391 A7 L G
+ QLA3GUR Gh L G + Q203915 Gh i G + 203G 145Gh VR Ly, + A1A3GHGAnVA L, + 203915 nURL,

+ 2a39043 GRon 2, gm + 103913 qhORIZ G + A2a3G12 QORI Gm + 9HE GV ES, + GG VE 12, ]
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Zs = asb?cgd” andn itnqn Bambm Gm B + a3b*cgd™Sn 17, qh BomOm Gom B
— a1a2a3b%cgd> 1t qn BamOm Gim Bah + a3b”cgd” cun 11h G V1 BomOrm G Bon
— azb®che® a6 1tnGn BamOrm G Bunh — a3b>chd®Sp 117 qh BumOrm G B + a1a2a36°chh® 111, @1 B O Gim Bt
— azb®chd® o qn vn BomOm G Bon + a3b> 9> S 11 qh Bam HanGom Bmn + a3b” g&> S 147, b Brm Han G Bonn
— a1a2a36% 902 1 qh Brm b Gm Bon + a3b> GO 118.G1 0 Bhm foam G Brah + @1a2a30g 15 qn 12, Bann
+ a1a203bgPUR Gh fn G B + Q15039115 i, + a3 A203g 7 11, + 2010203915 Gn sy, + A15a3G47 11y G
+ afaxa3 gy 2, gm + 20102039105 Gn i, G + 2010203917 GhUR L, + 2010283917 VR L2

Z5 = —a1a2a3b*cgd” 15, qn BumOm Gm Bb + a1a2a3b chd® 13 @1 BvnOrm Gom Bonn
— a1a203b% 9O 113 @n Boun tim G Bt + a3 adadgul i, + ata3adgud p2,qm

(102t (0102036 A 13 @i BamOm G Bron + a3 a3a3917 12, Gm — 7) (G + pim) [

a1z fim(Gm + fm) + k1kak3gm

1— R3]
where

T = a1a2a3b*cgd® 13 qn BamOm Gom Bun + a1a2a30> g0 113 @ Baun Hom G Brni

There are three cases to be considered (depending on the signs of Z; and Z3, since Z; is
positive) to study the number of positive roots of f(A;*) = 0.
e Case 1: Suppose 0, = 0 then Z; = 0, Z5 > 0 and the quadratic equation (3.11)
becomes linear in \}* = _ZZ23. Hence, there will be a unique positive root if
Z3 < 0. In this case, the system has a unique (stable) endemic equilibrium if and
only if Z3 < 0 which occurs only when R2; > 1; hence backward bifurcation is
not possible in this case.
e Case2: If 7 < 0Oand Z3 = 0 or 222 — 47173 = 0, then f()\;;*) = 0 has one
positive root which means that the system has a unique endemic equilibrium.
e Case 3:If Z3 > Oand Z> < 0 or Z3 — 47173 > 0, then f(A;*) = 0 has two
positive roots which implies that the system has two equilibria.

We therefore summarized the results in the following lemma.
]

Lemma 1. The number of positive endemic equilibria of model (3.11) is summarized
as follows:

(1) If Z3 < 0 & R%, > 1, the system has a unique endemic equilibrium.

(2) If Zy < 0and Z3 = 0 or Z2 — 47, Z3 = 0, the system has exactly one endemic
equilibrium.

(3) If Z3 > 0 R3, < land Z3 — 471 Z5 > 0, the system has exactly two endemic
equilibria.

(4) Otherwise there are no endemic equilibria, i.e. when Z1Z3 > 0 and Z3 > 0,

where g > h.

3.6. Backward bifurcation phenomenon. Backward bifurcation may occur under cer-
tain conditions for R3, < 1. The presence of backward bifurcation indicates that the
necessary requirement of 23, < 1, is not sufficient for the disease elimination. The Center
Manifold Theory will be used to prove the conditions on existence of backward bifurca-
tion. To investigate the existence of the backward bifurcation of the spatially homogeneous
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of model (3.1), we shall rewrite it in vector form as:

dYy
P H(y) (3.12)
where
Y = (Y1, Y2, Y3, Y4, Y5, Y6, Y7, Ys) "
and
H = (hy, ho, h3, ha, his, he, by, hg)”
so that

Sh:ylaEh:y2th :y37Rh :y47P:y5vsm :yGaEm :y7aI’m:y8

Thus, it becomes
41 = h1 = pn(1 = 1) + Onys + anya — (1 — €) Bamby1ys
Yo = ha = (1 — ) Brmbyrys — (qn + pn)y2
Y3 = h3 = qny2 — (0n + pn + vn)ys
Ya = ha = vnys — (Un + an)ya

. (3.13)
Ys = hs = g(1 — ys)ys — hys
Yo = he = pim(1 — Y6) + Omcys — (1 — €v)brysys
yr = hr = (1 = e7)bzysys — (gm + tm)y7
Ys = hs = qm¥Y7 — HmYs
% _ k1k2ksqm (gm~+pm)
Theorem 3.4. For fmp, = Bmh B \/.u’m(qh,+u*h,)(Ulhjéz+ll4h)(qm+ﬂm)(qm+ﬂm) then system
(3.1) exhibits a backward bifurcation phenomenon whenever a,b > 0.
Proof. Choosing 3,5, as the bifurcation parameter at R3; = 1, We have
k1k2kSQm(Qm + Nlm)
Bmh = Bpn = (3.14)
h Mm(Qh +Mh)(1)h + 0n +,Uh)((bn +Mm)(Qm +Um)
—lh 0 0 ap 0 0 0 -k
0 —-ms 0 0 0 0 0 k1
0 qn —mg 0 0 0 0 0
oy 0 0 Vp, —my 0 0 0 0
J(Elaﬁmh) - 0 0 0 0 h— g 0 0 0 (3.15)
0 0 —kgkg 0 Hmc —MUm, 0 0
0 0 k‘Qk’g 0 0 0 —msg 0
0 0 0 0 0 0 Gm  —lm

where ms = g, + pn, me = Op + pp + Vh, M7 = Qp + M8 = ¢+ fim
Thus, the right eigenvector, w = (w1, wa, w3, wy, ws, we, w7, wg)’, associated with
the simple zero eigenvalue can be obtained from J(E1, 5;,,).w = 0. Thus, we get

Opws + apws — kiws kiwsg
w1 = , W2 = )
Ih, qn + 1n
qrhW2 VpWs3
Wa = 7,[[} = - 3.16
3 On + v + pn ! an + 610
B ~ kaksws ~ kokzws _ Gmwr
ws = 0, wg = — YWy = ——————,Wg =

Gm + o Lim
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More so, the left eigenvector, v = (vy, va, ..., vg), corresponding to the simple zero eigen-
values is obtained from v.J(E1, },,) = 0. Thus,

vy =0,v2 = &7113 =wv3>0,v4 =0,
qn + Lh
(.17)
dmUs k’ﬂ]g
vs = 0,v6 = 0,v7 = , Vg =
qm + m Hm
O

Therefore, the second-order partial derivatives of h;, ¢ = 1,2, ..., 8 from system (3.13)
are zero at point (Ey, 3,,) except the following.

2 2
G = (L= Dby 2 = (1= )b
d%hs 8hg .
Tysys 2 Byadye (L 1)Pmab
0%hy R
Y306 = (1—ey)Bnnb i1
ﬂ:f(lfey)bﬂ:(lfm)b oo
ys0B;,, " Oys0By,,
0%he (1= ex)b(img + Ome(g — h))
Y3081, Hmg
?hr (1= ev)b(pmg + Ome(g — 1))
Y308y, Hmg

Assuming that

(1) A=D,h(0,0)=( g;’? ,0,0) is the linearized matrix of the system around the equi-
J
librium O with o evaluated at 0. Zero is a simple eigenvalue of A and all other

eigenvalues of A have negative real parts;

(2) Matrix A have a non-negative right eigenvector, w and a left eigenvector, v corre-
sponding to the zero eigenvalue. Let hy be the & — th component of /& and

n
0?hy,
a = E VWi Wy

el aylayj( 9 )7

. (3.19)
b= Z v w%(o 0)
— e P oyae

The local dynamics of system (3.13) around 0 are totally determined by a and b. By virtue
of the Center Manifold Theory (Castillo and Song, 2014), we calculated the bifurcation
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parameter to be

0%hsy
a ="y Zwle + vo Zwle
i,j=1 0y;0 J =1 0 1ayj
8 8
0%hs 0%hg
o g::l Y gy 2w Dydy; (3.20)
8
0%hy
—+ v7 Z W;W;
ij=1 8%8%

= (1 — €y)Bpmbva + (1 — ev) B, ,bvr > 0.
Also,

0%hy
b= vlzwla 86117; +’U22wla 186; n

0%hg 0%hy (3.21)
e Z; g, ; Y Dyi08,

(1 — EV)b(/‘mg + gmc(g - h))'U7
Hmg
We therefore conclude that a backward bifurcation occurs since a > 0 and b > 0.

= (1 —ey)buy + > 0.

0.7 T T T T T T T

+
+
+
06F &+ 1
Stable Endermic Equilibrium "'
+
05t P :
-
P
0.4t P 1
&+ J'
03r " .
&+
+
02t B* 1
&  Unstable Endemic Equilibriom
01r & &
"ﬁ
Stableflﬁ':---,---q--- IUnstable DFE
0.65 o7 n.75 n.a 0.85 na 0.95 1

REH

FIGURE 4. Bifurcation diagram of System (3)
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3.7. Global stability of the endemic equilibrium. The global asymptotic stability of the
endemic equilibrium (Es5) of the spatial homogeneous model (3.1) will now be investi-
gated. We defined the following set.

0= {(Sh; Eha Iha Rh7 P7 S’ma Ema Im)GC([O]), Ri) T07 0< Sh < S;kl*a Eh(t) < E;*a Ih(t) <
Iy Ru(t) < Ry, P(t) < P, Siu(t) < S35, Eon() < By T () < I3}

since QeC([0]), RY), it follows that € is positively invariant with respect to the special
case of the spatial homogeneous model (3.1) mention above. The following theorem holds

Theorem 3.5. The endemic equilibrium (E3) of the spatial homogeneous model (3.1) with
O0n = 0is GAS in ) whenever Ry > 1.

Proof. Consider the special case of the spatial homogeneous model with J;, = 0 and
Ro1 > 1. Let B3 = (Sp*, Ef*, I, Ry*, P**, S} EXF, 1) represents the unique en-

mTm
demic equilibrium. Considering the non-Linear Lyapunov function of Goh-volterra type.

‘We obtain

V =S — Sp*InSy + By — EffInEy, + L1y — ;¥ Iny) + 92 (R, — Ri*InRy) +

Vhdh

P = P™InP + Sy, — S3i IS + By — E3i InEpy + &(Ly, — I3 Inl,,)

where dy =V}, + up,.
We define the following steady state relations obtained from the spatial homogeneous
model (3.1) at the endemic steady state F.

tn +an Ry = NS 4+ pnSh

di By = N\F ST

do I} = qnE;

dsRy* = Vi I*

AP = g1~ PP P 0 P = X S35 4 oS
dsErr = XS

pmdyy = qm

The Lyapunov derivative of V is given as

V = (]_ — ;h )(,uh(l — Sh) + ap Ry, — AhSh)
E** d I** _
+(1 - Eh YRSy — diEp) + —(1 — 2 )(qy By — do 1)
h qn 1,
dy Ry
— 1- Vi Iy, — dsRy,
+d2Uth( Ry Y (Vi1 — dsRy,)
+(1_ P )(g(l—P )P_hP)+(1_ )((1_Sm):um+9mp_)\msm)
E** l d sk
+(1 = =) A S — ds Ern) + q—B((l = 72 (g B — )

(3.22)

Using the steady state relations gives the following in €2 and noting that the state variables
of the spatial homogeneous model (3.1) are bounded by the values of their endemic steady
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state in €2.
. S** Sh
V= unSi¥[2 - b —
Hh h [ Sh S;;*]
Y Efx[p— b - Zh DM h Zh Zhh
S EWS;T ILLWEr Rl RE* (3.23)
+dy P**[2 P p + Sy [2 Sm._ Sm ] '
S** E**S I**E I
d E** 4_ m. m>~m _ "m m_-m
TE = T S T Tl I
Finally, since the arithmetic mean exceeds the geometric mean, the following inequalities
hold.
S8
2- 5~ gl <0
Sn SpF
5 Spr _ E;*Sy, _I)'E,  RyI, &] <0
Sp EnSyr InERT Ruplp RpY
P P
2 — — <0
[ P P**] -
Spe 8
2— 1 - —]<0
4 m m~Pm  Imm Im <
[ Sm  EpSE Ik Ifh*] =0

Thus, we have that Vv < 0 for Ryp; > 1. Hence, Visa Lyaponov function in 2 whenever

Ry, > 1. Therefore, E5 is GAS in €) whenever Ry; > 1.

O

4. NUMERICAL SIMULATION

In this section, we present numerical parameters’ values of the formulated model as

shown in Table 2.

5. TRAVELLING WAVE SOLUTION

In this section, we shall assess the spatial spread of malaria disease with spatial disper-
sion of vectors. With this regard, we shall find the travelling wave linking the equilibrium
points and determine the conditions for the existence of the propagation speed of such
wave. In our model, we assumed that the vector population takes both advection move-
ment (K), which increases the wave speed, and dispersal coefficient D, which depends on
the wave propagation speed, v.

Travelling wave solution with respect to our model equation are of the form:
Eh(.]?, t) = eh(z), Ih(l‘, t) = ih(Z), Rh(l‘, t) = ’/‘}L(Z), E»m(l', t) = enb(z)y Im(x; t) =
im(z), where z = x — vt and v is the constant wave speed, which we will determine.
Replacing the non-homogeneous spatial system (2.4) in wave equation form, we obtain the
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TABLE 2. Description of the model parameters’ values

Parameter Value Reference

Ay, 47.8980/day Kenya National Bureau of Statistics
Lh 0.00004643/day Kenya National Bureau of Statistics
Bhim 0.24/day (Okuneye and Gumel 2015)

Bmh 0.14/day (Okuneye and Gumel 2015)

qn 0.083/day (Okuneye and Gumel 2015)

ap 0.000017/day (Augusto et al. 2015)

Vp, 0.00265/day (Okuneye and Gumel 2015)

K, 40000 Assumed

€ 0.5 Variable

0l 0.6 Variable

On 0.0003454/day  (Augusto et al. 2015)

b 0.5 Variable

A 4700.8980/day  (Kroeger et al. 2013)

O 0.343/day (Okuneye and Gumel 2015)

m 0.091 (Augusto et al. 2015)

g 1.84 (Okuneye and Gumel 2015

Lo, 0.1041 (Nwankwo and Okuanghae 2019)
Em 0.4 Variable

h 0.05 Variable

following system of ordinary differential equations:

Uh .
rl+ —p —
v

v

6/+i(1—€h—ih—rh)im—weh:0
v
0 s
o — ( h+Mh+UI,)Z.h:O
v
5.1
nton) 5.1

Deptt — (k —v)em! — 0—2(1 —em — im)in + (@m + fim)em =0
v

Digptt — (k — 0)im! — @mem —

,Ufmim =0

where ¢1 = ¢Bpmb, c2 = PpBmpband ¢ = 1 — 7.
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FIGURE 5. Time versus infected human

This system is equivalent to the following system of first-order differential equations:

d 1)

ch = _2(1 — €p — ih - Th)im + (q}L + luh)e , + nton al ih
dz v v v

di Op 4+ vp + .

din __an,  Ontontpm),

dz v v

T v

Tho_Vng oy lont )

dz

€m

-m o 52
dz U1 ( )
du 1 C 1*€m77;n . Qm + m
T;=5(k—v)ul— 2 5 L)le‘F(mDM )em
diy,
om _

dz 2

du 1 dm m .
d722 = E(k — ’U)Ug — Bem + %Zm

where
d’Lm NG d67n "

W = Zm(z)’ dt = enz(Z)
There are two equilibrium point of the system above the first is g1 = (0,0,0,0,0,0,0)
Which represents disease free equilibrium and the second, g» = (Ef, I, Ry, E2,,I12,,0,0)
which is the non-trivial equilibrium that corresponds to infection the condition for the
existence of go is g2 > 1 because £}, I7, R?, EY,, I}, are non-negative. We want to find
the condition for a solution with a positive wave propagation speed v and with non-negative
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FIGURE 6. Time versus infected human

Ep, 17, Ry, E7, 17, that the following boundary conditions holds.

en(—0) = Epxx and ep(+00) =0
in(—00) = Ipxx and ip(4+00) =0

rp(—00) = Rypxx and rp(400) =0

em(—00) = Epxx and ep(+00) =0

im(—00) = Ipxx and i, (+00) =0
u1(—00) =0 and wui(+o00) =0
uz(—o0) =0 and uz(+00) =0

we searched for solutions in the positive region,such that £} > 0,1y > 0, R} > 0, E;, >

0, I, > 0 and the solution cannot oscillate near the origin. The eigenvalue of the Jacobian
matrix must be real and non complex values otherwise By < 0,17 < 0,R; < 0,E;, <

m

0,12, < 0 for some z. Linearising system (5.2) at point g; = (0, 0,0, 0,0, 0, 0), we get the

rTm

Jacobian matrix of the system at g; given by

dnthtn 0 0 0 0 -2 0
_m dtwtm 0 0 0 0
0 - cwdin 0o 0 0
Dgi=] 0 0 0 0 10 0|, (3

0 2 0  Imfiem B9 0
0 0 0 0 0o 0 1

m m k—v
0 0 0 —z 0 lz k5
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FIGURE 7. Time versus susceptible mosquito

The corresponding eigenvalues of the wave equations are the roots of the polynomial

m(¥) = U7 4 by WS + by U5 4 by Ut + bW + b, U2 + b5 U + bg (5.4)
where
b0 = P1+ P2+ P3+ P5+ P6

by = —(45 — PPy — P3P, — PsPy — PsP, — P\P3 + Py — P\ Ps — P3Ps — P Ps —
P3Ps — P5Ps)

by = —(Bsppm _ Prbtm  Popim _ Pstim | pppy — PyPy + PyPsPs + PyPsPs +
P1P6P3+P2P6P3+P5P6P3—P1P4—P2P4+P1P2P5+P1P2P6—P4P6+P1P5P6+

P, PsFs)

Pypim P1 Po i, Py Ps3 piy, PsPs i, Py Ps i, P5 Ps i, P3 P5
b3 — _(_ 4M + lDZIL + 1D$llfz + ZB/Ln + 1DH + 2DIL + JDllfm +

PiPoPy+ P P3P+ PoP3sPy+ Py PPy + Po Pg Py + P3 Ps Py — Py PoP3s Ps — Py Py P3 Py —
PP, P; Py — Py P3Ps P — P> P3P5Ps)

b (P1P4Hm +P2P4Hm +P3P4H7n o P1P2P3Nm _ P1P2P5/'L7n _ Py P3 Psjim, _ Py P3 Ps jim, _
4= D D D D
P P,P3sPy — PiP,Ps Py — P\ P3sPs Py — P2P3P6P4 + P1P2P3P5P6)

by = _(Clggs,;]m + PIPZIDD'SP5ILm _ P1P254ltm _ P1P354ltm _ P2P354ltm —|—P1P2P3P4P6)
be — cicaP3qnqm _ P1PaP3Papiy,
6 — D2v2 D
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FIGURE 8. Time versus infected human

and Py = s p, - futmtis p_ swbm P tafe Py o Py = b

Also, considering the assertions and that limgy — —o0 = 400, the polynomial p(¥)
always has a negative real roots.

Therefore, for R%Q = 1, we obtain that v,,;, = 0, and then non-wave speed exists for
R%z < 1, the existence of 3 real roots depends on the value of v.

However, the minimal speed at the double root of the polynomial is p(v,,in) = p’(vymin)
0 Secondly, we consider the advection movement(i.e k£ # 0, k) appear adding the value of
v,from the expression of the polynomial coefficients by, by, b2, b3, by and bs. Hence, ad-
vection increases the wave speed when it is in the same direction as the wave front and
decreases it when it is in the opposite direction.

Remark 3. The wave speed, v will be determine by estimating the fly speed of the mosquito
per day which we term as diffusion (the D value). Therefore, for R%Q = 1, we obtain that
Umin = 0, and then, non-wave speed exists. For Rys > 1, the existence of two real roots
depends on the value of v. For v < wv,,i,, the roots are complex. For v = v, We
have a double negative real root and for v > v,,;, two negative real roots.When we con-
sider the advection movement (k # 0), from the expression of the polynomial coefficients
bo, b1, b2, b3, by and b5, we can observe that k appears adding the value of v. Hence, ad-
vection increases the wave speed when it is in the same direction of the wave front and
decreases it when it is in the opposite direction.

5.1. Numerical simulation of the wave equations. In this section, we present the numer-
ical solution of the wave equations as shown in Table 3 below.
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TABLE 3. Different velocity values with their respective roots of a poly-
nomial D=0.125and k =0

v \I’l \112 ‘113 \114 \115 ‘116 \117

0.1 —2.7385 —1.15031 0.0779698 1.79358 3.48606 4.44862 8.50242
0.3 —2.73749 —1.18434 0.0665686 0.905346  1.56908 — 0.943076¢  1.56908 + 0.943076 3.28506
0.6 —2.76433 —1.1591 0.0538016 0.0456375 0.91639 —0.797039:  0.91639 4+ 0.797039:  2.31718
0.9 —2.78444 —1.12096 0.0447799 0.302723  0.640594 — 0.697239: 0.640594 + 0.697239; 2.10111

6. DISCUSSION

In Figure 5, we varied the biting or contact rate parameter, b, from 0.2/day to 0.9/day.
This parameter indicates the contact rate between mosquitoes and the human population.
The result shows that, at the lowest biting rate (i.e. b = 0.2/day), the infected human
populations declined, while at the highest biting rate (i.e. b = 0.9/day), the infected hu-
man populations increased spontaneously and later declined. The long run decrease of the
infected human population at different biting rate is due to those that recovered from the
disease, died due to infection, and the natural death rate of the population. It is interesting
to note from this result that if the contact rate between human populations and mosquito
populations can be eliminated, there will be no malaria. However, this may sound impos-
sible in an area that has vegetation with mosquitoes harbouring in them.

In Figure 6, we varied plant growth parameters, gm?2/day, from 0.1m?/day to 0.9m?/day.
We observed from the plot that the increase in the plant population leads to a more infected
human population. This is so because, when there is more vegetation that attracts mosquito
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into human environment, there will be more availability of mosquitoes in such an environ-
ment, and thereby leading to high human and mosquito contact as previously shown in
Figure 5. This result may intuitively contradict the issue of ecological maintenance and
protection, since the human environment may become inhabitable when all invasive plants
are destroyed. From a scientific viewpoint, invasive plants that attract mosquito such as
flowers, water lilies, Water hyacinths, Water lettuce, Taro, and Papyrus can be replaced
with vegetation that serves as mosquitoes repellents such as Bee Balm, Rosemary, Catnip,
Floss Flower, Garlic, Lavender, Lemon Balm, Lemongrass and Marigold to mention a few
to maintain ecosystem balance.

To augment our claims in Figure 6, we varied the invasive plants’ growth rate param-
eter, gm?/day, from 0.1m?/day to 0.9m?/day in Figure 7. It was found that the higher
the invasive plants’ growth rate, the higher the availability of mosquitoes in the human
environment. The issue of malaria burdens is more in the African region as they have the
highest percentage of malaria burdens worldwide. African countries are characterized by
huge mosquitoes and attracting vegetation. This is one of the key parameters that accel-
erate the malaria burden. The use of mosquito nets and insecticide spray may not have
a great impact on malaria control in African countries, since people will not continue to
sleep or stay inside mosquito nets from 6:00 pm to 6:00 am the following day. In this case,
the issue of vegetation control is very paramount, if malaria burdens should be drastically
reduced in African countries.

Figure 8 shows plots of the different transmission rates of malaria parasites from mosquitoes
to humans, (,,, with their respective basic reproduction number, Ry;. The infected hu-
man populations increased whenever more malaria parasites are injected into human blood,
while the infected humans showed a decrease in population as a result of the reduction of
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malaria parasites injected into human blood. However, the result also informed us that
the basic reproduction number increased due to the increased transmission rate of malaria
parasites from mosquitoes to humans. However, in Figure 9, we showed the impact of the
contact rate parameter, b of mosquitoes in human populations on the disease’s basic repro-
duction number, Ry;. This result is very crucial since it can predict and inform a decision
on what rate of biting or contact rate between human and mosquito populations the disease
will die down. In this figure, we can see that the higher the biting or contact rate, b of
the mosquitoes, the higher the disease’s basic reproduction number, Ry;. It is also very
important to note from this result that from b = 0.3/day to 0.9/day, the disease remained
endemic as their respective basic reproduction number, Ry;, continues to be greater than
one. However, at b = 0.03, the value of the disease’s basic reproduction number becomes
0.2065, which is less than one. It is important to seek this value of b so that the disease can
be eliminated from the human population.

In Figure 10, we showed the impact of invasive plant or vegetation reduction due to
deforestation and their natural death rate on susceptible mosquitoes’ availability. To do
this, the parameter, h, which indicates the reduction of invasive plant parameters varied
from 0.01m?/day to 0.09m?/day. The plots show that the higher the number of invasive
plants reduction rate, the lower the availability of susceptible mosquitoes and vice versa.
Figure 11 follows the same pattern as Figure 10. However, we used higher invasive plants
reduction rate parameter, h (i.e. 0.1m?/day to 0.9m?/day) than the previous figure. A
similar interpretation is also applied to this figure. In Figure 12, we also varied the invasive
plants or vegetation reduction rate, h from 0.1m?/day to 0.8m?/day to see how it impacts
the invasive plants’ population. The low invasive plants’ reduction rate shows a higher
invasive plants population and vice versa. This figure shown here to prove our claimed
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results in Figures 10 and 11. Figure 13 shows the plots of the infected human population,
I}, versus the basic reproduction number, Ry;. This plot shows evidence of the bifurcation
phenomenon of the system of equations (3.1). Looking at the plot critically, it is observed
that the curve equilibrium was reversed at the value Ryp; = 1. In Figure 14, we plotted
the biting or contact rate parameter, b against basic reproduction number, Ry, the disease
burden increases (at b = (0.3/day) unabatedly. This is to say that human and mosquito
population contact rates have a high impact on disease prevalence. This result shows that
the reduction of mosquitoes and human contact rates with the aid of plants reduction and
the use of bed nets is pivotal to maintaining control over the disease spread.

Figure 15 is a plot of the transmission rate of malaria parasites from mosquitoes to the
human population versus the disease’s basic reproduction number, Ry;. In this plot, we
used the following parameters: values g = 0.002m?/day, K,, = 400m?/day, £ = 0.99/day,
v = 0.99/day in addition to the parameter values in Table 2. It can be observed that
the disease transmission did not continue indefinitely as the disease’s basic reproduction
number remained less than one all through. This happened as a result of two major controls
used here, which include: a reduction in invasive plants’ growth rate, and an increase in
bed net and its efficacy.

7. CONCLUSION

In this work, we developed a novel spatial non-linear mathematical model on the impact
of vector control strategies on the dynamics of malaria transmission in invasive alien plants-
dominated ecosystems. Three major vector control strategies are employed in this paper,
which include: the control of invasive alien plants (Stone et al. 2018) and insecticide-
treated bed-net and insecticide spray.
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The most notable vector control strategy in this work is the control of invasive alien
plants that serve as mosquitoes attractor and are thereby capable of increasing mosquitoes
populations tremendously in the human environment. However, at the moment, there are
too many mosquitoes in human habitats, the contact rate between mosquitoes and humans
increases, as well as the increase of the transmission rate of malaria parasite infection from
an infected female Anopheles mosquito to human.

The use of insecticide-treated bed-net becomes insignificant once mosquitoes are read-
ily available in the human environment at all times because people only get into their
insecticide-treated bed-nets at late hours. Also, the use of insecticide spray becomes a
waste of resources since they are enough mosquitos’ populations. The reason is that in-
secticide spray kills mosquitoes within an applicable area for some specific hours after
application and concentration later become ineffective to kill further influx of mosquitoes.
The continuous influx of mosquitoes into such environment may render insecticide appli-
cation useless and effortless.

In this work, we go beyond considering just human (host) population and mosquito
(vector) population as many mathematical models of malaria authors normally consider the
disease model with the existing model compartment and with just introduction of the new
parameter(s) into some compartments of their model equations. However, in this paper, we
critically considered the issue of invasive alien plants or vegetation that serve as shelters
for mosquitoes’ propagation and reproduction at a faster rate. Due to this surveillance,
we included invasive alien plants as a compartment between human compartments and
mosquito compartment and showed how these invasive alien plants interact with vector
populations.
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The model system was analyzed for many possible equilibria. Three equilibria were
obtained from system (3.1), namely, two disease-free equilibria and one disease endemic
equilibrium. The two disease-free equilibria, F; and F», are respectively the cases where
there are invasive alien plants in the human environment. The E; equilibrium shows the
presence of mosquitoes from the invasive alien plants and those that are already in the hu-
man environment. In this equilibrium, none of the mosquitoes are infected with the malaria
parasite and there is no malaria. Also, the equilibrium, E5 without invasive alien plants has
fewer mosquitoes in the human environment due to the absence of invasive alien plants.
The third equilibrium, E5, shows the interaction between the infected mosquitoes and hu-
man populations. Malaria disease is observed and remains in as much as both the infected
and susceptible human populations continue to live together with mosquitoes present in
their environment. The three equilibria, E;, 5 and E5 were also analysed for their stabil-
ity behaviour. It was found that their stability depends on the basic reproduction number
of the disease: Ry for Fy and E3 and Ry for E5. The Fy and Es equilibria are lo-
cally asymptotically stable provided R3, and R3, are less than one respectively while the
global stability of E'3 must satisfy the value of R3; to be greater than one. To avoid talk-
ing too much about the mathematics of these equilibria, we simply thoroughly explain the
terminology. Those with mathematics bias can check for the equilibria and the basic repro-
duction number equations for easy understanding. However, on a general note, the basic
reproduction number is the number of infections one infected person can cause during the
time of his/her infectiousness. Once the basic reproduction number value is greater than
one, it means that the disease will thrive.

The major contribution of this basic reproduction number is to inform us about what pa-
rameter value we need to reduce that will make Ro(Ro1, Ro2) less than one. Looking at the
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basic reproduction number equations critically, you will find out that not all the parameters
in the equations lead to host and vector interaction. The major parameters here are biting
rate, transmission from mosquitoes to humans, and the invasive alien plants’ growth rate.
Decreasing these parameter values leads to R3; being less than one. Most importantly, de-
creasing plant growth rate leads to a decrease in plant populations, while decreasing plant
population leads to a decrease in mosquito availability in the human environment. Also,
decreasing mosquito availability in the human environment will lead to a decrease in biting
rate while a decrease in biting rate leads to a decrease in malaria transmission rate.

The equilibrium, E5 was also analyzed for possible bifurcation phenomenon. We found
that system (3.1), exhibits a backward bifurcation phenomenon at E3 equilibrium. The
result shows the possibility of some urban cities in African countries without or with a few
invasive alien plants are free from malaria, while villages or rural areas with dense invasive
alien plants are malaria-endemic regions.

Moreover, we present a traveling wave equations (5.1) to determine the behaviour of the
mosquitoes population from the invasive alien plants to human environments and how they
return to the invasive alien plants during the day. We obtained the polynomial equation
(5.4) through Jacobian methods of linearization.

In carrying out the numerical simulation of system (3.1), we can provide answers to
questions raised by (Stone ef al. 2018) in review work on how the control of aliens invasive
plants reduce malaria transmission. Our numerical simulation was designed to provide
comprehensive answers to those salient questions posed in their work.

The first question is: do invasive alien plants have a positive influence on the rate of
malaria transmission? We saw from some plots in this work that invasive alien plants have
a positive influence on the rate of malaria transmission. How? Paying close attention
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to some of our graphs where we varied the plants’ growth rate and plotted the infected
human population over time, we found that people get infected more with an increase in
invasive alien plants growth rate, r. Also, considering the invasive alien plants’ destruction
rate, h, we found that the susceptible mosquito population decreases as the parameter,
h increases. Mosquitoes become more alarming when the invasive alien plants produce
nectar that mosquitoes feed on in the daytime. However, we do not capture explicitly, the
invasive alien plants’ nectar production in our model. Intuitively, invasive alien plants’
nectar serves as an attraction to mosquitoes and also serves as a shelter for them.

Another notable question that was also raised is how do mosquitoes’ interactions with
invasive alien plants cause differences in malaria transmission? This question is somehow
similar to the first question we just responded to previously. However, in this question, we
are expected to provide solutions to some issues raised in our responses to the first ques-
tion. In this case, our aim will be on how to manage these so-called invasive alien plants
since they contribute greatly to malaria transmission. We have responded previously that
the increase of mosquito availability in the human environment increases both the biting
rate and the transmission rate parameters. This sounded more of a theory but we were able
to verify this from our numerical simulation. We therefore take a step further to investi-
gate the impact of these parameters (b, 5,,5, and h) on the disease’s basic reproduction
number. We used the baseline values parameter in Table 2 and we found that the basic
reproduction number was above 200. By assigning relatively smaller values to bite rate, b
and the transmission rate parameter, [3,,5, we obtained the basic reproduction value for a
number less than one.

The question now is how do we optimally manage these invasive alien plants with-
out jeopardizing their usefulness to both aquatic and terrestrial ecosystems? The authors,
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(Stone et al. 2018) have suggested many methods, which include: manual, mechanical,
chemical, and biological methods, of these said plants’ removal. The use of a manual
method such as uprooting and clearing the environment with the use of cutlass and hoes
seems to be an effective method since some needed plants will be preserved. However, in
an area with the aggressive growth of these plant species, the manual method may seem
too slow to embark on. The mechanical method of control involves the use of tractors,
bulldozers, and excavators, to mention a few for clearing and uprooting such plants with-
out considering some species of other plants that may be needed. This method also has an
issue with landscape change as this can lead to soil erosion.

The use of pathogens, insects, and mites as a biological method to suppress plants’
vigours, slow plant infestation, and reduce seed production will bring about agricultural
farms to be less productive as this method may also result to crop loss and economic crisis
as many crops will be disturbed as well. The use of the chemical method is quick and
cheap to embark on but it has a lot of environmental hazard impacts. The issue of malaria
would have been a thing of the past now if DDT (dichlorodiphenyltrichloroethane) was
sustained for a long time. Its effects on environmental pollution and risks have led to its
application stoppage by chemical use law enforcement agencies. The aquatic environment
will get polluted by chemical concentrations and an attempt for a human to consume such
aquatic species will result in chemical bio-accumulation and bio-magnification. Recently,
Achema et al. (2021) found that the use of chemicals/pesticides in an aquatic environment
is detrimental to the survival of aquatic biological species and also has negative effects on
human health.

On the whole, weighing the merits and demerits of each of the methods, we may still
not have a sound ecological setting. In this paper, our most important management of these
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invasive alien plants (Prosopis juliflora, Parthenium hysterophorus, Senna didymobotrya,
and Tecoma to mention a few) recommendations is to use both manual and mechanical
methods to destroy them where needed and replace them by planting mosquitoes repellents
plants such as Bee balm, Rosemary, Catnip, Floss flower, Garlic, Lavender, Lemon balm,
Lemongrass, and Marigold.

We also carried out a traveling wave solution simulation. Equation (5.4) was simulated
and it was found to be unstable at every given value of the wave velocity. However, we
noticed changes in the system equilibrium at higher wave velocity values (v = 0.7m/s and
v = 0.9m/s) with both real and imaginary eigenvalues. This is to show that the system
will remain unstable as far as there are invasive alien plants in the human environment (see
Table 3).
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