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Abstract. Northern Corn Leaf Blight (NCLB) disease is a fuhfidiar disease caused by
Exserohilum turcicum. Moderate temperature and hajative humidity are climatical
conditions which favor the development of NCLB aise. A deterministic model for
transmission dynamics of NCLB disease with seaswather variations is developed
and vigorously analyzed. The basic reproductionlmenfi, in the absence and presence
of the impact of temperature and relative humidgycomputed and the sensitivity
analysis performed to determine the parameterstiogiship with basic reproduction
numbeR,. The analysis shows that transmission rate frothqgugen to susceptible maize
plants, the pathogen’s shedding rate from infeatadize plants to the environment and
maize plants disease induced death rate are mositige to NCLB disease dynamics
and they play an important role in its transmission the other hands when there are
high or low temperature and low humidity, sensitnegative parameters increases as the
results NCLB disease development decreases. Howneeasing parameters such as
natural death rate of the pathogen, the naturathdede for maize plants and maize
plants’ disease induced death rate which have ivegandices will reduce new
infections. Moderate temperature and high relativenidity influence NCLB disease
development.

Keywords: Northern Corn Leaf Blight, Exserohilum TurcicumgaSonal, Weather
Variations.
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1. Introduction

Northern Corn Leaf Blight (NCLB) disease is a fusgnofection caused by a pathogen
known as Exserohilum turcicum (ET). This fungudaigored by moderate temperature,
high relative humidity and rainfall [14, 18, 20]h& NCLB disease has become a serious
problem in agricultural production, especially ieveloping countries compared to
developed countries [6]. It has now spread to Africcountries such as Tanzania,
Zambia, South Africa, Kenya, Uganda, and Ethiofi].[
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In Tanzania, the NCLB disease has been reportesbions with high relative humidity,
moderate temperature, and high rainfall [15]. Tégians which are most affected are
Mbeya and Arusha compared to coastal regions wihiabhe a high temperature,
lowhumidity, and low rainfall [14]. Initially, thelisease occurs during the winter period,
when E.turcicum produced spores on maize residpecidly when there are favorable
conditions such as moderate temperature, relativeidity and heavy rainfall [15, 18].
When the temperature rises the Turcicum producesespon the surface of maize
residue. The spores are then dispersed by the waird,splash and birds to spread the
pathogens to the lower leaves of a new maize andméect them. For infection to occur
it requires the temperature between 17.8 t0°28@ moisture on maize leaf for 6 to 18
hours [18]. The infection on the maize leaf surfeadees up to two weeks to occur [18,
20]. At the end of the season after harvestingptitbogen remain on the infected maize
residue, waiting for the next season [18, 20].

The symptoms of NCLB disease include; eyespot erldaves, grayish green in
color with water-soaked lesions and cigar-shap&d 20]. The spots turn greenish with
age and increase in size and finally attaining edép shape [18]. NCLB disease
develops early in the season and during pollinattage for a long period affects a large
area of the leaf responsible for manufacturing fplaod [21]. The photosynthetic area of
the leaf is affected reducing the efficiency of fsynthesis and hence reducing grain fill
and yield [21]. The NCLB disease leads to an awerggld loss of maize of 60% as
reported in Kenya, Uganda, Ethiopia, South Afrind Zambia [14].

NCLB disease still remains a problem which lowersiza production vyield,
especially in areas, with favorable conditions swsh heavy rainfall, high relative
humidity, and moderate temperature [3]. Buchey8kuged an experimental approach to
explain how farmers could use maize seeds whichresestant to NCLB disease.
However, the study explains less the interactiomaize and pathogen in the presence of
climatic conditions which favor NCLB disease. Petha and Pechan [16] addressed
NCLB by considering resistant pathogen and suddeptiaize but less consider climatic
conditions. Abebe and Singburaudom [1] used astitzdl approach to survey and collect
data on an isolated fungus which cause NCLB diseblesvever, less considered
seasonal weather variations. This study uses aematical model to describe the
transmission dynamics of NCLB disease with the ichjpf seasonal weather variations.

2. Materialsand methods

2.1. Model development

The model is formulated by modifying the SEIR moddlich was developed by Van
Driesch and Watmough [19]. The proposed model stssif two populations which are
maize plants and fungus. The population of maizatpl are divided into two classes
which are the susceptible class, and infected maizd,,. Fungus population which
causes NCLB disease is representedPhySusceptible maize plants are recruited by
planting at a rate of and decrease when they suffer natural mortalityaoguire NCLB
disease at rateg,, and 6en, mrespectively. Infected maize increase when sudadepti
maize plants acquire NCLB disease at a &gigm. The class of infected maize plants
decreases due to induced and natural mortalitieat@ss,, ryand u,, respectively. The
fungus which causes NCLB disease are referred pat®gens and they are recruited at
a ratex(T, H).However, they suffer natural mortality at a rafg,0 Parameter&; and
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K,are maize plants’ and the pathogen’s carrying daéesacrespectively. The state
variables are described in Table 1 and parameterdescribed in Table 2.
Table 1. Variable and their descriptions

Variables Description Units
Ny, Total number of maize plar Plant hi*
Sm Susceptible maize plant Plant hi*
Iy Infected maize plant Plant hi*
P, Pathogens’population in the environmeresidua Cells hé*

Table 2. Parameters and their description

Paramete Descriptior Dependent on climati
change
Lo Pathogen’s natural death ri Not considere
Um Maize natural death ra Not considere
Om(r) Maize plants’ disease induced de Temperaturt
rate
a(T,H) Recruitment rate of pathog Temperature and Humid
Bom(m) NCLB transmission rate frol Temperaturt
pathogen to susceptible maize
plants.
Bmm(m) NCLB transmission rate froi Temperaturt
infected maize plants to susceptible
maize plants.
Omp(T) Pathogens’ shedding rate frc Temperaturt

infected maize plant to
environment.

B NCLB transmission rate infectt Not considere
maize plants to susceptible maize
plants

Bom NCLB transmission rate frol Not considere
pathogen to susceptible maize
plants

Bmp Shelding rate from infected maize Not considere
the pathogen environment

y Recruitment rate for maize pla Not considere
K, Maize plants carrying capac Not considere
K, Pathogen’s carrying capac Not considere

2.2. Assumptions of the model
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The model assumes that all newly planted maizesaseeptible to NCLB disease. The
recruitment rate for new maize plants is througinphg. The transmission of infections
from maize residue to susceptible maize plantsr@ugh wind, rain splash, and birds.
The infected maize plants shed pathogen to the@amient through wind, rain splash,
and birds.
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Figure 1. Compartmental model

2.3.The model equations
Putting formulations together, dynamics of NCLBedise is described by the following

equations:
dSp,_ Nm Po Im
ac VY ( - K_1) -(me(T) PotK, + Omm (T) m) Sm — UmSm 1(a)
dl, P Im
= Opm () g + Omm (T 3) S =3 (T = bl 1(b)
dp Im

Initial S.>0,l,,, =0, P, = 0.

3. Modd analysis

3.1. Basic properties of the model

To determine if the model is mathematically anddepiiologically meaningful, two
model properties are considered, which are invariggion and positivity of the solution.

3.1.1. Theinvariant region
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The NCLB disease model (1) has two population &nelet classes, we assumed that all
state variables and parameters from the modelmyate positivert > 0

Theorem 1. Given the model system (1) R§ with the initial conditions; where
Sme) >0, Ly = 0,Py0) = 0. Its solution enter the invariant region;
b= b1+ ¢, where
b= {Su(D), 1 (T) € R3}, 2
do=  {Po(T) ERL}

Proof:To establish the invariant region for NCLB diseasedel system (1), box
invariant method is applied [4, 8, 9, 11, 13, 22%ing this method, the system (1) is

written as:
‘j‘j—’i = 7Z()X +F 3)
where;

X = (S, Iy, P,) and F = (y (1 -

3x3matrix such that:

N

),O,O)TZ 0'F is a column vector and Z(x) is a

Hm iy

_[Z1(x) 0 0 0O
Z® =10 o0 o zz(x)] “)
The sub-matrixZ4 (x)and Z, form a metzler matrix Z(x) for model (1). Sub-matri
Z,(x)represents maize plant population and sub-ma&x represents pathogen in the
environment and they are defined as follows;
—Dy — Pin 0 0]
Z = ,
1(x) Dm _6m(T) —Hm 0
Omp(T)
Zy(x) = [0 ;—m _(ﬂO—a(T,H))]a (6)
Combination of sub-matrice; (x)andZ,forms the matrix Z(x) which is written as:

(®)

-D m — Hm 0 0
Z(x) — Dm _6m(T) —Hm 0 ) (7)
Omp(T)
0 N, —(Mo-a(rm)

A metzler matrix Z(x) in (7) has negative elemdntthe main diagonal and non-negative
off diagonal elements if and only #(T, H)<u,. Hence this shows that, solutions of
model (1) enter the invariant region:

& ={(Sm(T), Im(T) € R%; Po(T) € R1}. )

3.1.2. Positivity of the solution

Theorem 2. Let initial value for the model system (1) Isg,(0)>0 [,,(0)=0 and
Py (0)=0.The solution sef,,(t),1,,,(t) andP,(t) are non-negativé/t=0.

Proof: From the first equation of the model (1).

dSpy () _ Nm P Im
2=y (1-52) (Bom( o + O (1) 12) Sm(®) = S (9)

dSp(t P Im
% > = (me(T) PO—+OK2 + emm(T) E) Sm (t) - ﬂmSm(t):
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tdSy(t) t Po I

Integrating both side;

t dSp(t) ¢ Po .
fo S (D) > — fo (me(T) Potk, + Gmm(T)E + ’um) ds,

P Im
In (Sm)>— (me(T) PO—+OK2 + Omm (T) N + /im) ds,

t v _Po | N
Sm(O) > Sm(O)e_ fo(gpm(T/P0+K2 t Qmm(T,Nm } um)ds > 0.
From second equation of the model (1b);

dl(t) _ P Im
2= Gpm () e+ Omm(T) 32 Sy ST () = Hm I (8) . (10)

Integrating both sides gives:

[, (0) = I, (0)e~GMD+Hm)t

Hence; I,,,(0) =0, Vt = 0.

Through the same procedure we hakg>0, vt=0. This shows that all solutions are
positive for all t > 0.

3.2. Existence of the disease free equilibrium

The point when there is no disease is referredseade free equilibrium [4]. We obtain
disease free equilibrium when the infected classeszero. When infected classes are
zero disease free equilibrium is given by:

(Sl Po) = (7 (1 = 222),0,0). (11)

At disease-free equilibrium, there is no diseasech all maize plants are susceptible to
NCLB.

3.3. Thebasic reproduction number R,

The basic reproduction numbRo measures the average new infections when pathogen
attack susceptible maize plants [4]. As we conssgaisonality, the number of secondary
infections at a particular time when pathogensrareduced will depend on seasonality

[7]. The basic reproduction numbRy is computed by using the next-generation matrix
operator [11] as follows:

Let the next generation matrix dewith elements;;;. Each elemend;; explains the
expected number of new cases of typdich is caused by a pathogen of typBy
defining the next-generation matriiwhose entries arelij, the basic reproduction
numberRo is given by:

Ry = p(4) 12)
The next-generation matrix is given by:
A1q A1z]
A = [ 13
Az1 Az (13)
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A,4is the expected number of NCLB new cases in suitephaize plants which are
caused by infected maize plantd;,is expected number of NCLB new cases in
susceptible maize plants which are caused by patisogrom environmentd,; is
expected number of new cases in pathogens in thieoement which are caused by
pathogens from infected maize plants through simgddince it is assumed that fungus
has no vertical transmissias;,=0 and hence:

_ A Alz]
A= 5 (14)

The expression of each element in matrix A is esg®d as a product of effective contact

rate and duration of infection [13]. Thus:
1

A11 =Omm(r) X—5m(T)+um ; (15a)
1
A12 :9pm(T) XM_O y (15b)
Ayq =9mp(T) Xm . (15C)
From matrix, the basic reproduction numhey is given by:
Omm (Tuo+ G,an(T)‘u.¢2)+46m(T)9 m(T)Omp (T o +40pm (T)Omp (T ko m
RO _ \/ p p p p (16)

2(6m(T)+umduo

The basic reproduction numbeg depends on NCLB transmission rate from pathogen
to susceptible maize plants, shedding rate fronectel maize to the pathogen
environment and NCLB transmission rate from infdcteaize plants to susceptible
maize plants which are proportional to the baspraduction numbet,. The natural
death rate for maize plants, maize plants NCLB ¢edumortality death rate and natural
death rate for pathogen are inversely proportitmakasic reproduction numhiy.

3.4. Sensitivity analysis

Sensitivity analysis helps to determine which pastars are sensitive to the transmission
dynamics of the disease [2, 4, 12]. To obtain tammeter’'s forward sensitivity index,
we differentiate the basic reproduction nunihewith respect to that parameter.uifis
the parameters in the basic reproduction nurRgerthen the normalized forward
sensitivity index ofwv with respect t®,, is given by:

Ro _ 9(Ro) x w (17)

W 9(w) ~ Ro

3.5. Parameter s estimation

This study uses parameter values from relatechtitez and estimated parameter values
from sensitivity analysis. Germination and effeeticontact rates were fitted from
seasonal weather variations data from the Tan2dataorological Agency (TMA) from
January to December, 2017. Tables 3, 4 and 5 shewarameter values which are used
for simulations and their corresponding sources.
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3.5.1. The Germination rate of pathogen

Exserohilum turcicum germinates spores on maizeuesespecially when humidity and
temperature are favorable [15]. To calculate the dpan of infected maize plants, the
formula which is used to calculate the life spanmafsquitoes is adopted because the
sexual stage of the fungus Exserohilum turcicunelyaoccurs [11]. The Life span of
infected maize plant is given by:

1

where, is a slope and; is the intercept.

Using monthly temperature data from Arusha and Mbegions in 2017 and the
equation for life span of infected maize plant (18l slope, the intercept and the
minimum temperature for each region a@g= 2.30475,C; = 0.18804,T,,;, = 15C°
andC, = 2.371264,C; = 0.192959, T,,;n = 15C° respectively. To compute the growth
rate for fungus, we modify the formula which is dige compute the growth rate of
Fusarium graminearum as applied by Manstretta ag$iR10, 17]. The fungus growth
rate is given by:

T
a(H) = a;Q00-RM) /(1 4 gary (19b)

whereT is the optimum temperatur@,,,, andT,,;, are the maximum and minimum
temperature®), a, a, andas are the control parameters of growth equatiorffogus
and RHis relative humidity %) [10]. The control parameters a,, a; and maximum
temperatureT,,, )are assumed to be:

a, = 0.0135,
a, = 0.198,
a; = 0.750,
Trmax = 30C°,

Tmin < T < Thax-

3.5.2. Adequate contact rate

Each elemend;; in matrix4, represents the expected number of new casesifftipe
caused by pathogen ¢f"type. A;jis the product of effective transmission rate and
duration of infection. The probability of NCLB tremission is assumed to depend on
temperature [11].

B(T) = aslope(T — Tnin) (20a)
Hpm(T) = Gsiope(T-Tmin )ﬁpm: ﬂpm = 0.088 (20b)

emm(T) = aslope(T—Tmin)ﬂmm: Bmm = 0.2868 (20c)
emp(T) = aslope(T—Tmin) ﬁmp: ﬂmp = 0.01 (20d)

Climatic data from Arusha and Mbeya regions in Bamia are used to study the
effect of seasonal weather variations on basicodymtion numbeR, from January to
December, 2017. These data were collected fronTé#mzania Meteorological Agency
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(TMA) in 2017. Parameter values are summarized ablds 3, 4 and 5. Table 3
summarizes parameter values when temperature Eideehumidity are not considered.

Table 3:Parameters with estimated values of the model (thowt considering the
impact of temperature and relative humidity.

Paramete) Parameter Value Sourct
Ho 0.00May™* Assume:
Hin 0.0002iay~* Assume:
Om 0.04day~1 Assume:

a 0.01Mday™t Assume:
Bpm 0.08&lay ! Assume!
Bmyp 0.0day™* Assume!
Binm 0.2868lay* Assume:

y 276.8212ay ! [5]

N, 44000plana ™" 2]
Ky 60000planta 1 Assume:
K, 50M 3 [2]

In Tables 4 and 5 numerical value for basic repctida number is computed
using data from Arusha and Mbeya regions. The lsighalues for basic reproduction
numberR, in Mbeya is 1.4383 and 1.3949 in Arusha.

The lowest values for basic reproduction numBgrin Mbeya and Arusha are
0.5477 and 0.9568 respectively. The case studyworregions shows that Mbeya is
more affected by NCLB disease than Arusha.

Table 4: Parameter values of the model (1) with low andhidigin presence of
climatical data in Arusha

Paramete High Paramete Low Parameter Vall Sourct
Value
Ho 0.00Kay?! 0.00day™1 Assume:
Um 0.0002{ay~? 0.0002lay 1! Assume
Om(r) 0.6443%ay™! 1.31Mday?! Fittec
a(T,H) 0.012%lay ! 0.020%lay ! Fittec
) 0.0662ay ! 0.13568¢ay ! Fittec
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Ormp(r)
Omm(r)
.Bpm
ﬁmp
ﬁmm

0.00752@ay !
0.21586lay !
0.088lay~?!
0.01day™?
0.2868lay 1!
0.04day~1
276.8212ay?!
44000plantha™t
60000plantha™?
50M 3

0.015419ay?!
0.4422ay ™t
0.088lay !
0.0day™?
0.2868lay 1!
0.04lay~?
276.8212ay?!
4400@lantha™?
60000plantha™?!
50M 3

Fred Kapange, Jacob Ismail Irunde and Dmitry Kuzmet

Fittec
Fittec
Assumei
Assumel
Assumei
Assumei
[3]

(2]
Assumei

[2]

Table 5. Parameter values of the model (1) with low andhhity

climatical data in Mbeya

in presence of

Paramete! High Paramete Low Parameter Vall Sourct
Value
Ho 0.00Hay! 0.00day™? Assume:
Um 0.0002{ay ! 0.0002ay ™1 Assume:
St 0.503Aay ! 1.26Hay Fittec
a(T,H) 0.007Hay ! 0.028lay ! Fittec
Bpom() 0.03398lay ! 0.13924lay?! Fittec
Brmp(r) 0.00386lay ! 0.01582ay Fittec
O mm(m) 0.110day~? 0.4537%ay ! Fittec
Bpm 0.088lay~?! 0.088lay ! Assume:
Bmp 0.0day™? 0.0day™? Assume:
Brmm 0.2868lay ™! 0.2868lay ! Assume:
Sm 0.04day~! 0.04day™?! Assume:
y 276.8212ay?! 276.8212ay™?! [5]
N, 44000plantha™?! 4400@lantha™? [2]
Ky 60000plantha™? 60000plantha™?! Assume:
K, 50M 3 50M~3 [2]

Tables 6, 7 and 8 show clearly the most sensitararpeters to the basic reproduction
numbeR,. In Table 6, the most sensitive parameters to ltasic reproduction
numberR,are NCLB transmission rate from infected maize @atd susceptible
maizeplants and disease-induced death rate in #igenplants. In Tables 7 and 8, the
most sensitive parameters to the basic reproductionbeR,are NCLB transmission
rate from pathogen to susceptible maize plantgjdihg rate from infected maize plant
to the pathogen in the environment and diseasezg@wtideath rate in the maize plants.
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Table 6: Sensitivity index without considering impact oiinchte change

Paramete! Sensitivity Inde:
Bom +0.606302875
Bom +0.196848562
Brmp +0.196848562
Uo -0.196848561
5m -0.799155659
U, -0.0039957782¢

Table 7: Sensitivity index with low and high parameter lmnsidering impact of climate
change in Arusha region

Paramete Low Parameter Sensitivit High Parameter Sensitivi
Index Index
[ —— +0.187096339 +0.13231782€
Opm (T) +0.406451829 +0.43384108€
Omp (1) +0.406451829 +0.43384108€
Uo -0.406451829¢ -0.433841086
S (T) -0.593363994 -0.566072555
Um -0.00018417443i -0.000086357369:

Table 8. Sensitivity index with low and high parameter lonsidering impact of
climate change in Mbeya region

Paramete Low Parameter Sensitivit High Parameter Sensitivi
Index Index
[Z—— +0.210475205 +0.134570141
Opm (1) +0.394762397 +0.43271492¢
Omp (M) +0.394762397 +0.43271492¢
Uo -0.394762397 -0.432714929
S (T) -0.604997381 -0.567195537
Um -0.00024022131¢ -0.000089533628¢
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4. Numerical smulation and discussion
In this section, we simulate the basic reproductiomberR,, in presence of temperature
and relative humidity. Figure 2, shows the variataf basic reproduction numbey
using data from Arusha and Mbeya from January toeDder, 2017. According to the
data, Mbeya is the most affected region by NCLBeake from January to March and
from August to November. Arusha region suffers NCiliBease from January to March
and from August, September, November, and December

Also in Figure 2 shows how NCLB disease varies Wiisic reproduction numbé&y,
with time in Mbeya and Arusha regions.
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Figure2: Variation of basic reproduction numkRy with climatic data in Mbeya and

Arusha

The number of susceptible maize plants decreaken Wasic reproduction numbey
increases as shown in Figures 3, at this time fefemaize and pathogen increase.

Figure 4, shows a variation of basic reproductiombeR, and temperature with time
in Mbeya and Arusha regions from January to Decen@l7. It is found that in the
Arusha region NCLB average infection increase frdamuary to March and from
August, September, November, and December duevtodale temperature. However,
they decrease in June and October due to unfawoiainhperature to pathogens. In
Mbeya regionR, increases from January to March and from Augudtdvember due
to favorable temperature to pathogens and decréaskme and December, due to less
favorable temperature to pathogens.
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The impact of temperature and relative humidity tbe growth rate of the
pathogen as shown in Figures 5 and 6. It is fourad pathogen’s growth rate and
development of NCLB disease decreased in monthshalrad high temperature and low
relative humidity. When the temperature is moderate relative humidity is high,
pathogen’s growth rate and development of NCLB aliseincreases. Climate change
plays a great role in the development of pathogeicinis responsible for NCLB disease.
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5. Conclusion

A deterministic model of NCLB disease has been tdated to investigate the impact of
climate change in two regions in Tanzania, Arusha lslbeya regions from January to
December, 2017. The basic reproduction nunityeis computed and sensitivity index
for each parameter in basic reproduction is derivgsing Matlab 2014a numerical
simulations were performed by considering tempeesdind relative humidity to illustrate
the dynamic behavior of NCLB disease in a closguufaiion and show how parameters
affect basic reproduction numbé&; and overall dynamics. Transmission rate from
pathogen to susceptible maize plants, sheddingofatee pathogen from infected maize
plants and plants’ disease induced death rateeistbst sensitive parameters to the
NCLB disease. On other hands when there are hitgwotemperature and low humidity,
sensitive negative parameters increases as thdtsrddCLB disease development
decreases. However increasing parameters suchiiaalrdeath rate of the pathogen, the
natural death rate for infected maize plants anizenglants’ disease induced death rate
will reduce new infections. Moderate temperatural dngh relative humidity will
influence the development of NCLB disease. The ysttetommends that to improve
food security where maize is a staple food, cordtrdtegies should focus on sensitive
parameters that drive the disease transmissiomuygsa
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