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Abstract

In this work we study from the mathematical and numerical point of view a problem
arising in vector-borne plant diseases. The model is written as a nonlinear system com-
posed of a parabolic partial differential equation for the vector abundance function and
a first-order ordinary differential equation for the plant health function. An existence
and uniqueness result is proved using backward finite differences, uniform estimates
and passing to the limit. The regularity of the solution is also obtained. Then, using the
finite element method and the implicit Euler scheme, fully discrete approximations
are introduced. A discrete stability property and a main a priori error estimates result
are proved using a discrete version of Gronwall’s lemma and some estimates on the
different approaches. Finally, some numerical results, in one and two dimensions, are
presented to demonstrate the accuracy of the approximation and the behaviour of the
solution.

Keywords Eco-epidemiology - Parabolic nonlinear equation - Existence and
uniqueness - Finite elements - Error estimates

1 Introduction

Plant diseases are alterations in the health status of a plant due to the presence of
pathogens that change or interrupt vital functions of the plant. The number of plant
diseases outbreaks is increasing worldwide with important impacts on agriculture,
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food security and the environment [9,30,36]. Improving knowledge and management
of plant diseases is becoming a global challenge, and plant disease epidemiological
models can contribute to the need of making available tools to detect and guiding the
intervention in contexts where crop losses may occur.

Presence and prevalence of plant diseases vary both in space and time depending
on the complex interaction among the disease system components: pathogen, host
plant and environment [32]. To understand the complex dynamics of plant diseases
it is crucial to adopt a multidisciplinary approach integrating biological, ecological
and mathematical expertise. Eco-epidemiological approach provides the theoretical
background for the integration of perspectives and methodologies allowing the analysis
of biological, environmental and evolutionary processes explaining disease dynamics
and heterogeneity. Eco-epidemiological models allow:

1. to investigate the relationships existing between the abiotic and biotic disease
system components influencing the disease growth in the host plant (see, e.g.,
[11,18,25,28]).

2. to quantify the temporal and the spatial spread of the disease [13,22].

. to assess the efficacy of management options for disease and vector control [10,17].

4. to develop scenario analysis for the evaluation of different disease management
policy (see, for instance, [2,7,12,19,37]).

[O8]

Furthermore, epidemiological models development and use can identify knowledge
or data gap and hence prioritize further research effort. This topic has received an
increasing interest and the number of publications studying different mathematical
issues isreally large. We can highlight the works of Hebert and Allen [14], where vector
aggregation and vector dispersal were simulated by using deterministic and stochastic
models, Jackson and Chen-Charpentier [16], who considered an ODE system to model
the virus propagation, Neofytou et al. [27], who proposed a mathematical model
for the interactions between two competing viruses with particular account for the
RNA interface, Shi et al [33], where the asymptotic behavior of an epidemic model
describing a vector-borne plant disease was studied by using a Lyapunov technique,
Zhao et al. [40], who formulated a stochastic plant infectious disease model with
impulsive toxicant input by using Markov conversion, and Zhao and Xiao [41], where
a method to eradicate plant disease or to maintain the number of infected plants below
the economic threshold was studied. We can also refer the recent works [5,8,15,21,
23,24,26,29,31,38,39,42] and the references cited therein.

In the present contribution, we propose a general eco-epidemiological model
describing the spatio-temporal dynamics of vector borne plant diseases, which consti-
tutes an important extension of the model considered in [16]. It provides a biological
meaningful representation of the disease growth in the host plant, the pathogen trans-
mission from the vector to the plant, the vector acquisition of the pathogen from the
infected plant, the demography of the vector population, and the susceptibility of the
host plants. The model considers the influence of environmental drivers on disease
dynamics through the identification of periods of the year characterised by specific
rates of disease growth and vector disease transmission. Future model developments
may include a time-dependent definition of environmental drivers. The model can
consider any possible spatial arrangement of the host plants and any possible plant
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communities composed by plants of diverse susceptibility to the disease. The model
can also describe the metapopulational epidemiology, to account for a patchy distri-
bution of susceptible host plants.

In the paper we show the well-posedness of a nonlinear evolutionary problem (i.e.,
the eco-epidemiological model) coupling a parabolic PDE for the vector abundance
function with an ODE equation for the disease dynamics in the plant. The resulting
system is highly nonlinear, so in order to prove existence, uniqueness and regular-
ity of the strong solution, we introduce a backward finite differences scheme and
argue on this by proving uniform estimates and passing to the limit on the time step.
Parabolic PDEs systems and the related optimal control problems have been widely
studied in the literature: we refer, without any sake of completeness, to [1,20,34] and
references therein for the analysis of optimal control problems. Then, we introduce a
fully discrete approximation of the corresponding variational formulation by using the
classical finite element method and the well-known Euler implicit scheme. A discrete
stability property and a priori error estimates are proved by using a discrete version
of Gronwall’s lemma and some rather technical estimates. Finally, we also perform
numerical simulations in one and two dimensions to demonstrate the accuracy of the
approximation and the behaviour of the solution.

2 The Mathematical Problem: Existence and Uniqueness

In this section, we present a brief description of the model and we obtain its mathe-
matical formulations.

Let 2 c R, d = 1,2, 3, be a bounded domain and denote by [0,T], T > O,
the time interval of interest. The boundary of the body I" = 952 is assumed to be
Cl! at least, with outward unit normal vector v = (vi)ldzl. Moreover, let x € £2
and ¢ € [0, T] be the spatial and time variables, respectively. In order to simplify the
writing, we do not indicate the dependence of the functions on x = (x j)‘;.lzl and 7,
and a subscript after a comma under a variable represents its spatial derivative with

respect to the prescribed variable, ie. f; ; = % The time derivative is represented
as a point over each variable. Finally, as usual the repeated index notation is used for
the summation.

We denote by ¢ the health status of the plant, requiring that ¢ varies between 0
and 1. ¢ = 0 refers to a non-infected plant, while for each value greater than zero
the plant is infected. The disease severity increases with the increase of ¢, up to a
maximum value of ¢ = 1. The function y describes at each point the abundance
of infected vectors; hence, it is confined between O and the local vector population
carrying capacity «.

Therefore, the problem modelling the evolution of an infected plant community is
the following.

Problem P. Find the health function ¢ : 2 x [0,T] — R and the abundance
functiony : 2 x [0, T] — R such that

Yy =alAy —My +bk —y)p in £2x(0,7), )]
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o=y +Fp)(1 —¢) in 2 x(0,T), 2)
dyy =Vy.-v=0 on I'x(0,7T), 3)
7)) =y, ¢0)=¢ in £2. (4)

In the previous problem, a is a positive scalar parameter for the diffusive Laplacian
operator acting on y, and it is related to the dispersal behaviour of the vector, b is the
pathogen acquisition rate of the vector, M describes the mortality rate of the vector
population due to natural mortality, F describes the progression of the disease in the
infected plant and S¢ is a function describing the host plant susceptibility in each point
of the domain 2. Finally, yy and ¢ represent the initial abundance of vectors and the
initial diffusion of the disease in £2, respectively.

In order to obtain the variational formulation of Problem P in the next section and
to prove the existence and uniqueness result, let 0 = 2 x (0, T), Y = L*(2), H =
[L%($2)]? and V = H'(£2), and denote by (-, -)y, (-, )i and (-, -)y the respective
scalar products in these spaces, with corresponding norms | - ||y, || - ||z and || - ||v-
Moreover, let us define the variational space:

W ={we H*(R); d,w=0}.

We state the following assumptions on the problem data:

a, b, k. L€ (0,+00), MeL®0,T:V), M>0, )
F,S€W1’4(.Q)HLOO(.Q), O0<F<l1 0<S§S<l, (6)
Y0, 0 €VNL®(R2), 0<y=<k, 0=<¢y=<1L (7

Theorem 1 Assume (5)—(7). Then Problem P stated in (1)—(4) has a unique solution
(v, @) with the following regularity:

y € H'(0,T;Y)NL¥(0,T; V) N L*0, T; W) N L¥(Q), ®)
9 € W0, 75 ¥) N L0, T3 V) N L¥(Q). ©

Moreover, if yo.i and ¢o i, i = 1,2, are given as in (7) and (y;, ¢;), i = 1,2, are the
corresponding solutions to Problem P, then the estimate

vt = v2llzsoo,7:v)nL20,7;v) + 101 — @2l ,7:7) (10)

= (o = ya2lly + ot = o2lly) an

holds true for a positive constant C > 0 which depends only on meas($2), on the final

time T, on the shape of the nonlinearities and on the constants and the norms of the
functions involved in Assumptions (5)—(7).

Proof First, we will consider an approximation of Problem P.
In order to introduce a backward finite differences scheme, we assume that N is a
positive integer and Z a normed space. By fixing the time step t = 7 /N, we introduce
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the interpolation maps from ZN+1 into either L>®(0,T; Z) or W1’°°(O, T; Z). For
(zo, Zh M) e ZN+1 e define the piecewise constant functions z; and Z;» and
the piecewise linear functions Z; as follows:

7 € L®0,T;2),  Z((i+s)1)=2"",
2, €LX0.T:2), z((i+9)1) =7, 4 (12)
e e W0, T: 2), Ze((i +9)1) =7 + s =20,

if0 <s <landi =0,..., N — 1. By a direct computation, we have
— o~ A
1Ze = ZzllL=©,1:2) = . Jmax lzit1 — zillz = TlzZellL> (0,1 2)> (13)
i=0,..., N—
- N—1 7:2
IZe = Zeli20r2) = 3 D llzi —zilly = T IEe 220,72y (14)
i=
N—1 ; 212
— —~ 2 2| <i+1 — <i A2
Iz — 2« ||L°°(0,T;Z) =< L2 | E— = IHZT”H(O,T;Z)' (15)
i=0 z
Fori =1,..., N, we set
) 1 it
M = —f M(s) ds, (16)
T J@i-Dt

and we look for a couple (y;, ;) satisfying at least the regularity requirements:

Vel o, 7:v) + 1Vl oo, 7:vynL20.7: wynL=(0)

Y M=o 7:v)ne20.7:w)nLe ) < €. (17)
19 w00, 7:vynLoe0.7:v) + 1@z L2 0.7:v)nL>(0)
+lle lze©,7;v)nLe@) = €, (18)

and solving the following approximation problem that we denote by Problem P :

i i—1

Y Y aAyY My =b—y el i@, (19)
i i—1 . ) )

% = Sty + Fe (1= in@, (0)

ay' =0 onr, 1)

YVW=wn =9 ing. (22)

We observe that Problem P; has a unique solution (yi, goi). Indeed, from (19) we
infer a linear elliptic equation with homogeneous Neumann boundary conditions (21),
namely

yi—atAy' + oMyt =y p b — y o' in g2, (23)
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dy'=0 onT. (24)

In the following (see (41)), we will prove some uniform estimates for yi and (pi,
which ensure that the right hand-side of Eq. (23) is bounded in L°°(£2) and thus in
Y. Hence, problem (23)—(24) admits a unique solution y € W (see, e.g., [3, Section
9.6—Theorem 9.26, p. 299]), while goi can be explicitly obtained from (20) as

o= TSy T+ FoTh(1 =o' h. (25)

Since yi € W and Assumptions (5)—(7) hold, it immediately follows that the right
hand-side of Eq. (25) belongs to L°°(£2), whence <pi € L*°(£2). In order to prove
that (pi e H'(£2) N L™>®(£2), we check that the gradient of the right hand-side of (25)
belongs to H. Let us focus, e.g., to the not trivial term:

V(Sy el = VSyiTloim! 4 svyi—lgi=l 4 §yimlvyi—l, (26)
Since
Y lewnL®R2), ¢ levnL®w®), F,Sew'*Q)nL®R),
it follows that the right hand-side of Eq. (26) belongs to H. The gradients of the other
terms on the right hand-side of equation (25) can be treated in a similar way. Hence,
¢t e H'(2) N L®(2).

Now, let us rewrite the discrete Eqs. (19)—(22) by using the piecewise constant and
piecewise linear functions defined in (12):

s

Ve — @AV, + M7, =b(k —y )¢ ae.ing, (27)
Or=(Sty_+Fp)(1—-9¢) acing, (28)
0y, =0 onl, 29)
20) =y, @r=¢ inL. (30)

Now, we will obtain some a priori error estimates. In the rest of the paper, we will
use the Holder and Young inequalities; that is, for every x,y > 0, « € (0, 1) and
8 > 0 there hold

xy < axe + (1 —a)yTe, 31)

xy < sx + iy2 32)
- 45"

Without loss of generality, we assume that

1
1SNl Loy lx + 1 F |l o)

(33)

S =

0<t< O0<t<
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According to the bounds of the initial data stated in (7), if
0<¢ "<l and 0=y' <k (34)

rewriting Eq. (20) and using (5)—(7) and (33)—(34), then the following estimates are
obtained:

¢ =¢ T (Sl T + Fe T - ¢ > 0,
1—¢ =1 —¢H1—1(Sty ™" + Fp'~1)) > 0.

Therefore, we conclude that, for every i > 1,
0<¢' <1 ae 0. (35)
Moreover, rewriting discrete Eq. (19) we find that
Y taA)/i + IMiyi = yi_l + th(k — yi_l)wi_l. (36)
In what follows, we will use the classical notation (f)™ = max{f, 0} and (f)~ =
max{— f, 0} for every function f.

Due to (5)—(7), (34) and (35), multiplying Eq. (36) by —(yi )~ and integrating over
2, we have

D75 +zall VOOl + ILMi(x)I(yi)‘(x)Iz dx
="+ tb—yThHe' L (¥) Dy =0,
whence we infer that (yi)_ = 0 a.e. in £2, that is, for every i > 1 we have
y'>0 ing. (37)
Now, from (19) it follows that
(' =) —tadAy =) +TMy =m0 —the'™h. (38)

Multiplying now Eq. (38) by (yi —k)™T, integrating over £2 and using (5)—(7), (33)-(34)
and (35) we obtain

Iy = OTN3 +ral Vi — TG + oMy, v =)Dy
= (' =00 —the' N, (¥ =)y <0,

and we conclude that (yi — k)T = 0a.e. in £2, which leads, for everyi > 1,
yi<k ing. (39)
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Combining (37) with (39) it follows that
0< yi <k a.e.in §2, forevery i > 1, 40)
and so, we find that
lo' o) + 1Y llze@) < € (41)
Finally, thanks to (35) and (40)—(41), we find that
0<y =« (42)
(43)

1V llz=cg) + Iy lliLe@) = C. 0¥y, <«
=1 0=<¢ =<1

1@l + ¢ liLe) =C, 0=<g, <1
Multiplying Eq. (19) by 73/, integrating over £2 and summing up fori = 1 , N,
we have
N N N
Z(Vl’ 7/l _ )/l_l)Y +art Z ||VJ/’ ”%—I +1 Z (Mlyl J/Z)Y
i=1 i=1
(44)

N
‘CZ(b(K i- ’ l,yi>Y.

i=1

Due to Assumption (5) the last term on the left-hand side of (44) is nonnegative, while
the first term on the left-hand side can be rewritten as follows:

1 1 1 &
= SIPMIE = Swli +5 Iy =y
i=1

N
i iy
Z(V v =y Ty =3

1=
Applying Young’s inequality (32) to the right-hand side of (44) and using (41), we

obtain

N N N
3 (bl =y he' ﬁysa(XNWﬁ+§:ww—W”W’w0
i=1 i=1

i=1
N
< C<1 +ZIIIV’II§>.

i=1

(45)

¢ - Hence, combining

From now on, without loss of generality, let us assume that t < ;=

(44) with the previous estimates, we have
al 1
TR a1V < il

1 1 Y
Zwﬁﬁ+§§nw—y
i=1 i=1
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N-1

+C<1 +> rnyl‘n%),
i=1

whence, recalling (7) and applying the discrete version of Gronwall’s inequality, it
leads

N N

1 1 - .

NI+ Doy =y T e Y IVYI < €. (46)
i=1 i=1

Combining (41) with (46), and noting that the same estimates hold true both for
and v, we conclude that

17l Lo, 7:v)nL20,7:v)nLe @) T 1@<l .7:v)nLe0) < C, 47)
1Y Moo, 7:7ynz20.7:v)ne=(o) + ¢ l=©.1:v)nL=(0) = C. (48)

Moreover, by comparison in (28), we also find that

@2l Le.7:7) < C. (49)

Multiplying now Eq. (19) by (y/ — y'~1), integrating over £2 and summing up for
i=1,..., N, weobtain

i i—12

+a2N:(Vy’}V(V"—y"‘1)) Z(M’ Lyt 1>Y

i=1 i=1

i(m_ eyt =y ) (50)

Y

The second term on the left-hand side of (50) can be rewritten as

. . . a a
a Y (v Vo =y ) =SNG = 19wl
=1 N (51)

a i j—
+5 2 VG =y DI,
i=1

while, estimating the first term on the right-hand side of (50), and using (5)—(6),
(47)—(48) and the above Young’s and Holder inequalities, we have
N P . i—1 N . . yi — yi_l
_ Myt i — i ) < M i
Yo (MY =) = Y UM e 1Yl |

i=1 i=1

Y

N
e D IM o) 1 1 )
i=1
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N yi— i1 - N -
e +Cr(sup M1} ) DIy I
i=1 Y J i=1
- N yi_yi—l 2
<1y |= e (52)
; Y

Applying a similar technique to the last term on the right-hand side of (50), we obtain

i i—l

N N
D (e Ve I S (e G Vol RS
i=1

i=1 Y
R P - i—1y =12
= 1 E . , +Ct E (e =¥ )" oo
i=1 i=1
N i i—12
T y =V
<- +C. 53
=32, (53)

Combining (50) with (51)—(53) and using (47)—(49), it follows that

yi— i 2

Y

N
a a . .
+ E”WN”%* +3 Y IVe —yThiy =c. (59
i=1

and we conclude that

17 lz=@.r:v) + Iy lz=@.1:v) < C. (55)
Moreover, noting that
170wy < max {17l 700 7 w7 | (56)
from (55) we infer that
17z llLe.7:v) < C. (57)

Finally, by comparison in (27), we also obtain

1V llz20,7;w) = C. (58)
Applying the gradient operator to Eq. (20), multiplying the resulting equation by
TV¢', integrating over §2 and summing up fori = 1,..., N, we have
(Vo' =9 ve') = (Vsey T+ P T =o', V')
i=1 i=1
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N
—e Y (e P Vel vl (59)
i=1

The left-hand side of (59) can be rewritten as

. . . 1 1
i i1 i — Ny2 _ Z 2
;(w 0.V ) =3IV I — S IVl
- o (60)
i i—1y2
+§;uw —¢" Dl
=

while the first term on the right-hand side of (59) can be bounded as follows

N
) (VS T+ P =6 V) < ey (Vsy T Ve
i=1 i=1
N N
+TeY (SVYTL Ve p + 1Y (VFe ™! Vi)
i=1 i=1
N
+1Y (FV9'™' Ve 61)

i=1

Now, we estimate each term of the right-hand side of (61) separately. Applying the
Holder and Young inequalities and using (5)—(7), (41)—(43), (47)—(49), (55)-(58), we
find that

N N
w0y (VSy' Ve e < 1) IVSllizaanelly T o) IVe' lu

i=1 i=1

IA

N
Ccry lly M IvIve lu

i=1
N

N
< c(Zrnyl—‘n% +) t|ve! ||%,>
i=1

i=1

N
c(l +Zrnw"n%), (62)

i=1

IA

IA

N N
w0y (SVy' T Vg < 1) ISl IVY T ul Ve la
i=1 i=1
N N
c(ZrnW‘ 13+ vy ||%1>

i=1 i=1

IA

IA
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IA

N
C<1 +y rnwfn%,), (63)
i=1
N N
T Z(VFW_], Vo <t Z IVFI pacanalle’ ™ @ IVe Il a

i=1 i=1

IA

N
Y tleIvIve' Iy
i=1

N

N
< C(Z e+ rann%,)

i=1 i=1

N
c<1 +>° r||V<p"||%,>, (64)

i=1

IA

IA

N N
T (FY¢L Ve < T ) IFle@) Ve Ve
i=l1 i=1
N

N
C(Z Ve G+ rnwn%)

i=1 i=1

IA

IA

N
< c<1 +> r||wi||%,>. (65)

i=1

Finally, estimating the last term on the right-hand side of (59), we have

_z ((Seyifl +F(pi71)v(/)i717v¢)i)H
i=1

N
< v ISty + Fo' Mo IV IulIVe lln
i=1

N

N
< C(Z Ve g+ Y r||w||%{)

i=1 i=1

N
< c<1 =S rnwﬂﬁ,). (66)

i=1
Combining (59) with (60)-(66) we find that

N N
1 1 . o 1 .
SIVON I + 3 2 IV =o' D% = SIVeolly + C<1 +Y 7]V ||%,>.
i=1 i=1
(67)
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From now on, without loss of generality, let us assume that 7 < %. Then, the last
term on the right-hand side of (67) can be rewritten as

N N—-1
C(l +3 vy ||§,> - c<1 +lIVeiy + ) rIIW‘II%)
i=1 i=1
1 N-1
= JIVe™I + C<1 +y rlIW’II%)
i=1

whence we obtain that

N N-—1
1 1 . o 1 .
IV I + 5 2 IV =o' DG = SIVeolly + c<1 + > Tlve ||%,>.
i=1 i=1
(68)

Due to (7), applying the discrete version of Gronwall’s inequality we conclude that
1 N2 o L - i i—1y2
VeI + 5 D IV =o' hi < C. (69)
i=1

Therefore, it follows that
@z llze©,7:v) + Nl lLe©.7:v) = C. (70)
Moreover, noting that
1@, 7;v) < max{||¢r||L°°(0,T;V)a ||£T||L°°(0,T;V)},
from (70) we also obtain
1@zl 7:v) < C. (71)
Finally, from (27), we have that
Ve=ady, — M.V, +bk—y )¢,
whence, thanks to (5), (47)—(48), (55)—(58) and (70), we infer that
||7)/\r||L2(0,T;Y) <C,
and thus
17e e 0,7:7) < C- (72)
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Now, we summarize the above a priori error estimates. According to (41), (47)-(49),
(55)—(58) and (70)—(72), we conclude that there exists a positive constant C, indepen-
dent of 7, such that

Vel o, 7: )L o.1:vy + 1Vl Lo .1:v)nL20.7:wynLe o)

Hy N Leo.7:v)nL20.7:w)nLe ) = €, (73)
19z lwreo0.7:v)nLe0.7:v) + 1@ |20, 7:v)nL>(0)
e, oo, r:v)nLe) < C. (74)

Now, we will consider the passage to the limit as T — 0.

Since there exists a unique solution (yr, ¢ ) to Problem P satisfying the regularity
requirements (17)—(18), we can pass to the limit as T — 0 and we can prove that the
limit of subsequences of solutions (y;, ¢;) to Problem P, yields a solution (y, ¢) to
Problem P.

Thanks to (73)—(74) and to the well-known weak or weak* compactness results,
we deduce that, at least for a subsequence of t — 0, there exist four limit functions
¥, 7, @ and @ such that

V.= in L%®0,T;V)NL®Q)NL*0,T; W), (75)
7.—7 in H'Y0,T;Y)NL>®0,T;V), (76)
9:—=0 in H'0,T;Y), (77)
0, —~%¢p in L¥0,T:Y)NL>(Q), (78)
P:—*¢ in WL, T;Y)NL®0,T:V), (79)
19, —~*0 in WH™,T;Y). (80)

Fl‘] St, we ()bsel \{~ t]lat '}/ = i/\ I]ldeed, thaIlkS to (14) a]ld (75)_(77), we ha\/e
” T T ” = ” . T ” = C
V )/ L2(0.T:Y) = )’ L2(0.T:Y) = T,
©.1:1) \/§ O.1:7)

whence, passing to the limit as t — 0, we conclude that (7, — 7;) — 0 strongly
in L2(0, T;Y). Similarly, due to (14) and (78)—(80), we check that ¢ = ¢. Next, in
view of the convergences (75)—(76), (78)—(79) and applying the strong compactness
lemma stated in [35, Lemma 8, p. 84], we have

Y —>y in C(0,TL;Y), 81
9 —> ¢ in C(0,T];Y). (82)

Now, using (75)—(80) and (81)—(82) and passing to the limit in (27) and (28), we
arrive at (1) and (2), respectively. Therefore, we conclude the existence of a solution
to Problem P.

Finally, we will prove the continuous dependence of the solution to Problem P,
from which we will derive the uniqueness of solution.
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If yo.i, ¢o0.i» i = 1,2, are given as in (6)—(7) and (y;, ¢;), i = 1,2, are the cor-
responding solutions to Problem P, we can take the difference between Eqgs. (1)—(4)
written for (y1, ¢1) and (y2, ¢2), respectively. Setting

Y =VY1—Y2, @=¢1— @2, Y0o:=Y0,1 Y02, Y0 :=¢0,1— %02,

we obtain
Yy =alAy — My +bl(k — yD)g1 — (k — y2)p2] in2 x (0,T), (83)
= Sy1 + Fo)(1 —¢1) — (S€ya + Fop)(1 — ) in82 x(0,T), (84)
d,y =0 onds2, (85)
y(0) =y, ¢(0) =gy in£. (36)

Now, we multiply Egs. (83) and (84) by y and ¢, respectively. Adding the resulting
equations and integrating over Q = §2 x (0, T'), it follows that

1 t ! 1

zny(t)uzy +a/0 IVy ()13 ds + /O (M(s)y(s), y(s))y ds + Ellw(t)llzy
! 1

= /O (bl — y1())@1(s) — (kK — y2()2()], ¥ (5))y ds + E||yo||2y

1 13
+ 3 llolly + /0 (S + Forn( — o1 (s)

—(SLy2(s) + Fa())(1 — ¢2(5)), w(S))Y ds. (87)

Due to (7), the second term and the third term on the right-hand side of (87) are
bounded. Moreover, estimating the first term on the right-hand side of (87) using
(5)—(7), (8)—(9) and the Young’s inequality, we have

t
| b =1 ©2016) = e = 26002,y 61 s
1
—b [ (=)0 = 201, )y ds
t 1
<b(c+Inli@) [ 1@ Iy©lyds+bloalise [ Iy ds

t t
sc(fo ||y<s)||2yds+f0 ||¢(s>||2yds>. (88)

Moreover, looking at the last term on the right-hand side of (87), using (5)—(7) and
(8)—(9) it leads

t
/0 ((SLy1(s) + Fo1())(1 — @1(s)) — (S€ya(s) + Fea(s))(1 — ¢2(5)), ¢(s))y ds
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- /0 ' (Stye) + Fes) = Fe® i) + ¢2))

—SEA )P — Ster Y (). 9(6) ) ds. (89)
Analysing each term on the right-hand side of (89), we find that
sz (Sy(s), )y ds < C||S||Loo<m</0 ly ()12 ds +/0 lo@)I2 ds)

e [ o + 1] a). (90)
/Ot 1o ds < | Fllix) /0 lo)I ds < C/OI loe)l2ds, O
- fo (Fo(s). 1(5) + pa(s))y ds <0, ©2)
e /0 (S5, o)y ds <0, ©3)
e /0 ' (Sea(s), Y ()p()y d

< C||S||Loc<m||¢z||mg>< /0 Iy )5+ ||¢<s>||%ds)

< c([0 Iy I3 + ||<o(s>||2yds>. 94)

Combining (87) with (88)—(94), we obtain

1 t t 1
zll)/(f)ll%ﬂl/o ||Vy<s>||%,ds+f0 (M(s)y(5), y(s))y ds +§||¢<t)||2y
t t
< c(nyon%ﬁ ||<po||%,+/o ly ()13 ds+/0 lps)II3 ds). (95)

Therefore, thanks to (5) we have (M (s)y (s), y(s))y > 0, and so, applying the Gron-
wall’s lemma, it follows that

lv1 = v2llzeeo.1:vne20.1;v) + 91 = @21l 73 7)

= C(llyo.r = y2lly + o — wozlly ). (%)
In particular, if 9.1 = 0,2 and @91 = ¢o,2, then
y =0 and ¢ =0. 97

Thus, the solution to Problem P is unique and it concludes the proof of the theorem. O

@ Springer



Applied Mathematics & Optimization (2022) 85:19 Page170f30 19

3 Fully Discrete Approximations: An a Priori Error Analysis

By using Green’s formula and boundary condition (3), we write the variational for-
mulation of Problem P.

Problem VP. Find the health function ¢ : [0, T] — V and the abundance function
y [0, T] — V such that ¢(0) = @g, y(0) = yo, and, for a.e. t € (0, T') and for all
w, reV,

@), wy +a(Vy @), Vw)g + (M@)y (1), w)y = (b(k —y (1)e(@), w)y,
(98)

(@), r)y = ((Sty (1) + Fo)(1 — (@), r)y. 99)

In the rest of this section, we will consider a fully discrete approximation of Problem
V P. This is done in two steps. First, we assume that the domain Qs polyhedral and
we denote by 7" a regular triangulation in the sense of [6]. Thus, we construct the
finite dimensional space V" C V given by

V=" eC@); rly, € P(Tr) VTreT"), (100)

where P (7T'r) represents the space of polynomials of degree less or equal to one in the
element 7', i.e. the finite element space V" is composed of continuous and piecewise
affine functions. Here, 4 > 0 denotes the spatial discretization parameter. Moreover,
we assume that the discrete initial conditions, denoted by <p6‘ and yé’ are given by

ot =Plhoo, vl =Py, (101)

where P" is the classical finite element interpolation operator over V", respectively
(see, e.g., [6]).

Secondly, we consider a partition of the time interval [0, T'], denoted by 0 = 7y <
t] < --- <ty = T. In this case, we use a uniform partition with step size k = T /N
and nodes t, = nk forn = 0,1, ..., N. For a continuous function z(¢), we use the
notation z,, = z(#,) and, for the sequence {zn}flvzo, we denote by 8z, = (2, — zn—1)/k
its corresponding divided differences.

Therefore, using the implicit Euler scheme, the fully discrete approximations are
considered as follows.

Problem VP*. Find the discrete health function ¢"* = {(pfl’k}ﬁlV 0o C V" and the

discrete abundance function y"* = {y,{“k },]1\/:0 C V" such that wé’k = (pg, yg'k = yé’,
and, forn =1, ..., N and for all wh, rt e vh,

Gy why +a(Vy, vuly g + My, whyy = (bRi (e — )™, wh)y,
(102)
G My = (Sty* + Fe ) Ry(1 — @), My, (103)
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where Ry : R — [0, x] and R, : R — [0, 1] are truncation operators defined as

0 if y>«,
Rilk —y)=3k—y if 0<y <k,
k if y <0,

and

0 if p>1,
R(A-p)=31-9¢ if 0<¢=<1,
1 if ¢<0.

We point out that these truncation operators are introduced for mathematical reasons
because we are not able to guarantee that the discrete solutions (p,’,’k and y,fk are
bounded. The arguments used in the continuous case are not valid here, so it remains
an open problem even if, in the numerical simulations, we always find that <pfllk € [0, ]
and ynhk € [0, 1]. Moreover, the existence of a unique discrete solution to Problem
V P"¥ is obtained proceeding as in the continuous case.

Remark 1 We note that a semi-implicit scheme has been also checked. In that case,
Problem VP"¥ has the following form:

Problem VPi‘fm iox - Findthe discrete health function Pk = {(pﬁk} ,Il\[:o C V" andthe
discrete abundance function y"* = {J/nhk}flvzo C V" such that 906”‘ = wg, yohk = y(f‘,
and, forn =1, ..., N and for all wh, rh e v,

Gy why +a(Vy  Vul g + May* w'y = ORiGc =y E gty why,
@G ry = (Seyy* + Fo DRa(1 = g8 ) "y
This algorithm has been used for obtaining the numerical results of the real cases
because the CPU time increases drastically when the implicit scheme is employed.
We note that the discrete solutions of both algorithms are rather similar. Moreover, the

numerical analysis performed in this section could be extended to the semi-implicit
scheme without difficulty.

Now, we have the following stability property.

Lemma 1 Let the Assumptions of Theorem 1 hold. Then, it follows that the sequences
{y"*, "k} generated by Problem V P"* satisfy the stability estimate:

hk )2 hk )2
v, Iy + 1o, Iy = C,

where C is a positive constant which is independent of the discretization parameters

h and k.

Proof Taking § y,f’k as a test function in variational Eq. (102) we find that

Sy, sy )y + a(Vylk, Vay*y g + (M yl*, syl*)y
= (bR (k — y*)pltk sylkyy.
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Taking into account that

Oy sy = o 19— 19 5

1
0oy 2 %{ny B — vt ||Y},
(BR1G = 7 gl 870y ] = Cllel 5 + ey I}

where € > 0 is assumed small enough and we used several times Cauchy-Schwarz
inequality and Young’s inequality (32), we easily find that

e 1o =19 ) S [ = ) = el
Now, taking gz)fz‘k as a test function in variational Eq. (103) we find that

S o)y = (Sty™ + Fo!™)Ry(1 — ¢!'%), ol*)y.

Taking into account that

1
Gt oty = o LI = et 13 ).
[((Sey* + FolFYRy (1 — %), gy | < CUIY 12 + 1ot 112,

it follows that

{||<o B — e 13} = cam i + et ).

Combining the previous estimates and using a discrete version of Gronwall’s inequality
(see, for instance, [4]) we conclude the desired stability property. O

Now, we will obtain a priori error estimates on the numerical errors ¢, — (p,’l’k and
Vo — ynhk. Thus, we have the following a priori error estimates result.

Theorem 2 Let the Assumptions of Theorem 1 hold. If we denote by (y, ¢) and
(y"*, o) the respective solutions to problems VP and VP"™. Then, we have the fol-
lowing a priori error estimates for all w" = {wh}N 0o C V" and r" {rh}N —0 C vh

0<n<N

N
max {llgn = oI5 + e = v 13} = k> (195 — 80,13 + oy = 213
j=1

. 2 hy 2 hy 2 hy2
175 = 8y IV vy = whly + vy = whiy) + € maxllyn — ]I

N—1
¢ _ 2 o h g2
+E ly; r — (Yj+1 — j+1)||y + llo; w; (@j+1 wj_H)”y

=1

.
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+C max llgn =il +C(llgo — eb 1 + o = 13 ). (104)
0<n<N

where C is again a positive constant which is independent of the discretization param-
eters h and t.

Proof First, we obtain the error estimates for the abundance function. Then, we subtract
variational Eq. (98) at time ¢ = 1, for a test function w = w” € V" C V and discrete
variational Eq. (102) to obtain, for all w" € V*,

(P — 8y why +a(V(yn — v, Vg + (My (v — v1%), wh)y
—(bR1 (kK — Y)on — DR1 (K — y*)glk whyy = 0.

Therefore, we find that, for all w” € V5,

= 8V, v — Yy +a(V (v — ¥, Vv — v D1
(M (v — V), vu — v )y — (BR1( = yi)on — BRI (k — YV g*, v — yFyy
= — ¥ v — WMy +a(V (i — ¥, Vi — v
+(Myy (v — ¥, yu — WMy — (ORI (k — yi)@n — bR1(c — ¥ )oKy — wh)y.

Taking into account that

1
©vn =87 v = 7y = -l = v = v = w17}
|(bR1(k = y)@n = bR1 (6 = 7, )", w)y |
< |B(Rik = ) = Ri(k = 1, )n, w)y |
HIOR (e = 7, (on — 93, )y |
= (Il + = %13 + low — 02413,

where §y,, = (¥» — ¥n—1)/k and we used again Cauchy-Schwarz inequality and
Young’s inequality (32), it follows that

1 .

e =15 = yams = 78005 | = € (1 = 89l + v — w1
HIV O = I + 170 = VI3 + G = 87, v — wh)y + llon — 9513 ).
Now, we obtain the error estimates on the health function. Therefore, subtracting

variational Eq. (99) at time r = 1, for a test function r = r" € V* ¢ V and discrete
variational Eq. (103), it leads, for all rhevh,

(¢ — Sk, ryy
—((SCyn + Fon)Ro(1 — @) — (SLy* + Fol YRy (1 — %), 1My =0,
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and therefore, we have, for all r € V',

( - 5(/)” s On — r/zk)Y
—((SLyn + Fon)Ro(1 — @) — (SEy* + Fol YRy (1 — ¢l1%), @, — glhyy

= (¢n — &Pfllka On — rh)Y

—((S€yn + Fon)Ro(1 — @) — (SLy* + Fol )Ry (1 — %), 0 — r)y.

Keeping in mind that

On = 591 90 — @)y = ﬁ[nwn — Oh 1 = Nlonr — %113},

|(S€yn + Fou)Ra(1 — @) — (SEyI* + FOIM )Ry (1 — %), r)y|
< [((SCyn + Fen)(Ro(1 — @) — Ra(1 — ¢%)), r)y|
+(SCyn + Fon — (SLy* + Fol ) Ry(1 — ¢4), r)y|

= C(Ir + v = %1 + lgw — €413,

where §¢, = (¢, — ¢n—1)/k and we used again Cauchy-Schwarz inequality and
Young’s inequality (32), we have, for all 7 € V",

1 .
sellon =13 = o1 = ol | = (16w = 80l + llgw "1}

= VI3 + Gon — 8, o = My + llgn — 013 ).

Thus, combining the previous estimates on the health and abundance functions, we

find that,

1 hk 2 hk 2 hk 12

R A PO L0 4 B | LA
< C(lén = 8¢all} + llgn = 13 + 17 = 8yal} + IV (v — w1,

Hlyn = w3 + lvn — v 15 + Gon — 80, @u — 1"y + llon — 1113
+(8Yn — SV, v — wh)y).

h}n

h h h
={wj j=0T Z{rj};%:()c v,

By induction, it follows that, for all w

llen — @n 117 + lvn — v¥lly < Ck Z (||qo, — 8013 + o — 17
j=1
Hlyj =8yl + IV = whig +lly; = wii + v — v 15
+(8p; — 8(0] N rh)y + 8y — 8y}lk, Yji— w?)y +llej — @?k”%)

+C(lloo = o413+ lvo = 11 ).
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Finally, taking into account that

N N
kY ;=8¢ g —why =) (0 —ol* = (0j1 — 9" ). 0 —why
j=1 j=1

= (o0 — ™, 00 — WMy + (0 — 90, 01 — why

n—1

+ Z(w/ - <ﬂ7k, ®j— wﬁ" —(@j+1 — wﬁﬁrl))yy
j=1

n n
30, vty b = 30 v = s =
j=1 j=1

==V =y + O =0, — Dy

n—1
+> i — vy == i = D)y
=1

applying again a discrete version of Gronwall’s inequality (see [4]) we conclude the a
priori error estimates. O

We note that a priori error estimates (104) can be used to obtain the convergence
order of the algorithm. Thus, if we assume that the continuous solution has the addi-
tional regularity:

y € HX0,T;Y)NC(0,T]; HX(2)NH' (0, T; V),
¢ e HY(0,T; V)NH*0,T;Y),

then, using classical results on the approximation by finite elements (see [6]), after
straightforward estimates we can show that there exists a positive constant, again
independent of the discretization parameters . and &, but depending on the continuous
solution, such that

_ hk L hk
omax {low =Ml + e =7ty | < €+ k), (105)

4 Numerical Results

In this final section, we describe the numerical scheme implemented in the well-known
commercial code Matlab for solving Problem VP and we show some numerical
examples to demonstrate the accuracy of the approximations and the behaviour of the
solution.
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4.1 Numerical Scheme

As a first step, given the solution wﬁ’i , and y,f’fl at time t,_;, the discrete health
and the abundance functions at time 7, are obtained by solving the following discrete
nonlinear system, for all wh e Vhand rt e V1,

vk, why +ak(Vy* vty + k(M y* why
= (it why
k(bR (k — 7)ok, whyy,
@ My = @ My + k(S + Fel ) Ro(1 — %), )y .

This numerical scheme was implemented on a 3.2 Ghz PC using Matlab and a
typical 1D run (h = k = 0.01) took about 0.52 seconds of CPU time meanwhile a
typical 2D run (k = 0.01 and 665 nodes) took about 2.64 seconds of CPU time.

4.2 First Example: Numerical Convergence in a One-Dimensional Case

We will consider the following academic problem:
Problem P¢*. Find the health function ¢ : [0, 1] x [0, 1] — R and the abundance
function y : [0, 1] x [0, 1] — R such that

=9 —@Bt+ 1Dy +@&—y) ae.in (0,1) x (0, 1),

¢ = (0.1y +0.19)(1 — ) ae.in (0, 1) x (0, 1),

yy =0 ae.on {0,1} x (0, 1),

0(x) =0.01x%(x — D2, @o(x) =0.01x>(x — 1)? forall x € (0, 1).

We note that Problem P* corresponds to Problem P with the following data:

Q=01), T=1, a=1, b=1, k=4, £=1, F=0.1,
S=0.1, M=3t+1.

Since the exact solution to Problem P¢* is unknown, we take the solution obtained
with parameters 7 = 1/32768 and k = 1075 as the reference solution. Thus, the
approximation errors estimated by

max {lig, = ¢¥lly + Iy — 7“1y |

0<n<N

are presented (multiplied by 10%) in Table 1 for several values of the discretization
parameters 7 and k. Moreover, the evolution of the error depending on the parameter
h + k is plotted in Fig. 1. We notice that the convergence of the algorithm is clearly
observed although the linear convergence, stated in (105), is not achieved.
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Fig.1 Example 1D: Asymptotic constant error

4.3 Second Example: Dynamics of @ and y in a 2D Spatial Domain

In this example, the model (Egs. (1)—(4)) is used to explore the dynamics of a plant
disease transmitted by a vector. In this case, the disease epidemiology is highly depen-
dent on the rate of increase of the pathogen population in the host plant and on the
vector efficacy in transmitting the disease. This scenario represents a very common
case for most of the plant diseases caused by bacteria or viruses.

More in detail, we consider the case of an infection caused by a bacterium and
vectored by an insect moving in a two-dimensional spatial domain £2 = (0, 1) x (0, 1).
The insect vector both acquires and transmits the pathogen when feeding on the leaves
or the green parts of the host plant.

We aim to investigate the role of the parameter F in Eq. (2), the intrinsic rate of
increase of the bacterial population on the disease growth in the plant, and to analyse
the influence of the plant health status on the processes of vector acquisition and
transmission of the infection. Since the importance of parameter F in determining the
pattern of local disease dynamics, the exploration of the parameter values is highly
relevant for the definition of control strategies of the epidemiology of new foci.

We set the initial condition for the plant disease as a gradient of plant infection,
@o(x,y) = 0.01(x + 1), and we evaluate how the infection of the vector is triggered
by the infected plants over the whole spatial domain. To better represent the starting
phase of a new disease outbreak, we consider a low disease growth rate (F = 0.01)
and we explore how spatial heterogeneity in the disease influences the process of
vector acquisition of the infection. The following data have been employed in the
simulations:

2=0,1)x@,1), T=1, a=1, b=1, k=4, (=1,

@ Springer



19 Page 26 of 30 Applied Mathematics & Optimization (2022) 85:19

0.02

0.019

0.0185
0.018

0.017

0.018
0.016

0.015
0.0175 0.014
0.013
0.017 0.012

0.011

0.4 0.6 0.4 0.6

X X

Fig. 2 Example 2D: Proportion of infected vector (left) and plant health status (right) functions on the
whole 2-D spatial domain at final time

M=3t+1, F=0.01, S=0.01,
@o(x,y) =0.01(x +1) for (x,y) € (0,1) x (0, 1),
y(x,y) =0 for (x,y) e (0,1)x(0,1).

Using the time discretization parameter k = 0.01, the proportions of infected vector
(y) and the plant health status (¢) functions at final time are plotted on the 2-D domain
(see Fig. 2). Both functions y and ¢ seem to have a similar linear increase according to
the initial conditions. Furthermore, the spatial heterogeneity in the plant health status
and in proportion of infected vector are strictly related.

The simulated scenario represented in Fig. 2 is a quite common case in plant health.
In new outbreaks, the disease is imported through infected plants that become the
source of infection for vectors responsible for spreading the disease in wider spatial
domain, not previously infected.

To further investigate the role of model parameters on the disease epidemiology, we
assess the impact of the bacteria population growth parameter F' on the time evolution
of plant health status and the proportion of infected vector. In this case, we have used
the following data in the simulations:

2=0,H)x@O,1), T=1, a=1, b=1, k=4, £=1,
M=3t+1, §=0.01,

wo(x,y) =0.01y(y +1) for (x,y) € (0,1) x (0, 1),

Y (x,y) =0 for (x,y) e (0,1) x (0, 1).

The model was implemented over the whole domain but, for clarity of exposition,
the results are presented for the point (x;, y;) = (0.27,0.52), where we assumed
there is a plant and a sub-population (i.e., local population) of vectors feeding on it.
We compared the growth dynamics of the disease in the selected plant and the local
dynamics of infected vectors, using five different values of the bacteria growth param-
eters (F = 0.1, 1, 2, 5, 10). We note that, in this case, we have used values greater than

@ Springer



Applied Mathematics & Optimization (2022) 85:19 Page270f30 19

08, 1r I
F=10 F=10
- —F=5 0.9 - F=5
0.7f] Fop F=2
F=1 0.8 F=1
0.6 F=0.1 / F=0.1
/ 0.7
05F o6l
X 04 X
Zo Z 08 P
,
0al 0.4 ,
- .
Piie 0.3 e
02f P B
y, e 0.2 o
0.1F T 04 ’/,/
0 — T T 5 0 — .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
t t

Fig.3 Example 2D: Disease and infected vector temporal dynamics in the point (x;, y;) = (0.27, 0.52) of
a 2-D spatial domain considering five different values of disease growth parameters (F) in the plant. On
the left there is the change in the proportion of local vector abundance, on the right the change in the plant
health

1 for this function but the analysis of the previous sections can be extended straight-
forwardly. The initial conditions in (x;, y;) are an infected plant with health status
@o = 0.01 % 0.52 % (0.52 + 1) and a non-infected local vector population (proportion
of infected vectors yg equal to 0). Using the time discretization parameter k = 0.01, the
estimated temporal dynamics of plant health ¢ (x;, y;, ¢) and the proportion of infected
vector y(x;, yi, t) are shown in Fig. 3. Consistent with expectations, as F increases,
the level of disease infection in the plant grows faster. The same pattern is followed
by the local population of infected vectors. For the greatest value of the parameter F,
the quadratic shape of the functions changes into a logistic pattern because ¢ and y
have an asymptotic behaviour at their limit value.

In conclusion, the results of this second example show how the proposed model
can simulate complex spatial and temporal epidemiological scenarios, considering also
how variability in key biological parameters can influence the onset and the spread of an
infection in a previously disease-free area. The exploration of these epidemiological
scenarios allows to investigate the spread of the disease in a new outbreak and to
support the comparative evaluation of management and eradication strategies.
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