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Abstract

Black pod rot, caused by Phytophthora megakarya, is the main cause of cocoa losses in
Cameroon. A few studies have focused on describing black pod epidemics in cocoa yet numerous
questions remain. Here, an epidemiological model describing the temporal evolution of cocoa
black pod, taking into account the development stages of pods, is developed and studied. In
particular, the relative importance of primary and secondary infection in disease dynamics is
investigated. Our theoretical study shows the existence of a disease free equilibrium and at
at least one endemic equilibrium. We highlight two threshold parameters, related to direct
and indirect infections that summarize all possible dynamics of the system. Then, based on
the literature, we define a periodic pod recruitment function, and provide several numerical
simulations to study the impact of phytosanitary pod removal on disease dynamics. We show
that intense and regular sanitary harvest could lead to complete disease eradication. Our results
also highlight the importance of the environmental spores reservoir in disease dynamics, such
that future field experiments and observations should focus on it.
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1 Introduction

Cocoa (Theobroma cacao L.) is one of the most important perennial crops worldwide, with an
estimated world production of 4.25 million tons in 2014/15 with an estimated value of around 12.6
billion US dollars [23] (ICCO, 2017). However, between 20 to 30% of annual yield is lost due
to pests and diseases. Some even estimate annual yield losses to be as high as 40% [32]. At a
global scale, the most important disease is cocoa black pod rot, which is due to several species of
Phytophthora. The most important species globally is P. palmivora [13], since it is pan-tropical,
occurring in all cacao producing countries. However, the most aggressive and damaging species
is P. megakarya (C.M. Brasier & M.J. Griffin) ([32],[2] and [3]). Phytophthora megakarya is only
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found in countries in West and Central Africa [3]. In both Nigeria and Cameroon, P megakarya
has replaced P. palmivora as a significant causal agent of black pod rot and is currently in an
invasive phase in Ghana and Ivory Coast [5]. Yet, since these West and Central African countries
produce around 70% of all cocoa beans worldwide. In Cameroon, 5th cocoa producer in the world
in 2014/15, cocoa black pod rot is only due to P. megakarya and losses often reach up to 80-90%
when plantations are poorly managed [21, 31].

It is known that cocoa production in Cameroon, as elsewhere, is tightly linked to climate, es-
pecially rainfall. In Cameroon, flowering of the cacao tree is induced by the first rains after a dry
season. Flowering typically lasts for about 1 to 2 months and it takes around 5-6 months from
pollination to full pod ripening. According to their growing stages, developing pods are subdivided
into cherelles, young, mature, and ripe pods. Developing pods are called cherelles until the stage
at which no further cherelle wilting, a cocoa physiological fruit thinning mechanism, occurs. When
rainfall is evenly distributed throughout the year, crop production can be spread out over many
months. In contrast, when rainfall distribution is more unevenly spread throughout the year, like
in Cameroon, cropping (production) is generally seasonal. In Cameroon, two types of rainfall areas
exists where cocoa is cropped, a unimodal rainfall area, with one dry and one wet season and a
bimodal rainfall area, with one long and one short dry season and also one short and one long
rainy season. The short and long rainy season in bimodal areas are usually from March/April to
June/July and August to November, respectively. The principal flowering period coincides with
the first rainy season. The short dry spell in bimodal rainfall areas can hamper the development
of Phytophthora pod rot.

Phytophthora megakarya: life cycle and epidemiology There are two means of infection
by P. megakarya, direct transmission (pod to pod infection) and indirect transmission (from an
environmental reservoir to a healthy pod). P. megakarya has 4 invective stages, the first one is the
mycelial stage and the others are the three spore types, sporangia, zoospores and chlamydospores.
All four stages can directly or indirectly cause infection. Primary inoculum, which survives in the
soil in the form of chlamydospores or mycelium during the dry season and/or when pods are absent,
is activated under wet and humid conditions and develops sprorangia. Through rain-splash or by
certain insects such as ants, sporangia or the motile biflagellate zoospores they contain, are trans-
ported onto pods where they can establish an infection [27]. Two factors that greatly contribute to
the success of P. megakarya as cocoa pathogen is its ability to rapidly form appressoria (a flattened
and thickened tip of a hyphal branch, that facilitates penetration of the host plant), in much greater
quantities than P. palmivora [3] as well as its capability to shed zoospores earlier and twice as much
than P. palmivora [11]. Successful infection then results in the generation of secondary inoculum
which gets dispersed again primarily through rain-splash, causing secondary infections. Black pod
disease incidence in the field is influenced by different environmental conditions yet several studies
have established rain as a primary factor governing epidemics ([11],[16]).

Moreover, under humid conditions a single pod may produce up to 4 million sporangia (each
containing up to around 40 motile zoospores), that are mainly disseminated by rain splash [11].
According to [11] P. megakarya inoculum can survive up to 18 months in the soil of cocoa plan-
tations. An overview of the life cycle of Phytophthora megakarya is presented in Fig. 1, page
3.

Although P. megakarya can infect cocoa pods at all developmental stages, studies from Cameroon
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Figure 1: The life cycle of Phytophthora megakarya highlighting the main spores type and describing
infection process on cocoa pod
(modified from [1]).

showed that susceptibility and the risk of attack depends among others on the developmental stage
of cocoa pods [18, 35]. The growth cycle of a cocoa pod can be divided into three phases: an
early accelerating/cell division phase, a linear/cell enlargement phase and a saturation phase for
ripening/maturation ([20]; see Fig. 2, page 4). This growth pattern of cocoa pods generally follows
a sigmoid curve ([36]; Fig. 2). Based on the literature [18, 35] it is assumed that the first growth
stage called cherelles is when pods are most susceptible. Ripe pods, even though at the end of the
production cycle they can still become infected, likely contribute little to Phytophthora pod rot
epidemics, even though ripe pods can still become infected. This is because ripe infected pods are
often and regularly being harvested. The full grown beans, although of less quality in the case of
infection, are still of economic interest to the farmer.

Control of cocoa black pod disease Cocoa black pod is generally controlled through fungicide
applications, combined with the use of partially resistant or tolerant cocoa cultivars and appro-
priate cultural practices, such as phytosanitation [30]. Biological control seems to be promising
but no commercial products are as yet available [29]. An increase in the effectiveness of control
can be expected when these control methods are rationally combined [9]. Under field conditions,
the natural activity of antagonistic and hyperparasitic microbes can also contribute to a decay of
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Figure 2: Generalised fruit development stages and Sigmoid growth curve with specific cacao pod
development periods

(modified from [36]).

Phytophtora sp. viability [26]. Phytosanitary pod removal is a preventive method which consists of
cleaning trees at the beginning of the season by removing mummified fruits left from the previous
season, and the subsequent regular removal of diseased pods which are the source of secondary
inoculum [30]. However, phytosanitation is time consuming and relatively difficult to put in place.
Fungicide applications are however, effective, especially economically speaking [19]. Metalaxyl is
the main active ingredient of the most effective fungicides for preventing/controlling black pod dis-
ease due to P. megakarya. Yet, fungicide use has numerous negative externalities, such as human
health problems, pollution, reductions in the populations of beneficial organisms, and emergence
of secondary diseases or pathogen resistance to pesticides [4]. Thus, there are compelling reasons
to come up with alternative, innovative and more effective control strategies. However, to do so
we need to identify control levers through which it is possible to exert control. This can only be
done through a better understanding of the disease dynamics. If Field expertise and experiments
are of utmost importance for this understanding, Modeling can also be a very helpful approach,
in particular when experiments are missing and/or difficult to conduct or to test new assump-
tions. However, relatively few studies have focused on understanding the temporal evolution of P.
megakarya epidemics, and there are still many questions regarding the factors that govern these
dynamics. For instance, the relative importance of the two different sources of inoculum (primary
and secondary) and spore dispersal dynamics are not well understood. We believe that Modeling
can be an effective approach to provide answers to these questions and help to improve or build
efficient control strategies, and, also, to better focus on future field experiments.

That is why the aims of this paper are threefolds: first, to understand the dynamics of the
diseases in the case of a constant or periodic pods production; second, to understand what are the
main parameters that drive these dynamics; and, third, to investigate the impact of phytosanitation
(a cultural control strategy).

The paper is structured as follows. In section 2, we first describe the Phytophthora model. Then,
in section 3, we provide a theoretical analysis of the model, followed by numerical simulations in
section 4, where we investigate the impact of phytosanitary pod removal on disease dynamic and
compare different scenarii of control strategies. Finally, in Section 5, we conclude and discuss
possible perspectives and extensions.



2 The Phytophthora model

Our model classifies hosts (Cocoa pods) in two epidemiological states: susceptible (S) and infectious
(I). Transmissions from pod to pod and from the environment to pod, through spores, are the only
ways a black pod rot epidemic can expand. Healthy (susceptible) pods are classified in three classes
according to their developmental stage: the first developmental stage of cocoa pods, called Cherelles
(S1), then young and mature pods (S2), and then, ripe pods (S3), that can be harvested and provide
the beans used for commercialization. Based on our knowledge of the pathosystem, the infectious
pods compartment (/) has two sub-compartments according to the ways of transmission: spores
produced by infected pods and released in the environment, responsible for secondary infections,
(Sp,e), and spores produced by infected pods and directly responsible for primary infections (.S, ;).
Our epidemiological system is represented in Fig. 3, page 5.

Cherelles Pods Ripe pods

M3

do

Figure 3: A compartmental model of the black pod rot epidemic

We only consider an inflow in the cherelle compartment of new susceptible hosts at rate A:
we first assume A constant which corresponds to a regular production along the year in Central
America, while periodic A corresponds to region where the production is seasonal, like in Cameroon.
The other parameters p1, w, and 61 represent respectively the natural death rate, the additional
death rate due to wilt, and the maturation rate. Note that we distinguish w from py, since cherelle
wilt can vary greatly from plot to plot and/or from one year to the next. This is a natural process
which plays the role of a regulation factor on each tree. At the pod stage, us and 6 represent
respectively the mean death rate, and the maturation rate from immature pods to mature or ripe
pods. us3 is the mean death rate of ripe pods by excessive ripening or mummification, and -,
is the harvest rate of ripe pods. Finally, v; represents the rate of phytosanitary pod removal in
the plot and p; is the mean death rate of infected pods by mummification and saprophytic fungi
which leads to the end of infectivity. At the spores stages, o is the production rate of spores by
infected pods. ro and r; are respectively the releasing speed and the shedding rate of spores in
the environment through infected plant tissue. dy and d; are respectively the inactivation speed of
spores released by infected pods due to parasitism and senescence and the natural decay of spores
in the environment (we assume for the spores compartment that 71 + r9 < 1). According to the
maturity stage k, where k = 1 or 2, susceptible pods, in contact with spores, coming either from



the environment (primary inoculum), or spread directly from infected pods (secondary inoculum),
are contaminated according to the following infection rates

S . Spi
)\k’,(Sp,ey Sp,i) = Bi K, b + Bé Ko =

_ope gk i g 9 1
+Sp’e +S,’L ( )

where B{“ and ﬂ§ are respectively the (maximal) rate of primary and secondary infection. Indeed, we
take into account that the total number of spores produced by infected pods in a plot is extremely
large, such that a saturation effect occurs in the transmission rate. That is why Michaelis-Menten
functionals have been considered. The parameters K and K> in (1 page 6, are called the Michaelis
constants and represent the quantity of Phytophthora megakarya spores yielding 50% of chance for
a pod to be infected by one specific inoculum. The latent time between the infection of pods by
Phytophthora megakarya and the manifestation of firsts macroscopic symptoms being really short
(i3-4 days[5]), there is often no way to distinguish an infected pod from an infectious one. This is
why the delay has not been considered in the infection dynamic.

Given that S3 does not play an important role in the infectious dynamic, the study of the
system will be done without this compartment. Thus, we deduce that our system is governed by
the following system of ODEs:

d5y B1Sp,e B3 Sp.i
N — A_ 0 S _ s s S _ S . S
dt o |:K1 + Sp,e + Ko + Spﬂ' L
@ = 9 S — 'B%Sp’e + B%Sp,i S - S _9 S
dt 121 K1+ Sp,e Koy + Sp,i 2~ H202 202,
aI BiSpe B2 S ] [ Bt Sp.e 53 Sp.i (2)
- — ) —|— ) S + ) + s S B I_ I’
dt [Kl + Spe Ko+ Spi Ki+Spe Ko+ Spi 2- N 12
dSy.
e I— .
dt TQO- dQS R
dSy,..
= =nol—diS..

We complete system (2) with non negative initial conditions
(51(0), 52(0), 1(0), 5p,i(0), Sp,e(0)) = 0. 3)

Some parameters values have been deduced from the bibliography, but for most of the parameters,
the values have been estimated. This is summarized in Table 1, page 33.

In the next section, we study the dynamics of system (2), with a particular focus on the Disease-
Free (DFE) and Endemic (EE) Equilibria, and the conditions to have existence and to reach these
equilibria. To this end, we will estimate the Basic Reproduction Number and other thresholds in
order to provide informations how model’s parameters may impact the disease dynamic and, also,
to study the efficiency of ongoing phytosanitary strategies (related to 7).



3 Mathematical analysis of the model

System (2) can be rewritten in the following way

X AX)X+F
X(0) = Xo >0,

with X (£) = (S1, 52,1, Spi» Spe)

B1Sp,e B3 Sp.i
—th — |:K11+§p,e K22+§p,i:| —HTw 0 0 0 0
0 [ LS 4 BSpi T g 0 0 0
A(X) 1 1 1 Kitpe  Katoes S F
= B1Sp,e B3Spi B1Sp,e B3 Sp,i ) =
|:K11+§,p,e K22+§p,ij| |:K11+§'p,e K22+§p,ii| THI T 0 0
0 0 90 —d2 0
0 0 ro 0 —d

Note that A(X) is a Metzler matrix, i.e a matrix such that off diagonal terms are non negative, for
all X € RJ.

Thus, using the fact that F' > 0, system (4) is positively invariant in Ri, which means that any
trajectory of the system starting from an initial state in the positive orthant ]R§r remains forever
in Ri_.

Since the right hand side of system (2, page 6), is Lipschitz continuous, there exists an unique
maximal solution. Using the ”cascade method”, we show that any compartment of (2) is bounded.

From (2); (namely equation 1 in system (2)), we derive

dSy

H S A — 9151 - /,LlSl - ’lUSl.

Setting
. A

1:M1+w+91’

we deduce that S)(t) < SF + (S1(0) — SF) * e~ (w0t such that, if S3(0) is chosen less than S},
one has
0 < S1(t) <57,

Next, from (2)2, and since S1(t) < ST, we derive

ds.
ditQ <6151 — (12 + 02) S < 6157 — (2 + 62) So.
Then, setting
615%
Sy = ,
2 o + 02

we deduce that Sy(t) < S5 4 (S2(0) — S5)e~(H2+92)t such that, if So(0) is chosen less than S5, one
has
0 < Sy(t) < S5.

Since we showed that all susceptible components, S; 2, are bounded, we are able to show that the
variable I has an upper bound too. Thanks to the definition of ”Michaelis-Menten” functions, we
know that
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from (2)4, we deduce that I(t) < I* + (I(0) — I*) x e~ (1+10t such that if I(0) is chosen smaller
that I*, one has 0 < I(t) < I*.

Finally, with the same reasoning, upper bounds for the spores compartments follow immediately:

i

i(t <7I*a
Sp7()—d2

and
Spelt) < 271
According to the previous results, we can define the following positively invariant subset of Ri’r

0= {(sl,sg,f,sp,i,sp,e) ERY:S <SS <SHT<T S, < %I*,sp,e(t) < TCZTI*} .

() is attractive, that is, solutions that start in €} are bounded and remain in ).

3.1 Equilibria: existence, local, and global asymptotic stability

In this section, we study the existence of equilibria (DFE and EE) related to system (2). We study
the local and global asymptotic stability of DFE. We also compute the basic reproduction number
Ro related to system (2). The equilibria of system (2) are obtained from the following equalities
derived from (2) and representing the steady states of the system:

(91 + Al(Sp,ea Sp,i) + u1 + 'U})Sl =A
(AQ(SIJ,& Sp,i) + 125) + 02)52 = 0151

(v + )l = A(Spes Sp,i)St + A2(Sp.es Spi)S2 (5)
d2Sp; =rmro0l
d15 e - 7'10[

Setting I = 0 in system (5), implies that S,;, Spe and the infections forces A;(Spe, Sp,i) are all
equal to zero. Thus, we immediately deduce that

1
sye = ——
O +p1 +w

= A
2 (p2 + 02) (01 + p1 + w)
such that the DFE of system (2) is defined by

T
DFE = (Sffe,sgfe,o,o,()) .
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3.1.1 Estimate of the Basic Reproduction Number

Using the next-generation matrix (NGM) approach described in [40] (see also [17]), we compute the
basic reproduction number Ry, which is define in our case as the number of secondary infections
that an infectious pod could produce when introduced in a population of healthy pods of any
maturity stage.

Following [40], we rewrite system (2) as follow

dX
= 1) = F(X) - V(X)

where X = (51,52,1, 5y, Sp,e)T, F is the incidence rate of new infections, and V is the transfer
rate of individuals into, and out of, each sub-population. Let Xy ={X > 0/X; =0,i =3,...,5} be
the set of all disease free states.

As it is very clearly explained in [40, 39, 15], the previous decomposition is not unique, such
that different choices for F lead to different values for the basic reproduction number. What
is important is the choice that is epidemiologically relevant. According to field experts, and as
explained in section 2, we distinguish S, ;, spores that responsible for primary infections, from S, .,
spores that are responsible to secondary infections. In other words S, . acts as a reservoir, while
Sp,i is considered as an extension of the infectious pod compartment. Thus, according to these
explanations, this leads to the following choices for F and V:

0
0
ﬁ%spe 521‘5’1)@ :| [ B%Spe B%sz
F(X) = - : S : - S ,
( ) |:K1+Sp,e+K2+S,i L K1+Sp,e K2+Sp,i 2
0
7’10’[
and V;(X)=V; (X) — V(X), where
Bllspe 5215102'
: : 0
[K1+S,6+K2+S,z'+(m+w+ V| 5 0
0151
- ﬁ%Spe /Bgspi ] —+
V. (X) = : ’ 02)| S dV"(X) = 0 ,
; (X) |:K1+Sp,e+K2+Sp7i+(u2+ 2)| S2 and V;" (X) o
20
(yr + pr)l 0
d2Sp i
d1Sp,e

such that we verify the following assumptions given, for instance, in [40], that is
Al) if X >0, then 7, V;" and V;t > 0 fori =1,...,5.
A2) if X; =0, then V,;” = 0.

(A1)
(A2)
(A3) Fi=0fori=1,.,2.
(A4)

A4) if X € X, then 7; =0 and V" =0 fori=3,..,5



(Ab) If F(X) is set to zero, then all eigenvalues of Df g have negative real parts. Indeed, we

have

1¢gDFE 1¢DFE

—(p1 +w+01) 0 0 '82”}2 61%1
QSDFE QSDFE

Dfprr = 01 —(u2 +62) 0 = e = e

0 0 —(yr + pr) 0 0

0 0 o0 —dg 0

0 0 0 0 —d;

A rapid calculation shows that all eigenvalues are real and negative (the terms in the diagonal),
ensuring that DFFE is Locally Asymptotically Stable.

Then, considering the disease-free equilibrium, DFE, and taking into account that f verifies
assumptions (A1)-(A5), we can define the following 3 x 3 matrices

6 .
Fy=22#20 y<gj<s
5Xj+2 DFE
and oy
Vz;jzaX’,” . 1<i,j<3
Jt2IDFE

such that we obtain

dj dj dj dj
BiSUC + 5385 BLSYT + pRsy

0 yr+upr 0 0

F = K2 Kl 5 V = —To0 d2 0
0 0 0 0 0 d

r10 0 0 !

F is entrywise non-negative and V is obviously a non-singular M-matrix, so that V= > 0. Thus,
if we consider that ¥(0) is the number of initially infected individuals, then FV~1¥(0)(> 0) gives
the expected number of new infections. FV ! is called the Next Generation Matriz. According to
the previous computations, we derive

d d d d d d
(B3SYC + B389 yrao pSYE + p3Sye piSYe + prsye

Koda (i + 1) Kody Kidy
—1
FV— = 0 0 0
ro 0 0
Vi + i

According to [40], the basic reproduction number, Ry, is defined as the spectral radius of FV !
ie. Ro = p(FV~1). A straightforward computation shows that the characteristic polynomial of
FV—1is

P(A) = A[Roah + Roi — A’

where

Ry, — rao (B3SY + 8355) rio(B1SY° + B3Sy) ©
’ Kada(yi + 11:) Kuidy (vi + i)

The eigenvalues of FV ™! are the roots of P, and the spectral radius the largest ones, which leads
to

and Roﬂ' =

1
RO = 5 <R07d + \/(R07d)2 =+ 47—\"/071’) . (7)

10



Remark 1. Note that Ro depends on Rgq and Ro;, that can be seen respectively as the basic
reproduction number related each transmission route: the direct route (pods to pods) and indirect
route (environment to pods).

Following [40], we have
Proposition 1. DF'E is locally asymptotically stable when Rg < 1 and unstable when Rg > 1.

It is important to recall that local asymptotic stability of the disease-free equilibrium does not
guarantee complete elimination of the disease. Only global asymptotic stability ensures that the
disease either dies out or persists.

Remark 2. Last but not least, if Spe is not seen as a reservoir compartment, but simply as a
transition compartment, then the Next Generation Matriz becomes

35V +838y pLsy Ay Sy

Ro,a + Ro, Kods Kid;
FV—!= 0 0 0 ,
0 0 0

such that the two routes of transmission enter R in an additive way, i.e. Rog = Roa + Ro-
However, according to [7], or [39], or [40], both thresholds are mathematically equivalent, i.e. they
are simultaneously greater, equal or less than one. See also [15], where the authors discussed
the several forms of the basic reproduction number for continuous and discrete epidemiological
(population) systems.

3.1.2 Global Stability of the DFE

To show the global stability of the DFE, we used a theorem proved by Kamgang and Sallet [25],
and recalled, for convenience, in Appendix A. (see theorem 2, page 27)
Using the the DFE, we rewrite (2) in the following manner

g = A1(x)(xs —2prE,s) + A12(x)zr,
{ .ﬁ[ = Ag(x)x], (8)

where x, is the vector representing the state of different compartments of non transmitting individ-
uals and the vector x; represents the state of compartments of different transmitting individuals.

T T A 61 A T
Here, we have x4 = (S1,52)", 1 = (I, Sy, Spe)’ and zprp,s = (61+u1+w’ u2(91iu1+w)) . Indeed

from (S), we obtain the following matrices for A;(z), A;2(x) and Az(z)

—(01 + 1 +w) 0 >
Ai(x) = (
() < 01 — i — B2
0 —BiS1 —BisS
_ K K
Arp(z) = (O _BZs, 5%152>
Ko K
and 1514835, 1814825,
_(71+NI) 2 K22 1 Kll
Az(z) = 90 —dy 0
™o 0 _dl

Following [25], we show the global asymptotically stability of the DFE and we derive the following
theorem

11



Theorem 1. The disease free equilibrium of system (2) is globally asymptotically stable if Ry < 1.

Proof. see Appendix B. O

Remark 3. The previous result also holds if R is replaced by Ro 4. We will see that Ro 4 plays a
role in the existence of at least one endemic equilibrium.

3.1.3 About Endemic equilibria

To derive the endemic equilibria, we solve system (5), page 8, which leads to

ST = A
1 o ,3%7"101* ﬁ%T‘QU[* 0
Kidi+riol* Kodo+rool* + 1 + H1 tw
o - Gy
2 - 517, T* 1 T* 2 T* 2 T*
1710 627‘20' 617"10' ﬂ27"20'
<|:K1d1+7”10'1* + KQdQ-H“QO’I*] + 91 + H1 + U)) (|:K1d1+7‘10'1* + Kodo+rool* + H2 + 92
1 * 1 * 2 * 2 *
%« Byriol Baraal % Biriol Baracl %
(7] +,U[)I - |:K1d1+7‘10'1* + Kodo+rool* Sl + Kidi+riol* + Kodo+rool* SQ
ro0
p7 d2
ro
st = N9
) dq

(9)
Then, replacing (9); and (9)2 in the right-hand side of (9)3, leads to look after the positive roots
of the following polynomial

P(I) = agI* 4 azI® + aoI* + a1 I + ay,
where the terms (a;)o<i<4 are given in Appendix C, page 30. In particular, we show that
ao = (v + pr) B3[1 — Rol,

such that we are able to deduce
Lemma 1. The sign of ag is related to Ro 4 as follows:

1. ag < 0 1is equivalent to Ro 4 > 1

2. ap > 0 is equivalent to Ro 4 < 1.

Then, according to Descarte’s rule of sign (see Appendix C, page 30), we deduce
Proposition 2. When Ro 4, > 1 system (2) admits one or three endemic equilibria.

Remark 4. The study of the stability/instability of the endemic equilibrium is not straightforward.
Therefore, we will only check numerically the stability property in the forthcoming simulations.

Since R and Rg 4 are equivalent, proposition 2 leads to

Proposition 3. When Rg > 1 system (2) admits one or three endemic equilibria.

12



3.2 The Phytophthora model with periodic recruitment rate

When A is periodic (or if we consider that all parameters are periodic), of period T, the previous
estimates on the basic reproduction numbers are no more available. We still have existence of a non-
negative bounded solution. It is also straightforward to show that system (2), with periodic recruit-
ment rate, admits an unique T-periodic disease free solution, PDFE = (51 per(t), S2,per(t),0,0,0),
where

1
Sl,per(t) = <6(91+/L1+w)T 1

T t
/ A(T)e(91+“1+w)7d7+/ A(T)€(91+m+w)7d7.> 67(91+m+w)t
0 0
and

1 r T ! T —
SQ,per(t) = (e(m-i-eg)T - 1/0 Sl,per(T)e(m—i_ez) d7+/() Sl,per(T)e(M—i_eQ) dT) e mt'

Following [42], we are able to estimate a basic reproduction number, R per related to PDFE.
In Appendix A, we recall briefly the main assumptions, (A1)-(A6), to verify to be able to apply
Proposition 4, page 28 (see also [42]). Note that most of these assumptions are similar to those
given in [40] to estimate the standard basic reproduction number for constant parameters. However,
in the periodic case, they are two additional ones, (A6) and (A7) that we can easily verify here.
Indeed, since —V is a lower triangular cooperative matrix with constant values, the monodromy
matrix of system th = —Vy is given by

e—(utunt 0
O_y(t) = * e~ 0
0 % e_dlt

Thus we deduce that p(®_y (7)) < 1. Assumption (A7) is verified. Let us verify assumption (A6).
We compute
—(01 + p1 + w) 0 >
M(t) = .
©) < 0 S

Again, M (t) being a lower triangular matrix with constant parameters, we deduce that the mon-
odromy matrix ®/(t) is defined as follows

—(O1+p1+w)t 0
e
@M(t) = ( % e—(uz—‘r@g)t >

such that p(®y (7)) < 1. Assumptions (A6) and (A7) being verified, PDFE is asymptotically
stable. Following [42] (see appendix A) we consider the following linear 7-periodic system

do _ <_v+ F@) w, (10)

with parameter A € (0,00), and

65 Sl,per(t) + 5225247@(75) 611 Sl,pev"(t) + ﬁ%SZPeT(t)

0
KQ Kl

Fi)=1 0 0
ro 0 0
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and

y+pr 0 0
V — —To0 d2 O ;
0 0 di

For each A > 0, we are able to estimate the monodromy matrix W (7, \) and thus its spectral
radius, p(W(r,A)). According to Theorem 2.1 [42] (see also Appendix A), we are looking for
A* > 0 such that p(W(r,\*)) = 1, and thus deduce Rg per, the local periodic basic reproduction
number. Thanks to remark 2, page 11, we can also define similarly R 4 per. Numerical estimates
of Ro per and R, g per are obtained by solving (10), using an iterative algorithm, as explained in the
end of Appendix A.

3.3 Global Sensitivity analysis of the Phytophthora model

A full sensitivity analysis is performed on the model outputs by using two well-known methods:
LHS-PRCC (Latin hypercube sampling-partial rank correlation coefficient) and eFAST (Extended
Fourier amplitude sensitivity test) [28]. These are complementary methods: PRCC provides mainly
information about how the outputs are impacted if we increase (or decrease) the inputs of a specific
parameter while eFAST indicates which parameter uncertainty has the greatest impact on the
output variability (see[28] for further explanations). We consider the ranges of values given in
Table 4, page 36. For some parameters, we have a relative good idea about the range of values,
for others, like the spores parameters, this is more vague, but we choose value that, according to
filed experts, are the most reasonable. In any case, and whatever the methods used to make the
full sensitivity analysis, the results are discussed and valid only under the chosen intervals.

First, in Fig. 4, page 15, we show a LHS-PRCC analysis on both basic reproduction numbers, R
and Rg 4. The parameters impact negatively or positively, as expected. However, it is interesting to
observe that, Ry, is more impacted specifically by parameters related to the indirect transmission,
that is Ky, r1 and d;.

Sensitivity analysis results are given in Fig. 5, page 16, and Fig. 6, page 17. While for the
variables S; and Ss, both methods provide the same analysis, that is A, w, u;, and 6; are very
sensitive parameters, the results are more contrasted in the compartments related to the dynamics
of the disease. However, from both methods it is clear that for I, Sp; and Spe, di and do are very
sensitive parameters, ;, the roguing parameter, A, and ¢ are also sensitive parameters. Surprisingly
Bij are not so sensitive as expected. However, from the eFAST, the K; parameters seem to be very
sensitive. It is interesting to emphasize that given the sensitivity of the death rate parameters d;,
it makes sense to use a control method like fungicide. This is in good agreement with ongoing field
practice.

Altogether, this brief sensitivity study shows that not only the parameters related to the dy-
namics of the pods are important, but also the parameters related to the dynamics of the spores.
While, the pod population dynamic is relatively well known, thanks to previous studies, this seems
not the case for the spores, where clearly the mean lifespan, d;, as well as the spores production by
pods, 7;, is not very well known.

4 Numerical simulations and discussions

We now provide and discuss some numerical simulations to illustrate the previous results and fur-
ther. The numerical approximations are obtained using Matlab 2016. Since for several parameters

14



LHS-PRCC Stability Analysis— Phytophthora model —

1.0

0.5

I A HH
[

I_II_II_II_IH |_||_|

|

o ¢

(6]
RN

-1.0

B1iB12PaPBaeKi Ko 1y 1o dy do i 2 1y V1 0162 9 A ©

LHS-PRCC Stability Analysis— Phytophthora model — Ry (global)

1.0

0.5

00 11O HH
UU UUI_H_IUH |_||_|

B1iB12PaPBeKi Ko 1y 1o dy da i 2 Wy V1 8162 9 A ©

|

o ¢

(6]
I

-1.0

Figure 4: LHS-PRCC sensitivity analysis of Rg and Rq 4.

little to no data are available (yet) in the literature, estimations of these parameters for use in the
simulations were based on expert knowledge of the pathosystem. The range of values of model’s
parameters are mentioned in table 1, page 33, in section 1.

According to these parameters, when y; = 0, we have Ry > 1 (or Ro,4 > 1), such that system
(2) admits a unique endemic equilibrium that is Locally Asymptotically Stable, at least numerically.
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Figure 5: e-FAST sensitivity analysis of Model’s outputs. White bar: first-order effects; Sum of
white and grey bars: total effect.

4.1 Estimation of the cherelle recruitment rate, A

In the context of Cameroon, it is not realistic to consider a constant recruitment rate for cherelles.
In contrary, cocoa pods are strongly connected to rainy periods: a long and a short rainy season.
Thus, using data from the literature [10], we estimate A as a T-periodic function (see Fig. 7, page
18), where T' = 365 days.
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Figure 6: LHS-PRCC sensitivity analysis of Model’s outputs

4.2 Impact of phytosanitary pod removal on the disease dynamic

Using parameters values given in table 1, page 33, we highlight the impact of phytosanitary pod
removal on the disease dynamic of the system in two specific situations: when A is constant, and
when A is a time periodic function, defined in Fig.7, page 18. In the next simulations, we highlight
the dynamics without sanitary harvest and with sanitary harvest.

4.2.1 Simulations with a constant recruitment rate A

As value for A, we consider the mean value of Ay, over one period, i.e. one year, ie A =
1 365

365 Jo Aper(t)dt =~ 12. In Figs. 8 and 9, page 18, we consider two initial conditions: when
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Figure 7: Cherelle recruitment rate function in the year

one pod is infectious, and when spores are present in the environment. Both simulations illustrate
clearly the impact of the phytosanitary pod removal on disease dynamics. Indeed, the application
of sanitary harvest (¢ > 750), i.e. v = 0.25, drives Ry from a value greater than one to a value
lower than 1, such that the DFE becomes globally asymptotically stable, i.e. the infection dies out.
It is also interesting to notice that according to the initial conditions, the system, while converging
to the same constant positive equilibrium, may have a different transient dynamic.

Simulations with A =12 ,; = 0(¢ < 750) and 5; = 0.25(t >= 750)0. Initial condition: (I, Sp,) = (1,0)
300 T T T T T

Start of the Sanitary harvest

Number of Pods
o
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T
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1 1 | L 1
0
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Figure 8: Time evolution of Susceptible pods, Infected pods, and Spores, when the initial infection
starts with an infective pod. A =12, v; = 0(¢ < 750) and vy = 0.25 (¢ > 750).

4.2.2 Simulations with a periodic recruitment rate A(t)

In Figs.10 and 11, we show simulations with A(¢) periodic, as defined in Fig.7, page 18, and for
different sanitary harvest rate, vy = 0, 0.25, and 0.3. Using the same parameters values, but
with a periodic cherelle recruitment rate, the phytosanitary pod removal, with v; = 0.25, is clearly
efficient in reducing the number of infected pods and spores. However, Rqper is already greater
than 1, and thus, contrary to the constant case, the disease does not stop (see Table 2, page 33).
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Simulations with A =12 ,5; = 0(t < 750) and y; = 0.25(¢ >= 750)0. Initial condition: (,Sp.) = (0, 1000)
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Figure 9: Time evolution of Susceptible pods, Infected pods, and Spores, when the initial infection
starts with spores in the environment, Sp. = 1000. A =12, vy =0 (¢t < 750) and vy = 0.25 (¢ > 750).

Simulations with A periodic, ,v; = 0(t € [0 — 500]), v; = 0.25(t € [500 — 1000]) and y; = 0.3(t € [1000 1500]). Initial condition: (I, Sp,) = (1,0)
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Figure 10: Periodic time evolution of Susceptible pods, Infected pods, and spores, when the initial
infection starts with an infective pod and increasing sanitary harvest intensity. A periodic, v; =
0(t € [0—500]),7; = 0.25 (¢t € [500 — 1000]) and v; = 0.3 (¢ € [1000 — 1500]

This is related to the use of a periodic recruitment rate and shows clearly that considering A as a
constant may give wrong results in terms of control strategies. Like in the constant case, there is a
clear difference in the dynamic of the outbreaks when initially, either one pod is infected or spores
are present in the environment. The disease spreads faster when a pod is initially infected. Finally,
as expected, increasing the sanitary harvest, vy = 0.3, decays Ro per below 1, such that the disease
dies out. We summarize the values computed for the basic reproduction numbers in Table 2, page

33.

4.2.3 Impact of periodic impulsive sanitary harvest on disease dynamics

Here, instead of considering a continuous sanitary harvest, we consider that the sanitary harvest
occurs instantaneously (impulsive events), with a periodicity, 7, of 4, 7, and 14 days respectively.
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Simulations with A periodic, ,v; = 0(¢ € [0 — 500]), 7, = 0.25(t € [500 — 1000]) and ~; = 0.3(¢ € [1000 — 1500]). Initial condition: (,Sp.) = (0,1000)
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Figure 11: Periodic time evolution of Susceptible pods, Infected pods, and spores, when the initial
infection starts with spores in the environment, S,. = 1000 and increasing sanitary harvest intensity.
A periodic, yr = 0 (¢ € [0 — 500]),vr = 0.25 (¢ € [500 — 1000]) and vy = 0.3 (¢ € [1000 — 1500]

Compared to what happens in the field, this modeling is more realistic. In other words, we assume
that a proportion, I'; €]0,1[, of infected pods, I, is removed instantaneously every 7 days. This
leads to the following system

s,

1 1 .
=A—-6,51 — [ BiSp,e + If;fg';z] S1 — 1 S1 — wSh,

Jlg K1+Sp,e
2 B3 Sp,e B3 Sp.i
ﬁ = 0151 — [Kf—l-g‘p,e + K22+gp,¢] So — paSa,
_ Bls e /Bls K3 /825 e ,325 K3
? - |:K11+§p,e + K22+§p,i:| S1+ |:Kll+gp,e + K22+§p,i S2 — il (11)
(S
g,t7Z =1ro0l — da2S);
d
{ d?e =riol —diS €
with impulsive conditions
Si(ts+ntt) = Si(ts +n7),
So(ts +ntt) = Sy(ts +n7),
I(ts +ntt) =1-T7)I(ts +n1), neN*, (12)

Sp.i(ts +nt) = Sp,i(ts +n7),
Sp@(ts + n7—+) = Spye(ts + n7)7

where t, is the time when the (instantaneous) periodic sanitary harvest starts. According to the
theory of impulsive differential equations [6], system (11)-(12) is well defined and admits a unique
positive solution. However, at this stage, we don’t want to enter too much in the theory. This is
left for a future work.

In Fig. 12, page 21, Fig. 13, page 21, and Fig. 14, page 22, we obtain contrasting results.
Indeed, considering a 14 or a 7 days sanitary harvest, even with 60% of removal, shows poor result
compared to the period before the harvest (see Figs. 12 and 13). Only a 3-days harvest leads to
significant results (see Fig. 14). Clearly periodicity and intensity of the harvest may impact the
efficacy of this control method. From the field point of view, 60% of removal is quite large, but this
may depend on the model’s parameters. This requires further investigation.
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A periodic, with 60% sanitary harvest every 14 days (from ¢, = 500). Initial condition: (I, Sp.) = (1,0)
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Figure 12: Periodic time evolution of Susceptible pods, Infected pods, and spores, when sanitary
harvest starts at t = 500, with a frequency of 14 days. A periodic, and I'; = 0.6 (£ > 500)

A periodic, with 60% sanitary harvest every 7 days (from ¢, = 500). Initial condition: (I, Sp.) = (1,0)
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Figure 13: Periodic time evolution of Susceptible pods, Infected pods, and spores, when sanitary
harvest starts at ¢ = 500, with a frequency of 7 days. A periodic, and I'; = 0.6 (¢ > 500)

5 Discussion and Conclusion

This paper considers an epidemiological model which incorporates a periodical birth rate function
for cocoa pods and analyzes the temporal evolution of black pod disease in a plot. The impact
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A periodic, with 60% sanltary harvest cvcry 3 days (from t, = 500) Initial condition: (I, Sp.) = (1,0)
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Figure 14: Periodic time evolution of Susceptible pods, Infected pods, and spores, when sanitary
harvest starts at t = 500, with a frequency of 3 days. A periodic, and I'; = 0.6 (¢ > 500)

of phytosanitary pod removal was assessed here and the results seem to be in general agreements
with the literature. [30] shows that application of sanitary harvest could lead to reduced black
pod incidence by 22 % to 31 % , [33] found that weekly removal of infected pods by P. palmivora
reduced the incidence of epidemics significantly in comparison with fortnightly removal (35 to 66%
incidence reduction). Our results show that intense and regular phytosanitary pod removal (every
four days) could reduce disease incidence even more than these percentages. In some cases number
of infected pods in the plot could practically be reduced to nothing. It is important to mention
that the good qualitative properties of the system can be partially explained by the fact that the
model considers an isolated cocoa plot. Thus, we are neglecting external factors such as external
inoculum and neighboring plots which can provide external sources of infections. Furthermore,
the model does not take into account the impact of the climate in disease dynamics. It is also
important to mention that in reality phytosanitary pod removal will never be 100% effective. It
is time consuming, labor intensive and thus relatively expensive and, in general, only a certain
percentage of diseased pods is removed completely, such that inoculum remains in the system
capable of causing more infections. Indeed, when pods are eliminated from the trees they are most
often left on the ground where they, temporarily, can still cause secondary infections or contribute
to the environmental reservoir of spores (Sp). However, P. megakarya will lose ”viability” quicker
on pods laying on the ground than on pods remaining on the tree. In this paper, the relative
importance of the two different inoculum sources Sp. and Sp; was also investigated. According
to the results presented here it also seems that the environmental reservoir is preponderant and
seems to play an important role in disease epidemics. Although Turner already mentioned in 1965
that the importance of the soil as a reservoir of inoculum responsible for infections has not been
adequately addressed in consideration with Phytophthora cacao pod rot epidemics [38], since then,
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very little work specifically focused on the role and control of on the environmental spore reservoir
has been done. This can be explained by difficulties to put in place reliable experiments to estimate
some parameters linked to the environmental spore reservoir (Inoculum quantity in the soil and
spores shedding or decay rates in the environment). However, recent advances, e.g. the whole
genome sequencing of P. megakarya, opens up new avenues such as the development of qPCR
primers to easily quantify inoculum quantities in the soil [24]. Here we highlight the fact that
disease outbreaks and spores lasting in the environment are strongly linked to the environmental
spores compartment Sp.. These results are in agreement with [37] who hypothesize that primary
inoculum (Sp) is the main determinant for the spatial and temporal development of an epidemic
at the plantation level and that secondary inoculum (Sy;) is mainly responsible for the within-tree
temporal development of black pod. This could also explain why phytosanitation, seems to have
a more direct effect on secondary inoculum. This also indicates the need to focus and engage
new experimentations to broaden our knowledge on the role of the environmental spore reservoir in
disease epidemics in order to establish efficient control strategies. Since the sensitivity analyses also
show that the infectious compartments (I, Spe, Spi) are most sensitive to the Spores inactivation
rates parameters (d; and dg), a more precise estimation of these parameters is needed to confirm
these results. In addition to sanitary harvesting, our study also highlights important parameters
on which we could act to establish efficient management strategies. For example recommendations
in terms of intelligent fungicide applications could lead to a reduction in the production rate of
spores, o, and treatment of the soil reservoir could lead to increase the inactivation speed of primary
and secondary inoculum, i.e. increase the spores death rates d;. These strategies combined with
intensive and regular sanitary pod removal could guarantee increased yield. This modeling exercise
helps us to define and engage new experimentations on the P. megakarya-Cocoa pathosystem. It
seems especially necessary that we broaden our knowledge on the role of the environmental spore
reservoir in disease epidemics and thus establish more efficient management strategies. The next
steps will be to develop and implement new experiments to estimate the infectious potential of the
environmental reservoir (Sp ) and how to reduce it. This exercise also shows that for several other
parameters used in the model, scarce or no reliable data are available and thus experimentations
should be undertaken to provide more reliable estimates for these parameters. Future mathematical
studies include the analysis of the impulsive system (11)-(12), and take into account the spatial
propagation of the spores, like in [12](see also [14]).
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Appendix A

In this appendix we recall some useful results.

Theorem 2 ([25]). Let @ C U = R x R3. The system (E) is of class Ct, defined on U. If
(1) Q is positively invariant relative to (E).
(2) The system s = A1(z)(xs —zprE,s) is GAS at prE.s.
(8) For any x € ), the matriz As(x) is metzler irreducible.

(4) There exists a matriz Az, which is an upper bound of the set M = As(x) € M3(R)|z € Q,
with the property that if Ay € M, for any T € Q, such that Ay(T) = As, then T € Q.

(5) The stability modulus of Az, a(Az) = maxyegy(a,)Re(N), satisfies a(Az) < 0.
Then the DFE is GAS in Q .

Theorem 3 ([22], theorem 6.23). Let A € M,, be a real matriz. A is irreducible if and only if the
matriz (I, + |A|)"~1 is strictly positive.

To check condition (5), following Varga [41] and Berman and Plemmons [8] let us recall the
following definition and theorem.

Definition 1 ([41]). For a real Metzler matrizc M, M = N + K s a regular splitting if K is a
Metzler stable matriz and N > 0 is a nonnegative matrix .

Theorem 4 ( [41], Theorem 3.29). Let M = N + K be a regular splitting of a real Metzler matriz
M, then M is Metzler stable if and only if

p(-N"'K) <1

For epidemiological models with periodic parameters, Wang et al. [42] generalized the results
from Van den Driessche et al. [40]. Like in [40], it is assumed that all compartments are divided in
two types: infected compartments, labeled by ¢ = 1,...,m, and uninfected compartments, labeled
by i =m + 1,..., n. We consider the following disease transmission system

d:EZ'
dt

= fi(z,t) = Fi(z,t) — (V; (z,t) =V (z,1), i=1,..,n (13)

(2
Let X ={x >0,2; =0,i=1,...,m}. Then, we verify the following assumptions

(A1) For each 1 < i < n, Fi(z,t) , Vi"(z,t) , and V; (z,t) are nonnegative and continuous on
R’ x R4, and continuously differentiable.

(A2) There is a real number T > 0 such that F;(x,t) , Vi (z,t) , and V; (z,t) are T—periodic in ¢.
(A3) If z; = 0, then V;” = 0. In particular if 2 € X then V; =0fori=1,...,m.

(A4) F; =0 for i > m.
(A5)

If z € X5, then F;(z) =V, (z) for i = 1, ...,m.
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Assume now that system (13) has a periodic equilibrium, @pe, = (0, ..., 0,22, i1 <oy zh). Then, we
compute the Jacobian matrix

_( F@) O AZOE
D,F (DFE;) = ( o ) and D,V (DFE;) = < 0
with 3 .
M(t) _ ( fi(xpera )
Ox; m+1<i,j<n
J eryt 7 eryt
F(t) = (8}" (xp > ’ V() = <3V (xp )

Ox; 1<i,j<m Oz 1<i,j<m

Let ®s(t) be the monodrony matrix of the linear 7-periodic system (c% = M(t)z. We assume that

Tper is linearly asymptotically stable in X, that is
(A6) p(Bar(r)) < 1.
and finally, the following condition needs to be meet
(AT) p(® () < 1.
Thus, if system (13) verifies assumptions (A1)-(A7), then we have
Proposition 4. [}2]
® Roper =1 if and only if p(Pr_v (T)) = 1.
o Roper < 1if and only if p(Pp_y (T)) < 1.
® Roper > 1 if and only if p(Pr_v (T)) > 1.
Thus, the PDFE is asymptotically stable if Roper < 1, and unstable if Ro per > 1.

In general R per is very difficult or impossible to derive analytically. But, following Theorem
2.1 [42], we are able to obtain a numerical approximation. Indeed it suffices to estimate the Floquet
multipliers and hence the spectral radius,p(w, 7), of the following linear 7-periodic system

dw F(t)
% = (—V(t) + T)UJ, (14)

with parameter A € (0,00). Let W (t, A) be the standard fundamental matrix of (14) with W (0, ) =
Id. Then, according to Theorem 2.1[42] (ii), we know that if Rgper > 0, then A = R per is the
unique solution of p(w, 7) = 1.

Appendix B

We prove Theorem 1 using Theorem 2, page 27, in Appendix A. Let us now verify the different
assumptions:

1. Assumptions (1) and (2) of theorem 2 are satisfied. € is positively invariant as shown in
section 3. A direct computation shows that the eigenvalues of A;(z) are real and negative
(A4, = —(01 + 1 +w), and A\g 4, = —p2, thus the system &g = Ai(x)(xs — 2prE,s) is
globally asymptotically stable (GAS) at zprg,s.
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2.

3.

To verify assumption (3), we use Theorem 3. Clearly As(z) is a Metzler matrix. Since n = 3,
we have to compute (I3 + |A2(z)|)?, which leads to

L+ (vi+wi) B3 B T4+ (it w) 55 Ieh
(I3 + |Aa(z)|)* = ro0 1+ds 0 ro0 1+ds 0 ,
10 0 1+d; ro 0 1+d;
where ) ) ) ,
B151 + BiSe 8551 + 58559
B = % and By = %
Finally
(1+(7i+ui))2+7"2‘7ﬁ5+7“10ﬂf 2+7v+pi+d2)B5 (247 +pi +di)BT
(Is + |A2(2)])* = 20 (24 i + pi + da) roo s + (1 + do)? oo B}

r10(2+ i + pi +di) rof; rofi + (14 dy)?

which obviously implies (I3 + |Az(z)])2 > 0 for all z € ©/{(0,0,0,0,0)}.

Assumption (4): we have to find an upper bound of matrix As(z). In fact, since z € €,

Ay is simply given by Ay(F), where T = (Sffe,nge,0,0,0) € Q, with Sffe = 91+;\1+w and
Sdf@ _ 01/\
2 T pe(b1tptw)”

. To check the last assumption of Theorem 2, we first use Definition 1 and Theorem 4. We

consider the following regular splitting of matrix As:

BiSY +B3Syc Bisy' + pisy

— (i + 0 0
(i + pi) 0 % T
ZQ = Tro0 —d2 0 + 0 0 0 =N + M.
0 0 —d 10 0 0

where N is a Metzler stable matrix and M is a non negative matrix. Note carefully that the
choice of N and M is fully in agreement with the Jacobian F' and V in section 3.1.1

1 € € € €
Gy O 0\ (o msTassyc s+ sisy
7 7 K2 K1
N 1pm = 90 1
— - 0
(i + pi)da  do 0 0 0
0 0 (Tl1 o 0 0
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BRSY + 5385 BLsy + sy

0
Ko (vi + ) K (i + i)
) o ST+ B3SYC mo gl 4 pRsYe
(Vi + pi)do K> (7 + pi)d2 K,
™o
— 0 0
dq
Now we have to estimate the eigenvalues of —N~'K by computing the characteristic polyno-
mial:
At essr s s st
Ko (i + i) Ki(vi + i)
d d d d
P(X) = det(-N"'"M~XI) = | , ro BT pasye o o piSTC 4 pRsy
(vi + pi)da K> (s + ) d2 K,
o
i 0 -X
dy
which leads to
by | ST ST ] o gt st
(i + pi)d2 Ko di Ki(vi+ )

According to (6), we deduce
P(z) = X (Ro; + RoaX — X?).

which implies that

_ 1
p(—N lM) = 5 (R(),d + \/Rg,d + 47—\)/071') = Ro.

Then according to theorem 4, page 27, we conclude that a(As) < 0 if and only if Ry < 1.

Altogether, all assumptions of Theorem 2, page 27, being verified, we deduce that the DFE is GAS
if Rp < 1.

Appendix C: Computations of the Endemic Equilibrium

Replacing ST, S5, Sp,i, and Sp e by their respective expressions in (1)4, we show that the endemic
equilibrium of (5), satisfy a polynomial of the form

P(I) = a4I4 +(13]3 +a212 +a1I+a0.

In the following, we compute the different terms of P(I) using the expression of S; and S at the
equilibrium:
(01 + p1 +w) S (1o + 02)S°
S1= ; Sy = ——
01+ +w+ XN o + 02 + Ao
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B A
O+ tw
S;lfe _ 01 A
(2 + 02)(01 + p1 + w)

sle

Replacing Sy, . and S}, ; in the infection forces we get:

i =

ﬂ{?‘ldf n ,357“20] _ [(Bi + 5%)7‘17“202]]2 + [5§T10K2d2 + ﬂ%TQUKldl]I
Kidi +ri0l Kody + 190l 7‘17’20212 + [7’10K2d2 + ’I’QUKldl]I + K1 Kodids

Then, using (5)s, we have:

(vi+pnI = ASi+ XSe

_ (ALI2 + ALT)(0; + pp)STe (A21% + A21)pp S
(BoI? + BiI + By)(6h + 1 + A1) (B2I? + Bl + By)(p2 + A\2)
_ [AsSPeI? + [AlSdfe] N [1425“”6]1'2 [AQSdfe]
- 1
By + 542112 + [By +9+ﬂ I+B, [Ba+4 ]I2 B1+ 4 ]1+BO

or equivalently

F1[2—|-FQI P1[2—|—PQI
I = 15
it m) = 5B E T By T B 1 Bl 1 By (15)
with B . o1 cdfe
= [ 51 +/82)T'1'l“20' ]Sb s
= [(B} + B3)rir20?] 55,
[,BlTlo'Kng + ﬁQTQO'Kldl]Sdfe,
[51T10K2d2 + BQTQUKldl]S {ce,
F3 = T17r90 []. -+ (511—5?)],
Py =riro’[l + sy,
Fy = [1 + 91+H1]7’10K2d2 + [1 + 0 ]TQO’Kldl,
Py = [1 + /Bl ]T‘lo'KQdQ + [1 + 52]T20K1d1’
By = K1K2d1d2,
from (15), we have
F1I2+F2I P1[2—|—P2I
(F)/I + /’LI)I F I2 2
3l + F4I =+ BO PgI + P4[ + BO
which leads directly to
AI*+ BI*+ CI* + DI
(v +pr) = (16)

EI*+FI3+GI?+ HI + B}’

where

A=FP;+ P F3,

B =F\Py+ P Fy+ FoP3 + P F3,
C = By(F1 + P1) + FoPy + PyFy,
D = By(Fs + P»),

E = F3P3,

F = F3Py + P3Fy,

G = Bo(F3 + P3) + F4Py,

\ H = B[)(F4 + P4).
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Then, equation (16) leads directly to:

P(I)= (y4p)ExI*+[(yi +pr)F — A« IP + [(v7 + p1)G — B] = I+
+[(yr + pr)H = O+ I + (1 + pr) Bs — DY,

which is equivalent to
P(I) = agI* + a3I® + agI? + a1 + ag,

with
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Table 1: Epidemiological parameters

Parameters description Units Values or range of values | Source
A Cherelle "recruitment” rate Days™! 12 [10]
61 Growth rate from cherelle Days™! 0.05 [36] [34]
to young pod
0 ripening rate Days™! 0.027
1 primary infection rate at 0.05 Assumed
the cherelle stage Days™!
Ba secondary infection rate at 0.05 Assumed
the cherelle stage Days™!
3% primary infection rate at 0.2 Assumed
the pod stage Days™!
32 secondary infection rate at 0.2 Assumed
the pod stage Days™!
VI rate of phytosanitary Days™! [0-0.8] [30]
pod removal
w attack rate by wilt Days™! 0.1 [35]
1 natural death rate of Days™! 0.05 [34]
cherelle
2 natural death rate of pods Days~! 0.00469 [34]
I natural death rate of Days~! 0.05 Assumed
infected pods
dy natural decay of spores in Days™! 0.02 Assumed
the environment
da inactivation speed of spores Days™! 0.4 Assumed
o production rate of spores by Spores Days™! 574200 Assumed
infected pods
Ty releasing speed of spore Spores Days™! 0.4 Assumed
T shedding rate of spores in the | Spores Days™! 0.4 Assumed
environment
Ko Michaelis constant for Number of spores 108 Assumed
pod to pod transmission
K Michaelis constant for Number of spores 2 x 109 Assumed

environmental transmission

Table 2: Thresholds estimates for different values of 47 when A constant and A periodic

VI RO RO,per

0 3.27 | 3.22
0.25 | 0.88 | 1.03
0.3 | 0.80 | 0.93
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(61)

epexr (I + IL) | Iplar (I + L) epexr (I + L) | Iplyp (I + IL)
! L7)0g — — i — V7|0 (1 1
G = ||\ igrgens T igen | T[T Esmen T gsdgens | ] AU
O (I 4 IL O (Il + IL
(g + W1)0g — :Aﬁv —1'q + ﬁAfv — T 0g (I + IL)

Zﬂm + H@vom + g + mmwrﬁ — ?w@ + wmvomﬁi + ;kz

(81)
T i4 O (In + IL O (In + IL
:M + Hru - ; Tl T (11 + L) + ﬁm:@v — 1&g (I + IL) + ?U.:va — 1&g (I + 1) =
(' + 7 ) = D7) (7 + L) + 8% + &%) — (5 + %) 0g] (11 + L) =
U + V' + 8% + &d8d] — '’ + (54 + 81)°g] (I + L) = @
(L1)
H1+H% S\ITH% m%n_nmi
mH 0CuTy(Cg 4+ 1 IAA I35y otul——— + 1| + © mvwan_.ﬁvg ﬁ.TH otuTy(In 4 IL
Lasloenenaie+ te)) = (wrronl g sprypon )| | e o+ 1)
g + ol 2 + ol vgﬁﬂi._vﬂm g
Col 0ouTy(C 1 — [ piyyoou|—4———— tpeyyoly| 41— - ocuty(In 4+ IL) =
+ —Hmkﬁm‘ﬁw ANQITN%Q_ ANQ‘VW ﬁ MQ ITZIT PeM ﬁ MQ l_li AWQI_IMQVITH 4 A + v
(LT = Tl (17 + 1) + [\ = g% (1 + IL) - =
I — W — [P+ T ) (1 + L) =
m% + an Il + H%
0 < +1 +1 00uTL) = €787 % (I + IL) = ¥p
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ap = [(vi + p1)Bi — Bo(Fz + )]

Fy + P
= Bilon+ ) = =5 =)
B+ P
= + ur) B3 {1 — }
('YI MI) 0[ ('YI T MI)BO
= (w+mp)B§|1- rio(BLSYC + 83SY) | rao(BYSYC + B3STC)
0 (vr + pr)Kidy (vr + pr)Kads
= (v +p1)B§[1 — Roy] (20)

Obviously, we can deduce that the sign of ap depends on Rg 4.

We clearly have an idea of the sign of ag, which is directly related to Ro 4.

Thus, when R, > 1 than ag < 0, which implies that there exists at least one positive root of
P(I), and thus, at least, one positive equilibrium.

However, using the Descarte’s rule of sign, we can go further and derive the possible number of
positive roots of P(I). The different possible results are summarized in Table 3, page 35.

Table 3: Descartes sign tab for the polynom P(/) when Ry > 1

No: |aqs | a3 | as | a1 | ag Number of Number of
signs changes | positive roots
1 + |+ |+ - - 1 1
2 + 0+ -] - - 1 1
3 + | -]+ - - 3 3orl
4 + | - - - - 1 1
5 + |+ |+ |+ - 1 1
6 + 1+ -+ - 3 3orl
7 + -+ + ] - 3 3orl
8 + | - -+ - 3 3orl
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Table 4: Range of values for the parameters used for the global sensitivity analysis

Parameters | range of values
A [0 100]
01 [0.01 0.2]
02 [0.01 0.2]
Bi [0.01 0.5]
B3 [0.01 0.5]
3% [0.01 0.5]
32 [0.01 0.5]
gl [00.8]

w [0.01 0.4]
I [0.01 0.2]
1 [0.0001 0.1]
r [0.01 0.2]
dq [0.01 0.5]
do [0.01 0.5]
o [10% 109]
T [0.01 0.8]
1 [0.01 0.8]
Ko [0 101°]
K [0 1019]
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