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IMPACT OF TEMPERATURE CHANGE ON THE POPULATION
DYNAMICS OF THE MAIZE PEST BUSSEOLA FUSCA

J. P. NTAHOMVUKIYE"?, G. KOLAYE***, S. BowoNG®? AND J. KURTHS"6

Abstract. We provided in this work a theoretical framework to study and to simulate the population
dynamics of Busseola fusca (B. fusca): maize pest. The aim is to simulate and predict the presence
levels of Busseola fusca under the influence of temperature variations and control actions. Based on
the life cycle of B. fusca), we first propose a mathematical model to study the population dynamics
of this maize pest. Some parameters are taken to be temperature-dependent. This led to a system
of non-autonomous differential equations. Also, the classical control strategies are incorporated in the
model. We present the theoretical analysis of the model. For the model with constant parameters, we
compute the basic offspring number Ny that determines the evolution of the population of this insect
and establish that the trivial equilibrium is globally asymptotically stable whenever Ny < 1, while if
No > 1, the non trivial equilibrium is globally asymptotically stable. For the model with temperature
variations, we find two explicit thresholds parameters Npar and Npin that bound the basic offspring
number Ny (such that Npaez < No < Nnin), and use them to prove the extinction and the persistence
of the pest within a maize field. We prove analytically and by numerical simulations that B. fusca)
persists uniformly within a maize field when Np,in > 1 and tends to disappears within a maize field
when Npnee < 1. The theoretical results are illustrated by numerical simulations. They suggest further
that spraying insecticides to kill larvae and destroying residues after harvest significantly reduce the
population Busseola fusca more than other control actions.
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1. INTRODUCTION

Maize is the most important cereal crop in Africa and is the food for millions of people, especially in sub-
Saharan Africa. Maize farming within the African context is mostly done on small plots of land with low
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productivity. Increasing the productivity of these small-scale farming systems would ensure both food security
in various contexts and an increased contribution to the economies of African countries [1].

In Africa, maize is used for both the feeding of animals and humans, who consume in the form of ears or
grilled cooked or as flour. It is a cereal that is easy to store and transform. Maize is usually grown by the
small farmer for local consumption, and yields tend to be very low, on average less than half those in Asia and
America.

The production yield of these crops among peasants with limited financial resources is low, averaging 1 to
1.5 tons per hectare (ICIPE 2004). This low cereal crop yield is largely related to the constraints caused by
crop pests, among which are the Lepidoptera stem borers. Busseola fusca (Fuller) (Lepidoptera, Noctuidae)
is a major pest of maize and cultivated sorghum in sub-Saharan Africa. It is, on the African continent, one
of the most important pests on the economic plan of some cultivated grasses [2]. Its larvae mainly drill stalks
of maize and cultivated sorghum. B. fusca is endemic in sub-Saharan Africa where it has a wide geographical
distribution. This pest is potentially destructive at the larval stage because by creating tunnels in the stems,
it stops the photosynthesis and can cause the death of the plant. Feeding and training tunnels in the stem of
maize by B. fusca larvae can destroy the growing point (dead center). Once inside the cereal stalks, the larvae
feed on the marrow of the stem and then expel out of the stem large amount of fine dust corresponding to faeces
and food waste. The development time of the larvae inside the stems varies between 26 and 33 days [3]. The
damage leads to a general weakening of the plant, which, in the event of heavy rainfall, is then subjected to a
high rate of lodging or breakage. In some cases, this damage can directly affect young ears of corn by destroying
their axis bearing grain [4]. As B. fusca larvae are cannibal, only one older larva per corn stalk can be found.

The life cycle of B. fusca from egg to adult is completed within 7 to 8 weeks, that is, about 60 days, but this
time varies with climatic conditions [5]. Temperature plays an important role in the development of B. fusca.
The duration of the egg incubation period is influenced by temperature.

Due to the development time and survival, the optimal temperatures most favorable to the development of
B. fusca are between 26 C and 30 C [6, 7].

The dynamics of B. fusca is complex due to the multiple interactions of this pest with plants as well as
its bisexual and unisexual reproductive biology, genetics and its microscopic size (Brooks, 2017; Kaplan and
Opperman, 1993). A deep understanding of the dynamics of the population of R. similis would have a significant
impact on the effective prevention and management strategies (Brooks, 2017; Kaplan and Opperman, 1993).
Mathematical modeling and numerical simulations have the potential, and offer a promising way, to achieve
this. No effort has been devoted to the modeling and controlling of the population of this insect.

No effort has been made to model the population of this pest. But it is known that mathematical modeling now
plays a key role in policy making, including healtheconomic or ecology-economic aspects; emergency planning
and risk assessment; control-program evaluation; and monitoring of surveillance data. In research, it is essential
in study design, analysis (including parameter estimation) and interpretation [8].

In this work, we study the dynamics of the population of B. fusca under the influence of climatic factors
and control actions within a maize field. The aim is to provide a framework in which dynamic of population of
B. fusca is investigated. There is no a mathematical model in literature which characterizes the dynamics of
this population under the influence of temperature variations. Based on the general knowledge of the biology
and ecology of this pest, we first formulate and analyze a mathematical model for population dynamics of B.
fusca within a maize field. We present the theoretical analysis of the model. More precisely, we study the basic
properties of the model such as the positivity of solutions and the boundedness of trajectories. We compute
the trivial equilibrium point and derive the basic offspring number N that determines the extinction and the
persistence of the pest within Z. mays. We compute equilibria and study their stability. We establish that
the trivial equilibrium point is globally asymptotically stable when Ny < 1, while when Ny > 1 , the trivial
equilibrium point is unstable and there exists a unique a non-trivial equilibrium point which is globally stable
asymptotically. The sensitivity analysis of the model is carried out to show the most important parameters of
the model. We found that the parameter representing the eggs hatching rate influences more state variables of
the system. This mean that, a control action reducing eggs hatching rate on the population of B. fusca should
have a real impact on the dynamic of population. After, we extend the proposed model by taking into account
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the the impact of temperature variation on the population dynamics of B. fusca. The control actions based on
existing biological and chemical methods have been integrated in the model in order to reduce the population
of B. fusca a maize field. We present the qualitative analysis of the model. We compute equilibria and study
their stabilities. The stability of equilibria was investigated using the theory of periodic cooperative systems
with a concave non-linearity. We show that there exist two explicit thresholds parameters N, 4. and N, such
that Mz < No < Noin, and use them to prove the extinction and the persistence of the pest within a maize
field. More precisely, we prove that the population of B. fusca tends to disappear within a maize field when
Ninaz < 1 and persists uniformly within a maize field when N,,;, > 1. Numerical simulations are presented to
support the theory and to get insight on the role of temperature variations and the impact of chemical and
biological controls on the dynamics of the population of B. fusca. Through numerical simulations, we found that
the control action on the parameter ( is the best strategy among the existing methods. This control corresponds
to the spraying insecticides to kill the larvae or destroy the crop residues to prevent the larvae from emerging
as butterflies. The numerical simulations reveal also that there is no real difference when the control action are
implemented on the 1st month, 2nd month or 3rd month during the cropping period.

The rest of the paper is organized as follows. After mathematical formulation of model in Section 2 we provided
in Section 3 a thorough mathematical analysis of model with numerical simulations. After, this model was
extended by considering the effects of temperature variation and chemical and biological controls in Section 4.
We present a qualitative analysis of the model obtained; we give the conditions of extinction and persistence of
the pest and numerical simulations are presented to confirm theoretical results and to evaluate impacts of the
controls strategies. We conclude the paper in Section 5.

2. MODEL CONSTRUCTION

Considering that temperature plays an important role in the development [6, 7] of B. fusca and that the
length of the egg incubation period is influenced by temperature, we propose a model describing the evolution
of B. fusca as a function of temperature in the region.

To construct the model, we divide the B. fusca population into 3 compartments: egg compartment F, larval
compartment L and adult compartment A. B. fusca is a major pest, especially on maize, throughout Africa
south of the Sahara [9]. This mean that maize is main feeding resource of the larvae and we denote by R the
amount of this resource useful for the growth and survival of B. fusca larvae.

It is important to notice that the larvae stage of B. fusca is main threat of maize growth. The Adults of B.
fusca do not feed on plant parts of the corn plant. After emergence, adult moths feed on nectar from flowers,
mainly during their reproductive phase, and not on corn leaves or other parts of the host plant [10].

The structure of the model is depicted through the Figure 1 and the meanings of the model parameters in
Table 1. Since egg hatch, emergence larval to adult and their natural mortality respective are generally related
to temperature variation [6, 7], we will express the parameters v, 8, ug et pz in terms of temperatures.

We denote by v(T), B(T), ue(T) et ur(T) the temperature-dependent parameters that represents respec-
tively the rate of eggs hatching into larvae, the rate of emergence larval to adult and their natural mortality
rate respective. These parameters are dependent of temperature variation 7.

We assume that the adults lay eggs in the proportion «(1 — %), where « is the average number of eggs laid
and K is the limit capacity.

The term enRL represents the consumption of the resource by the larvae. This consumption maintains the
survival of the larvae, i.e. consumption reduces the natural mortality of the larvae. Consequently, the expression
w1 (T) — enR remains positive for all times ¢ > 0.

Using the flowchart in Figure 1, the dynamics of B. fusca population under the temperature variations can
be described by the following system of differential equations:

E=a(l—£)A— (ug(T) +~(I) E,
L=~yT)E - (B(T) +pr(T) —enR+dL) L,
A=pB(T)L — paA,

R=A—-nRL—$R.

(2.1)
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Fi1Gure 1. Flowchart of the model.
TABLE 1. Parameters description of system (2.1).
Parameter Description Units
e Average number of eggs laid by adults females day~!
¥(T) Eggs hatching rate day—!
B(T) Emergence rate from larvae to adults day—!
K Limit capacity number
we(T) Eggs mortality rate day™!
ur(T) Larvae mortality rate day—!
d Larvae competition rate day~! number—!
o Mortality rate of adults day !
A Recruitment rate of the plant biomasse gr. day !
6 Loss rate of plant biomass day—!
n the consumption rate of the biomass of the plant day™!
€ Conversion rate of the plant biomass to larvae biomass day !

The parameters with units of system (2.1) are given in Table 1.

3. ANALYSIS OF THE MODEL WITH CONSTANT PARAMETER VALUES

Herein, we consider the case where all the parameters are constant. In this case, the parameters v, 8, ug and
1z, do not depend on the temperature and system (2.1) reduces to

E=a(l-£)A— (g +)E,
L=~E—(f+pur—enR+dL)L,
A=BL— paA,
R=A—-nRL—R.

(3.1)
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FIGURE 2. eFast sensitivity analysis.

3.1. Sensitivity analysis

In order to detect the most sensitive parameters, we perform here the sensitivity analysis of the model (3.1).
This can help us to predict the effect of each parameter on the model results and classify them according to
their degree of sensitivity. For this, we use the eFast sensitivity method which highlights the effects of the first
order called main effects and the total effects that combine the main effects and all the interaction effects of the
parameters on the outputs of the model [11]. It is a global sensitivity technique based on the decomposition or
partitioning of the variance. The variance of the model output is decomposed into components resulting from
the individual effects of parameters as well as their interactions [12, 13].

In Table 2, we provide ranges of values for the parameters of model (3.1).

Table 3 presents the parameters that are significantly correlated at least at one state variable of system (2.1).

According to Table 3, v is the parameter that most influences the state variables of system (2.1). It is then
a potential parameter for control actions. Controlling egg hatching rate should be the most effective control
strategy.

3.2. Basic properties

Herein, we study the basic properties of system (2.1) which are essential for the proof of the stability results.
System (3.1) can be written in the following compact form:

X = A(X)X + B, (3.2)
where X = (E,L, A, R)T, B =(0,0,0,A)T and

— (e +7+ £A) 0 o 0

_ v —(B+pL —enR+dL) 0 0

AX) = 0 B —pA 0
0 0 0  —(5+nL)
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TABLE 2. Range of values for the parameters of system (3.1)

Parameters Value Range Source

o 25 number day ! [10-150] [14]

K 1000 number  [100-10 000] [14]
HE 0.5 day~! [0.001-0.999] Estimated
5 Variable [0.001-0.999] [14]

8 0.25 day~* [0.001-0.999] [14]
s 0.35 day ! 0.001-0.999]  [2, 6]

€ 0.05 [0.001-0.999]  Assumed
n 0.1 day—* [0.001-0.999]  Assumed
d 0.45 day~* [0.001-0.999]  Assumed
pa 0.55 day ! [0.001-0.999]  Assumed
A 3 gr.day—! [1-10] Assumed
0 0.15 day ! [0.001-0.999]  Assumed

TABLE 3. List of parameters more influencing of system (2.1).

State variables E L A R
Correlated parameters K v v, ua 7

The right hand side of system (3.2) is continuous and indefinitely differentiable on Ri. It is therefore locally
Lipschitz on Ri, which guarantees the existence and uniqueness of the solution of system (3.2) associated with
the initial conditions (to, X (to)) € Ry x RE.

Now, we study the positivity of dynamical system thereby guaranteeing that system (3.2) leaves the positive
orthant invariant Ri. To guarantee the invariance on the positive orthant Ri, it is necessary and sufficient to
verify that the boundaries of ]Rﬁ_ are impassable by the system trajectories initialized in Ri. Therefore, it must

be ensured that for all 7, if the state variable X; is zero at time ¢ (with X (¢) > 0), X, is positive, which will
ensure that for all T' > ¢, X;(T) > 0 and ensure the positivity of the system.
Another way to prove positivity is to show that the matrix of the system is a Metzler matrix

Definition 3.1. A Metzler matrix is a matrix with off-diagonal entries nonnegative [15, 16]
We recall the Theorem 1.7, page 22 of [17].

Proposition 3.2. Consider the following system:
X = A(X)X + B. (3.3)
If A(X) is Metzler matriz for all X € RY, and B > 0, then system (3.3) leaves positively invariant the positive

4
orthant R .

Proof. To prove the positivity of system (3.2), it is necessary to show that, VX, € ]Ri,Vi =1,2,..,4,Vt >0
such that X; = 0, then X; > 0. Thus, Vi, X; =0 implies

Xi = aiX; + Zainj + b;
J#i
= Zainj + b;.
J#i
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To ensure that X; > 0 for all the positive values of Xj, it is necessary that Vi,b; > 0 and Vi,i # j,a;; > 0.
Therefore, a necessary condition for system (3.2) to be positive is that A(X) is a Metzler matrix and B > 0.
This achieves the proof.

O

For system (3.2), the matrix A(X) is a Metzler matrix and B > 0. This guarantees the positivity of solutions
of system (3.2).

Since the larvae consume the resource for their survival, we assume in the sequel that the term s = up — 67]%
which represents the reduction in the natural mortality of the larvae due to the consumption of the resource is
positive.

Proposition 3.3. The set

A< ByK

B+s’ = pa(f+s)’ (3-4)

0= {(E,L,A,R) eRY; E<K, L<

IN
SN
——

is a positively invariant set for system (3.1)

Proof. From the first equation, we show that if E(0) < K, then Vt > 0, E(t) < K.
Suppose that there exists ¢y > 0 such that E(ty) > K. By continuity, there exists ¢; < to such that

E(t1) = K and Vt €]t1, o], we have E(t) > K.

Thus, if E(t;) = K, the second equation of system (3.1) becomes

Therefore, there exists t* €]t1,to[ such that E(t*) < K, which is absurd because one has that E(t) > K, Vt €

Jt1, to[. Thus, for all t > 0, we have E(t) < K if F(0) < K.
Consider now the last equation of system (3.1):

R(t) = A —nR(t)L(t) — 6R(t).
Since the variables of system (3.1) are all positive, one has that

R(t) < A —0R(t).

Using Gronwall’s inequality gives

R(t) < % + (R(O) — 2) e 0t

It then follows that R(t) < & for all t > 0 if R(0) < 4.
From de second equation of system, one has that

L(t) = vE(t) — (B + pr — enR(t) + dL(t)) L(t).
Using the fact that R(t) < %, it comes that

i(t) < vK — (B+5) L(2).
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By Gronwall’s inequality, one has that

L(t) < 7K’4—(Lm)—%;f;)e—W+ﬁﬁ

Hence, it follows that L(t) < g—fg for all ¢t > 0, if L(0) < g—_ﬁ

Finally, from the third equation of system (3.1), one has
A(t) = BL(t) — paAl(t).

Using the fact that L(t) < %, the above equation becomes

A < ﬁ;—fs — A A(D).

Using the Gronwall’s inequality. again yields

BrK BrK —pat
A< e T (A@‘wm)e '

This implies that A(t) < %, for all t > 0 if A(0) < uAﬁ(inw)' Therefore, the set 2 is a positively invariant

set for system (3.1). This achieves the proof.
O

3.2.1. Basic offspring number and local stability of the trivial equilibrium point

Herein, we compute the trivial equilibrium point and derive the basic offspring number Nj. Indeed, the
evolution of a population is generally linked to its number of basic descendants. This is the average number of
females of Busseola fusca produced by one female of Busseola fusca over its lifespan.

we use the method of Van den Driessche and J. Watmough [18] for the computation of the basic offspring
number.

System (3.1) has a trivial equilibrium point given by

QO = (07 07 07 1;) . (35)

System (3.1) can be written as follows:

where

— )4 (ue +7E
R(X) = 0 and T(X)=| (B+puL— ele +BdL)L —~E
0 pwaA— BL
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The Jacobian matrices of R(X) and 7 (X) at the trivial equilibrium point Qg are respectively,

00 «a (be+7v) 0 0
000 0 =B ua

According to Van den Driessche and Watmough [18] and Diekmann et al. [19], the matrix of the next
generation is the product of the matrix R and the inverse matrix of T', that is

afy B,

1 _ | paB+s)(pp+7) pa(B+s) Ha
RT 1_ A O E A O O
0 0 0

The basic offspring number is the spectral radius of the next-generation matrix given by

o 1y afy
No=p(RT™) = pea (B +s) (e +7) (3.6)

The basic offspring number is calculated from the stability of the trivial equilibrium point Q. This number
measures the degree of replacement of one generation by the next. It expresses the average number of young
females born from a female who would be subjected each age, during her fertile life, to the fertility and mortality
conditions observed during the period considered. This number reflects the fact that a number of females die
before the end of their fertility.

We have the following result about the local stability of the trivial equilibrium point

Lemma 3.4. The trivial equilibrium Qq of system (3.1) is locally asymptotically stable if No < 1 and unstable
if No > 1.

The ecological implication of Lemma 3.4 is that a sufficiently small flow of female of Busseola fusca in a maize
will not generate outbreak of infection unless Ny > 1. For a better control of this pest, the global asymptotic
stability (GAS) of Qg is needed.

3.2.2. Global stability of the trivial equilibrium point

Here, we study the global stability of the trivial equilibrium point of system (3.1). To do so, we will use the
comparison criterion to study the stability by considering the following system in which the fourth equation
was decoupled from system (3.1):

E=a(l-£)A— (g +7)E,
L=~E—(B+pur—enR+dL)L, (3.7)
A= BL - paA.

Since R(t) < % for all ¢ > ‘0, one has that enRL < en%L. With this in mind, system (3.7) becomes
E<aA—(up+9)E,

L<yE—(B+5s)L, (3.8)
A < BL — paA.
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Now, consider the following linear auxiliary system:

EZ oA — (ME+’7)
L=~E—(8+5)L, (3.9)
A =BT — paA.

System (3.9) can be written as follows:

where
_ ad _ (he +7E
R(X)=1| 0 and T(X)=| (B+s)L—+F
0 ;LAA ﬁL

The Jacobian matrices of R(X) and T(X) at the trivial equilibrium point Qq are respectively,

B 0 0 « B (be+7v) O 0
=Jr(Qo)=|0 0 0 and T = Jr(Qo) = - B+s 0
00 0 0 -8 pa

The basic offspring number is the spectral radius of the next-generation matrix ﬁ_l = No.
We have proved the following result.

Lemma 3.5. The trivial equilibrium point Qo of system (3.1) is globally asymptotically stable if Ny <1 in Q.

3.2.8. The non-trivial equilibrium point and its stability

Here, we compute the non-trivial equilibrium point and study its stability.
Let Q* = (E*,L*, A*, R*) be the non-trivial equilibrium of system (3.1) with E* # 0, L* # 0, A* # 0 and
R* # 0 satisfying the following system of equations:

a(l — %*)A* — (ug +7v) E* =0,

VE* — (B+ pug, — enR* + dL*)L* =0,

BL* — pad” =0, (3.10)
A—nR*L* — 6R* = 0.

Solving the first, second and third equations of system (3.10) in term of L* gives

KL* L* A
=L g of and R = TA= M ¥ (m2 T ma)L7 4 ma (3.11)
pa Kpa(pe +7v) + aBL* me + mq L*
where
m1 = Kpa(pp +7)B+pL), me=aBB+ur),  ms=Kpalus+7)d,

my = af3d, ms = Kavyf, me = enKpua (ug +7) and my = enaf.
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TABLE 4. Number of positive solution of the polynomial (3.12).

Condition for Ny a3 a2 a; ag Positive solutions

No <1 - - - —  No solution
No>1 - — — 4+ One solution
Ny > 1 - -  + 4+ One solution

Now, plugging the expression of R* in the last equation of system yields the following third order polynomial:
agL*S + (IQL*2 +a1L* +ag =0, (312)
where

az = —nmy = —nafBd < 0;

—(n(ma + ms) + dmy)

—(naB (B+ pr) + nKpa(pe +7v)d + dapd) < 0;
ay = mzA —nmy + nms — §(mg + m3)

enhaf —nKpa(pe +7)(B+ pr) +nKayp

=0 (B (B+pL) + Kpa(pp +7v)d);
=—afBé(B+s)

—nKpa(pe +v) (8 + pr) (1  palps fz)ﬁ(b’ + ML))

az

—0dK pa(pe +7);
ag = mgA — dmq + dms;

—Kpa(pe +7) (B+s) (1 —-No),

with ANy defined as in equation (3.6). Thus, positive non trivial equilibria Q* are obtained by solving equation
(3.12) and substituting the result (positive values of L*) into the expressions of the variables of system (3.10)
at the steady state. Clearly, ag is negative or positive depending whether N is less than or greater than unity,
respectively. Thus, the number of possible real roots of the polynomial equation (3.12) depends on the signs
of az, as, a; and ag. This can be analyzed using the Descartes Rule of Signs on the quadratic polynomial
f(L*) = asL*’ + ayL*" + a1 L* + ag. The various possibilities for the roots of equation (3.12) are summarized
in Table 4.

From Table 2, it is clearly appears that there is only one non-trivial equilibrium point when Ay > 1 and no
non-trivial equilibrium point if Ny < 1. Thus, we have proved the following result.

Lemma 3.6. System (3.1) has only one non-trivial equilibrium point Q* = (E*, L*, A*, R*) where E*, L*, A*
and R* are defined in equations (3.11) when Ny > 1.

Now, using the center manifold theory, we are going to study the stability of the non-trivial equilibrium.
For this, we use the theory of the central variety [20], as described in the theorem A.1 of Castillo-Chavez and
Song [21].

We have the following result.

Theorem 3.7. System (3.1) has exactly one non-trivial equilibrium that is locally asymptotically stable if No > 1
but close to 1.
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Proof. We establish the local stability of the non-trivial equilibrium point of system (3.1). To do so, the following
simplification and change of variables are made first to all. Let

E:xl, LZ[EQ, AZLEg, R:ZC4.

With this in mind, using the vector © = (x1, 2, x3,24), system (3.1) can be written in the form & = f(x)
with f = (f17f27f33f4) as follows

71 = a(l — F)zs — (pe +7) 21,

Zo =yx1 — (B + pr — enzy + das) o,
T3 = BTy — paT3,

.f4 = A — NTyT2 — 5.’134.

(3.13)

System (3.13) has a trivial equilibrium point Qo = (0,0, 0, %) The Jacobian of system (3.13) calculated at the
trivial equilibrium point @ is

—(pe +7) 0 a 0
sQ=| o U ]
0 —n4 0 -0

The basic offspring number of the transformed system (3.13) is the same as that the original system given
by (3.1). Therefore, choosing « as bifurcation parameter by solving the equation Ny = 1, one obtains

«_ halps +7)(B+ s)
By

It follows that the Jacobian J(Qo) of system (3.13) at Q, with a = a* , denoted by J,+(Qq) has a simple
zero eigenvalue (with all other eigenvalues having negative real parts). Hence, the Center Manifold theory [20]
can be used to analyze the dynamics of system (3.13). In particular, the theorem of Castillo and Song [21]
will be used to show that when Ay > 1, there exists an endemic equilibrium of system (3.13) which is locally
asymptotically stable for Ny > 1 near 1 under certain conditions. In order to apply the above theorem, it should
be noted that we used a* as the bifurcation parameter, in place of ® given in Theorem A.1

To apply the theorem A.1 of Castillo-Chavez and Song, one must first perform the calculations.

Eigenvectors of J,-(Qo):

For My = 1, it can be shown that the Jacobian matrix of system (3.13) has a right eigenvector w corresponding

to the zero eigenvalue ), given by

o =«

. (3.14)

A
w = (wl,'LUQ,’LUg,U)4) = (6+ 5,7, @a 77’ 2’y> )
pa 0

and a left eigenvector v satisfying v.w = 1 given by v = (v1,v2,v3,v4) where

Ha
v = )
pa(pe +7) + (B +s)(pa + pe +7)
palpe +7)
V2

" palps +7) + 1B+ 5)(pa + pe + )
palpe +7)(B+s

U S Bua(ur +7) + 188+ 8)(ia + pim +7)
V4 =0.
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Computation of b: We calculate b in order to find its sign. To do this, we can show that the only non-zero
second derivative of f applied to (Qo, @*) is given by

Pho
8%380&* o

It then follows that

- 92 fi
b= g:% U G 00
Ox30a*
VB

" walus +7) + (B+8)(wa + pp +7) =0

= V1.W3

Computation of a: We can show that the only non-zero partial derivatives are given by

62f1 B anl B o 82f2 _ 82f2 (92f2

- L PRy - — en and
0x10x3  Ox301, K’ 0x% T Ox90x4  Ox4079 € an

Pfr_ Pfs
8%28:54 o ax43$2 =

It then follows that

= En: v w-w-%(O 0)
n R O 0m;
k,i,j=1 L’
2 2 2 2

0% f1 20 f2 2 O fa
_ 5 O CAELA 2 42 5o
VW wW3 + vawsy 032 + v2w2w4ax28x4 + v4w2w48x28x4

(9l‘1 6333

*

= —Fvlwlw;; — 2dv2wg + 2envowowy — 2nv4wawy

ot 18(B + s)
K pa(pe +7)+ B+ s)(pa + pe +7)
Y Ypa(pe +7)
pa(ps +7) + (B +s)(pa + pe +7)
_26772& palpe +7)
62 pa(pe +7) + (B +s)(pa + pe +7)
<0

Thus, a < 0 and b > 0. Then (by Thm. A.1, Ttem(4)) we have established the result on the local stability of
the non-trivial equilibrium point Q* of system (3.1) (note that this result holds for Ny > 1 but close to 1). This

concludes the proof.
O

3.3. Numerical simulations

Herein, we present the results of numerical simulations in order to illustrate and validate the analytical results
obtained. The parameter values used for numerical simulations are given in Table 2.
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FIGURE 3. Simulation of system (3.1) when v = 0.08 (such as My = 0.9488).(a) Eggs F; (b)
Larvae L, (¢) Adult A and (d) Resources R. All other parameters are given in Table 2.

Figure 3 presents the trajectories of system (3.1) when v = 0.08 (so that Ny = 0.9488). It illustrates that
the trajectories of system (3.1) converge to the trivial equilibrium point Q. This means that the population of
Busseola fusca disappears in maize field.

Figure 4 shows the trajectories of system (3.1) when v = 0.2 (such that Ay = 2.0161). It clearly appears that
the trajectories of the model converge to the unique non-trivial equilibrium. This means that the population of
Busseola fusca persists in the maize field.

4. ANALYSIS OF THE MODEL WITH TEMPERATURE
DEPENDENT PARAMETERS

4.1. Modelling temperature-dependent parameters

A study by Glatz [6] shows that the temperature of 15 C is too cold for the fertility of B. fusca eggs. The
number of eggs laid per female at 15 C is not lower than those laid at 20 C and 26 C but a high percentage
of these eggs is sterile. Note also that the percentage of sterile eggs laid at a constant temperature of 30 C is
100% and that at this same temperature, the females have a short life. The temperature of 30 C is therefore
too hot for the reproduction of B. fusca. It has been observed that the optimum temperature for oviposition
and fertility of B. fusca eggs is between 20 C and 26 C.

Larval development is also conditioned by temperature. Usua [7] has observed that the temperature of 22 C
stops the development of larvae, while temperatures of 32 C or higher kill larvae. In the Glatz study, B. fusca
larvae completed their slowest cycle at 15 C and the fastest at 26 C. Given the mortality and slow development
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FIGURE 4. Simulation of system (3.1) when v = 0.2 (such that Ny = 2.0161). (a) Eggs FE;
(b) Larvae L, (c¢) Adult A and (d) Resources R. All other parameters are given in Table 2.

of larvae in temperatures between 15 C and 20 C, he concluded that low temperatures reduce the population
of B. fusca.

To take into account the impact of climatic factors on the dynamics of Busseola fusca, we will integrate the
fact that the evolution of the population of Busseola fusca is a function of the temperature of the environment.

Given that the eggs hatch and larval survival are generally related to temperature variation, we will modify
system (3.1) by expressing the parameters v, 8, pug and py, in terms of temperature variations.

It is known that the hatching of egg is maximum when the temperature is favorable and decreases when the
temperature deviates from the optimal temperature. Also, we assume that larval development is influenced by
temperature. Then parameters v and § reach the maximun value when the temperature is optimal and decreases
when the temperature is unfavorable. Let ¢ € {~, 5}. We consider the following function of ¢ to drive the value
of v and § in term of temperature variations:

1/)(T) = qumzn + (wmaz - wmln)exp ( (W) ) 5 (41)

T

where 1, is the minimum value v, ¥mq, the maximum value 1, Topi—y is the optimal temperature and
Ap = M is the amplitude of temperature variation.

The studies of Usua [7] had also shown that the mortality of eggs and larvae is really influenced by tem-
perature. We also suppose that mortalities of eggs and larves are minimum when the temperature is favorable
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and decreases when the temperature deviates from the optimal temperature. Let p € {pug, pr}. We consider
the following function of p to drive the value of pur and pr in term of temperature variations:

,U(T) = maz T+ (,UJmin - ,Ufmax)ezp <_ (W) ) s (42)

where [ty is the minimum mortality rate, tmq, the maximum mortality rate, T,,.—,, the optimal temperature
and Ap = % the amplitude of temperature variations.
For every temperature value T', one has that

Y<AT) <7, B<BT)<B, pe<pe(T)<ug and pup < p(T) < 7L (4.3)

The control strategies for Busseola fusca shown are based on the following actions: spraying repellents such
as neem to prevent adults from entering the crop and laying eggs, spraying contact or systemic insecticides to
kill adults, spraying insecticides to kill larvae especially in the early larval stage and crop residues after harvest
to prevent infection by adults emerging from pupae and to prevent them from laying eggs on new crops.

In order to take into account the control of the pest, some parameters are modified. The modification of
these parameters corresponds to each control actions previously mentioned.

(i) For the parameter p4, we have either contact or systemic insecticide spraying to kill the adults (butterflies);
(ii) For the parameter «, spraying repellents to prevent the adults from laying eggs;
(iii) To control the parameter 3, we either spray contact or systemic insecticides to kill the larvae or destroy
the crop residues to prevent the larvae from emerging as butterflies.

These control measures consist of increasing the value of 4 and decreasing the value of o and § values. Thus,
the parameters pa4, o and B are no longer constants. We integrate the control actions through the impulsive
differential equations as in work of Kolaye et al. [22]. Let u% = 1 — pa, we consider three parameters to determine
the temporal evolution of ¢ € {u%, o, 8}, namely @ which represents the empirical value of ¢ and the growth
rate 1.

Several types of (empirical) models can be chosen. For example, we choose the simplest ordinary differential
equation:

de _ ro (3 —
{do i @0

Assuming 7, > 0, the analytical solution of (4.4) is given by

o(t) =% — (P —p)e " (4.5)

Thus, ¢ will converge quickly or not to the empirical value ¥ according to the value of r,. Assuming ¢ the
proportion of Busseola fusca on which control methods are applied. We suppose that the efficiency of these
control actions is related to 6 so that the decrease in %, o and 5 becomes more important as control methods
are fully applied.

We assume that the control strategies are instantaneous (in time) and can be written as follows:

Ap(ti) = —d(0)p(ts),

where Ap(t;) = p(t]) — ¢(t;) with p(t]) designate the limit on the right ¢ at time ¢;.
The control parameter ¢ € [0, 1] is an augmented function with ¢(0) =0 and 0 < ¢(1) < 1, this implies that
the control strategies are not perfectly efficient. The function ¢ can be defined as the following linear function
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¢(z) = ax with a €]0, 1] or as a non-linear function, for example ¢(x) = Tter With a > 0 where a is a parameter
that can be related to the efficiency rate. Thus, assuming that the control actions start at day ¢y and occur
every 7 day, we obtain the following impulsive differential:

C(%J = T¢(¢ - 90)’
Ap(to+nt) = —d(0)p(to +n7),n=0,1,2, ... (4.6)
©(0) = wo.

By the theory of impulsive differential equations [23], equation (4.6) is well defined and a single positive
solution is unique. If 6 is constant, i.e. 8(t) = 0y, then, from simple calculations, we have the following result.

Proposition 4.1. The periodic function:
—(@—p)e et te]0,to]

%
7=~ (1= 0(0)p((n—1)7 +tg))e "= (m=DT=t0) ¢ €)(n — 1)1 + to, nT + to), (4.7)
n=12.

Pper =

is the solution of equation (4.6).

Now, we will use each periodic solution p} ., aper, and Bper of equation (4.7) in system (2.1). Replacing
the constants parameters 14, a and § of system (4.7) by the functions pa,., (ta,., =1 =% ) Oper and Bper
respectively, one obtains the following system of non autonomous differential equations:

E = aper(t)(1 = £)A — (np(T) + (1)) E,

i = 4(T)E = (Bper(t) + i (T) — (enR +dL) L
A = 5per (t)L — HAper (t)A7
R=A—nRL—6R.

In the sequel, T = T'(t) denotes the value of temperature at time t.

4.2. Well-posedness

System (4.8) must be consistent with the characteristics of a system of differential equations that represent
a biologic population, in this case, the solution must be positive and bounded for all time.
System (4.8) can be written in the following form:

X = f(X), (4.9)

where

N\m

EL
per () + ettt
and f(X) = ﬁper( )L MZA,,W (t)Z
A —nRL - 6R

oot

The right hand side of system (4.9) is continuously and indefinitely differentiable on R} . Then, by the Cauchy—
Lipschitz theorem, system (4.9) provides a unique local positive solution with any initial conditions taken as
E(0) > 0,L(0) > 0,A4(0) > 0 and R(0) >0

We point out that the methods of analysis proposed in the case of the autonomous model of the first section
are no longer appropriate given that our system is now non-autonomous. This is for example the case of the
method of Van den Driessche and Watmough [18] for the computation of the threshold Nj.
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Before performing analysis on the non-autonomous system, we must ensure the positivity and boundedness
of solutions. We have the following result.

Proposition 4.2. Let Xo = (E(0), L(0), A(0), R(0)) € R and Tiax > 0. Let us consider the mazimum solu-
tion X (t) = (E(t), L(t), A(t), R(t)) of the Cauchy problem associated with system (3.13) on [0, Tmax| of initial
condition (E(0), L(0), A(0), R(0)), then for all t € [0, Thax|, X(t) € R%.

)
Proof. Let (E(t), L(t), A(t), R(t)) € R{ be the maximum solution of the problem (4.8) associated with initial
conditions (E(0), L(0), A(0), R(0)) € R%.

Integrating each equations in system (3.13) from 0 to ¢ yields

t ~(s)A(s
B(t) = (1) (E<0> + / aper<s>A<s>z<t>) , where £() = e Ji (p(T)+9(T)+ 222 =ds
0

t
L(t) = At) (L(O) + / ’Y(T)E(s)A(t)>  where A(t) = e o (Bper(8)t (T)~enR(s) +dL())ds
0

Alt) =e” Jo Haper (s < / Bper (s (s)elo Haper (v )d“ds> 7

and

t
R(t) = e B (o) 4 [ polioommings ).
0

Since the solution is continuous, there is a £ > 0 such that (E(t), L(t), A(t), R(t)) € R for all ¢ €]0,1[.
Suppose by the absurd the existence of a finite 7 defined by

T=min{f+ ¢ € [0, Tmax[: ( >0, (E(E+ ), LE+ (), At + ), RE+()) ¢ R, }.

According to equations rE(t), L(t), A(t) and R(t), one has E(7) > 0,L(7) > 0, A(7) > 0 and R(7) > 0 which
contradicts the definition of 7. Hence, for all t € [0, Thax[, (E(t),L(t), A(t), R(t)) € R%. This concludes the

proof.
O

Definition 4.3. Consider a continuous and periodic function f : R; — [0; 1] with period 7, we define

f:%/ f)de, f—maxf()andf— min f(¢).
0

0<t< o<t<r

As the consumption of the resource reduces the natural mortality of larvae, we set the positive parameter
8= L — en% modeling the minimum natural mortality of larvae according to consumption of the ressource.

Proposition 4.4. The set

L LS Rg% (4.10)

I'=<¢(E,L,A,R)eR}/ E<XK, L< <
Bper + 5’ ja., (5L +§)

is a positively invariant set for system (4.8).
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Using the maximun and minumun values of time-dependent parameters of system (4.8), we can establish the
proof of Proposition 4.4 similarly to the proof of Proposition 3.3.
4.3. Extinction of the pest

Here, we will establish the conditions to control and eradicate the pest in a maize field.
Theorem 4.5. Let

a erﬁ erﬁ
Nmaw = P E . (411)
'uApeT (M7E+1)(BP€T +§)

If Nonaz < 1, then the spread of the pest in the field extinguishes with time. This means that L(t) — 0 when
t — 0.

Proof. Consider the inequality R(t) < % verified for all ¢ > 0. From the third equation of system (4.8), one has

A(t) < BperL — pa,,, A, (4.12)

where L = lim sup L(t). For all ¢ > 0, taking A(0) < #f\L , the inequality (4.12) verifies

t—r+o0 HEAper

L
At) < b . VE>0. (4.13)
HAper
From the first equation, one has that
BL
B() <t — (up + 1) E, (4.14)
:LLAper 7 -
which gives
Cper L
E(t) < M, Yt >0, (4.15)

T kA, (pE +7)

OperBperl
where F(0) < 7#A:€T(:7E+l).

Now, using equation (4.13) and (4.15), and from the second equation of system (3.13), one can deduce that

L(t) < ’Yaperﬁperlf
T pa,., (pE +7)

— (Bper + s)L. (4.16)

Using the fluctuation method developed in references [24, 25], there exists a sequence t,, with ¢, — oo such that
L(tp,) = 0, n — oo and L(t,) = L, n — oc.

Thus, one can deduce that

ot ]
0= <MAp€'r'(/’LE+’y)(ﬂper+S) 1) (@+§) .
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With this in mind, one has that
(Nma.'c - 1) (Bper + §) L >0, (417)

which implies that L = 0 if AN,qe < 1. This concludes the proof. O
Thus, if Njpee < 1, then the pest is eradicated.

4.4. Persistence of the pest

Herein, we establish the conditions under which the pest permanently exists in a field.
Let

aperﬂperlj\

Nmin = —= A N —
7/%4;757. (M7E+7+ O(@;(er‘A) (ﬁper +ur + dL)

(4.18)

where \ = 7 We have the following result about the persistence of the pest within a maize field.

Theorem 4.6. Assume that there exists t1 > 0 such that L(t1) > 0. If Nyuin > 1, then the pest whose population
dynamics is described by system (4.8) persists uniformly within the maize field.

Proof. We will show by absurd assuming that there is £ > 0 such that

lim sup L(t) <¢.

t—+4o00

From the the third equation of system (4.8), we have

A > /Bpe'r'L - ,Uprm«Aa

eTL .
where L = lim inf L(¢). Thus, taking A(0) > O —, it comes that
{00 Fper
ﬁ GTL
Alt) > == ¥t >0
ILLAper

From the first equation of system (4.8), one has that

E(t) > aperA — (/m+7+ aperA) E,

K
where A =lim sup A(t) = — PpedK Thus, Vi > 0,
t—>+poo ®) PAper (Bperts) -
«Q ET‘A o er E’I"L

T (mEa+ ) (T

Finally, from the second equation of system (4.8), one has that

L(t) > vE — (Byer + Bz +dL) L,
laperﬂperL

> — — (Bper + iz +dL) L. (4.19)

_ _ QperA
fiA,., (uE +5+ QT)
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With this in mind, one has that

dL(t YperBperL _ _
Lg) 2 7MTZ —_ (ﬂper +N7+dL)
O " (e 7+ )T

Considering t; > 0, such that L(¢;) > 0, the resolution of equation (4.19) allows us to obtain the following
inequality for all ¢ > ¢;:

lape’r'ﬂperL

In(L(t)) — In(L(ty)) > — — (Bper + L +dL) | (t —t1),

i (FE+7+ 22 ) T
which can written as follows:
Lt Yoper BperA . _
MECUISS =k — 1| (Byer + 7L +dI) (t — 1),
L(t1)

e (75 +7 + 2 (Byer + 11z +dL)

SIS
H
=
o
wn

where \ =

LL((;)) > exp (Nmin — 1) (Bper + Bz +dL) (t —t1)), (4.20)
which implies that
L(t) > L(t1) exp (Nmin — 1) (Bper + 7z +dL) (t = 1)) - (4.21)

From equation (4.21), one has that

lim L(t) > lim Lty )eWmin=D(BpertmrtdL)(i=ts),

t——+oo T t—=+o0

Then, it comes that

lim sup L(t) = 4o0, (4.22)

t——+oo

which contradicts the fact that L(t) is bounded. Then, one can conclude that if N, > 1, the busseola fusca
pest is uniformly persistent in a maize field. This achieves the proof. O

4.5. Numerical simulations

Here, we present the results of numerical simulations to illustrate and validate the theoretical results.

We first present the curves of the time evolution of Busseola fusca without taking into account temperature
variation by using the same values for the non-temperature dependent parameters. After we plot the curves of
the time evolution of Busseola fusca by inserting the temperature dependent parameters to illustrate the impact
of temperature on the dynamics. To do so, we use the parameter values given in Table 5.

The actual data and the fitted temperature curve in Douala (Cameroon) for the period from 2005 to 2011
are shown in Figure 5.
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TABLE 5. Parameter values used for numerical simulations.

Parameter

Value

n s o HE 2 5 molwa ale

10 number day—!

150 number day~
0.2 day~!

0.6 day—!

0.1 day—!

0.7 day—!

1000 number
0.01 day~!

0.99 day—!

0.5 day~!

0.99 day—!

1

0.45 day~! number—!

0.25 day !
0.99 day—!
3 gr. day~!
0.15 day !
0.1 day—!

0.05 day~!

N N w w
(2} oo o N

Temp (deg C)

N
~

Data of temperature
Fitting T(t)

22
2005

2006

2007

2008
Time

2009

2010

2011

FIGURE 5. Temperature of Douala from 2005 at 2011 (Source: Postdam Institute of Climatology

(PIK)).

We used the cftool in Matlab R2015a to fit the statistical data of temperature and we obtained

T(t) = 82.27sin(0.0009097¢ + 0.7393) + 55.7sin(0.001133¢ + 3.683)

+0.3052 5in(0.003942¢ + 5.162) + 1.42sin(0.01734¢ + 0.7017)
40.1663 5in(0.01001¢ + 0.4355).

(4.23)
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FIGURE 6. Simulation of system (2.1) without temperature (blue line) and with temperature
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larval development T(i,t = 28.
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FIGURE 8. Variation in the number of individuals in Busseola fusca population by applying
the three control strategies based on «, 5 and ji4.

Figure 6 presents the asymptotic behavior of the population number of B. fusca without temperature vari-
ations (blue line) and with temperature variations (green line). The parameter values are modified in order to
be in the case where Ny < Npae < 1. So, we set paq = 0.55, pg = 0.3, v = 0.03,3 = 0.03, pr = 0.53, a =
15, 7 = 0.089, = 0.02 and @ = 30 (so that Ny,qe < 1). All other parameter values are given in Table 5. It
clear appears that the pest disappear quickly in that condition.

Figure 7 shows the asymptotic behaviors of the population dynamics of Busseola fusca without and with tem-
perature variations when Ny > N,,in, > 1. From this figure, it is observed that maize-pest persist in environment
and that the temperature variation seems favouring the persistence of the pest.

We now run simulations to evaluate the effectiveness of different control strategies and the impact of temper-
ature variation. We first consider the impact of each of three controlled parameters «, 5 and g on the pest’s
population dynamics. We also consider the interaction of the three previous parameters on the evolution of the
insect.

Figure 8 presents the asymptotic behaviour of the number of individuals of Busseola fusca by considering
separately the impact of the different control strategies and the influence of temperature. It is clearly appears
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TABLE 6. Estimation of effect of each controls strategies on states of model (4.8).

Eggs Larvae  Adult Resource

Without control 678 23 31 4.03
With contol on o« 562 (17%) 19 (17%) 28 (10%) 4.68 (16%)
With control on 8 199 (71%) 12 (48%) 4 (87%)  7.58 (88%)

With control on pa 577 (14%) 20 (13%) 20 (35%) 4.56 (13%)
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FIGURE 9. Variation in the number of population of Busseola fusca applying two control
strategies at the same time.

that the control action on the parameter 3 is much more efficient compared to other parameters. The percentage
reduction of eggs, larvae and adults for each type of control action is given in the Table 6.

We now plot the curves to assess the overall effectiveness of various proposed control strategies. Table 7
summarizes the effectiveness of each pairwise combination of the three available control strategies, while Table 8
quantifies the impact of applying all three control strategies simultaneously.

Figure 10 shows the asymptotic behaviour of the number of individuals in the Busseola fusca population
applying the three different control strategies at the same time. By analyzing the different curves, it can be
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TABLE 7. Estimate of states due to double control.

Eggs Larvae  Adult Resource

Without control 685 27 32 4
With control on @ and 8 112 (84%) 9 (67%) 3 (91%) 9.7 (143%)
With control on a and pa 444 (35%) 17 (37%) 18 (44%) 5.6 (41%)
With control on 8 and pua 120 (82%) 9 (67%) 2 (94%) 9.4 (135%)
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FIGURE 10. Variation in the number of individuals in the Busseola fusca population with the
impact of all proposed control strategies.

concluded that the application of the different strategies is much more effective in significantly reducing the
number of Busseola fusca population individuals in a maize field.

Figure 11 shows the asymptotic behaviour of the number of individuals in the pest population when spraying
discontinuously during the cropping period (i.e. spraying first the 1st month, 2nd month and 3rd month).
Trajectories decrease similarly when control are applied in these three moments.
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TABLE 8. Estimation of states under the action of general control.

Eggs Larvae  Adult Resource
Without control 686 23 32 4.03
With control on o, 8 and pa 62 (91%) 6 (74%) 2 (94%) 11.8 (193%)
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FIGURE 11. Variation in the number of individuals in the Busseola fusca population by discon-
tinuously applying the proposed control strategies.

5. CONCLUSION

In this work, we proposed a mathematical model for the population dynamics of B. fusca taking into account
climatic factors such as temperature variations. The objective was to assess the impact of temperature variations
on the growth of a population of B. fusca: Z. mays pest. We first presented a mathematical model that can
describe the temporal evolution of the population dynamics of B. fusca based on his life cycle. A qualitative
analysis of the model has been presented. We have shown that the problem is well posed. We derived the basic
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offspring number Ny, and shown that when Ny < 1 the trivial equilibrium is globally asymptotically stable, while
when Ag > 1 the trivial equilibrium point is unstable and there exists a unique non trivial equilibrium point
which is globally asymptotically stable in the positive orthant minus the trivial equilibrium point. Numerical
simulations have been presented to illustrate and support analytical results. The sensitivity analysis of the model
has been also investigated. We found that the parameter representing the eggs hatching rate influence more
state variables of the system. After, we extended the proposed model by taking into account the the impact of
temperature variations on the growth of population of B. fusca. Three control strategies are incorporated in the
model of the population of B. fusca.

We provided also a thorough analytic study of model obtained. Theoretically, we find two explicit thresholds
parameters Ny,qz and Ny, that bound the basic offspring number Ay such that Npae < Ny < Noin, and use
them to prove the extinction and the persistence of the pest within a Z. mays field. We prove analytically and
by numerical simulations that B. fusca persists uniformly within a Z. mays field when N,,;, > 1 and tends to
disappears within a Z. mays field when N, < 1.

By analyzing the asymptotic behavior of the pest population B.fusca, we found that the temperature of
the environment has a significant impact on the evolution of the pest. Temperature significantly affects the
development and reproduction of B. fusca. The effect of the increase and decrease in temperature has an impact
on the pest and therefore on the production of Z.mays. The strategy used by the insect B. fusca to survive in
periods when the temperature is not favorable is to enter diapause, a period during which no activity occurs.
It can therefore be assumed that if temperatures increase or decrease due to climate change that does not
adversely affect corn growth, there will be less damage to corn crops.

We also applied control on certain parameters. For each parameter considered, we analyzed the impact of
the control on the asymptotic behavior of the pest population. We found that spraying insecticides to kill larvae
and destroying residues after harvest significantly reduced the number of individuals in the pest population B.
fusca. We also found that the joint application of different control strategies considered has a significant impact
as it can significantly reduce the pest population in a maize field. Control applied at the larval stage is more
effective but care should be taken not to apply the control for larvae at advanced growth stages. As the larvae
at advanced stages are well protected inside the stem this will lead to the inefficiency of certain methods used
to slow down the evolution of the insect. As the eggs and larvae of B. fusca are visible on the maize plants, this
will make it possible to observe any attacks on the crop and to effectively apply control methods.
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APPENDIX A. CASTILLO-CHAVEZ AND SONG THEOREM [21]

Theorem A.1. Consider the following general system of ordinary differential equations with a parameter ®:

%"t” — f(z,®), [ :R" xR and f € C*(R",R); (A1)

where 0 is an equilibrium point of the system (that is, f(0,®) =0 for all ®) and assume

Al:

A2:

A= D.f(0,0) = (gﬁ? (0, 0)) is the linearization matriz of system (A.1) around the equilibrium 0 with ® evaluated
J

at 0. Zero is a simple eigenvalue of A and other eigenvalues of A have negative real parts;

Matriz A has a right eigenvector v and a left eigenvector w (each corresponding to the zero eigenvalue). Let fi, be

the k™ component of f and

n 82 n 82
a= Z vkwiwjﬁ(0,0) and b= Z vkwiﬁ(0,0),
[ J i

ki, j=1 kyi=1

then, the local dynamics of the system around the equilibrium point O is totally determined by the signs of a and b.

a>0, b>0 When ® <0 with |P| << 1, 0 is locally asymptotically stable and there exists a positive unstable
equilibrium, when 0 < ® << 1, 0 ¢s unstable and there exists a negative, locally asymptotically stable equilibrium;
a <0, b<0. When ® < 0 with |®| << 1, 0 is unstable, when 0 < ® << 1, 0, is locally asymptotically stable
equilibrium, and there exists a positive unstable equilibrium;

a>0, b<0. When ® < 0 with |®| << 1, 0 is unstable and there exists a locally asymptotically stable negative
equilibrium, when 0 < ® << 1, 0 is stable, and a positive unstable equilibrium appears;

a <0, b>0. When ® changes from negative to positive, 0 changes ils stability from stable to unstable.
Correspondingly a negative unstable equilibrium becomes positive and locally asymptotically stable.
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