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Modelling the dynamics of Pine Wilt
Disease with asymptomatic carriers
and optimal control
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Pine wilt disease is a lethal tree disease caused by nematodes carried by pine sawyer beetles. Once
affected, the trees are destroyed within a few months, resulting in significant environmental and
economic losses. The role of asymptomatic carrier trees in the disease dynamics remains unclear. We
developed a mathematical model to investigate the effect of asymptomatic carriers on the long-term
outcome of the disease. We performed a stability and sensitivity analysis to identify key parameters
and used optimal control to examine several intervention options. Our model shows that, with the
application of suitable controls, the disease can be eliminated in the vector population and all tree
populations except for asymptomatic carriers. Of the possible controls (tree injection, elimination

of infected trees, insecticide spraying), we determined that elimination of infected trees is crucial.
However, if the costs of insecticide spraying increase, it can be supplemented (although not replaced
entirely) by tree injection, so long as some spraying is still undertaken.

Among the vector-borne diseases of trees and plants, the most destructive are a red ring disease of palms and
Pine Wilt Disease (PWD), whose causative agent is pine wood nematodes (PWNs)!. The vector for PWD is the
pine sawyer beetle, which transfers nematodes to healthy host pine trees and usually kills host trees within a few
months of infection. The lack of resin exudation of bark wounds become visible as a first symptom. The foliage
become pale green in the second stage, yellow in the third stage and finally become reddish brown when the trees
fail to resist against the disease. It is well-established that PWD has three different transmission paths: the first
happens during maturation feeding? the second during oviposition of the mature female on recently cut, dying,
or dead pine trees through the oviposition wounds®; and the third is horizontal transmission, which happens
during mating®.

A number of epidemiological studies have been carried out to investigate the transmission dynamics of pine
wilt disease®®. These models investigating the spread and control of PWD are used to describe the host-vector
interaction between nematode-carrying pine sawyers and pine trees. Lee® presented an epidemiological model of
PWD and developed optimal-control strategies for the prevention of PWD. Khan et al.'® introduced a dynamical
model of PWD and investigates the stability of the disease with saturated incidence rate. They classified the total
host tree size into three states: susceptible, exposed and infected host pine trees, while the vector size was also
classified into three similar states. Ozair'! included horizontal transmission and nonlinear incidence. The global
stability of PWD in a model with nonlinear incidence rates was analyzed by Lee®. Optimal control has been used
to study a variety of infectious disease'*"'¢, including plant diseases'’~*°.

Asymptomatic carrier cases can play a critical role in the subsequent spread of PWD?. Asymptomatic infec-
tion increases the density of infected vectors, which further increases the level of infection in the host. Studies
on asymptomatic infection in pine trees show that asymptomatic infected trees may remained infected for up
to a year and may ultimately die?'. Mathematical models that address pine tree dynamics with asymptomatic
infections have previously been considered*>?. The effect of asymptomatic infection on neighboring trees has
also been studied®.
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Figure 1. Flow chart for the transmission of PWD. The short dashed arrows indicate the natural and the
disease-specific death rates in each compartment. The long dashed arrows represent the interaction between the
vector and pine trees. The long solid arrows represent the transition between compartments due to disease. The
short solid arrows represent the recruitment.
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Figure 2. Sensitivity of R, to all input parameters.

Here, we develop a dynamic model of PWD incorporating an asymptomatic carrier class and examine control
policies that minimize implementation costs while protecting forests from the disease. To the best of our knowl-
edge, none of the previous mathematical studies used optimal control to explore the transmission dynamics of the
PWD in the presence of the asymptomatic carriers.

Model formulation

The total host (pine wood trees) and vector (beetles) are represented by Ny(t) and Ny(t), respectively. Ny(t) is
further classified into four epidemiological classes: susceptible pine trees Sy(t), exposed pine trees Ey(t), asymp-
tomatic carrier pine trees Ay(t) and infected pine trees I;;(t). Ny(?) is classified into three epidemiological classes:
susceptible beetles Sy(t), exposed beetles E(t) and infected beetles Iy(t).

The recruitment rates of host trees and beetles are represented, respectively, by Ay and A, while the natural
death rates of host pine trees and vector beetles are denoted by 7, and 7,, and the disease mortality rate of host
pine trees is represented by .. Here, m and 7 are the respective rates of progression from the exposed class to the
infected class in the host and vector populations. The term 3¢Syl denotes the incidence rate, where 3, is the
rate of transmission and 1) is the average number of daily contacts with vector adult beetles during maturation.
B, is the rate at which an infected beetle transmits a nematode through oviposition, with the average number
of oviposition contacts per day denoted by 6. The termination of oleoresin exudation in susceptible trees with-
out infection of nematode is denoted by . We thus interpret 3,0c as the transmission through oviposition,
and hence (3,0aSyly represents the number of new infections. A fraction w (0 <w < 1) of the exposed tree class
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Parameter | Interpretation Values References
B transmission probability during maturation 0.0016600 day ! | %

B, transmission probability of nematode through oviposition 0.0004000 day~! | %

P contacts averagely made during maturation per day 0.2000000 day ! | 3

" natural death rate of host pine trees 0.0000301 day ! | 3!

Y natural death rate of vector beetles 0.0011764 day~' | 3

0 contacts averagely made during oviposition per day 0.0023000 day ! | assumed
m progression rate of pine trees from Ej; to Iy 0.0133000 day ' | assumed
Ay recruitment rate of susceptible vector 0.0132652 day ! | assumed
K the rate at which the adult beetles carry PWN when they escape from dead trees 0.00305 day ! 3

n progression rate of vectors from Ey to I, 0.0100000 day ™! | assumed
e probability that host susceptible cease oleoresin exudation without infected by the nematode | 0.0032000 day~! | assumed
Ay recruitment rate of host trees 0.0020210 day™! | assumed
w rate of symptomatic cases 0.1000000 assumed
Iz transfer rate from Ey to I, 0.0022000 day~! | assumed

Table 1. Parameter interpretations and their sample values used in numerical simulations.
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Figure 3. The behaviour of the pine-tree population for the controls 4, and us; (a) Susceptible pine trees, (b)
Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.

generates symptomatic infection, while the remaining fraction (1 — w) generates asymptomatic infection. The
vector incidence rate is given by the term KI,;S,". The schematic diagram for the PWD model is shown in Fig. 1.
The model is thus given by
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Figure 4. The behaviour of the vector (beetles) population for the controls u, and us; (a) Susceptible beetles, (b)
Exposed beetles, (c) Infected beetles, (d) Control profile.

with initial conditions

= Ay — BSyly — B0aSyly — %Sys

BWSyly + B0aSyl, — (v, + m)Ey,
m(l — w)Ey — vAg,
mwEy — (v + I
Ay = KSyly — %Sy
KSyly — (v + nEy,

nEy — %ly, (1)

$,4(0) > 0, E5(0) > 0, A, (0) > 0, I,(0) > 0, S,(0) > 0, E(0) > 0, I,(0) > 0.

The total population sizes of host and vector are given by

Ny(t) = Sy(t) + Ey(t) + Ay (t) + Ly(t), Ny(t) = Sy(t) + E(t) + L(¢).

For biological realism, we study the behaviour of the system (1) in the closed set
U = {(Sy Epp Aps Iy Sy Evo ) € R0 < Sy + Eyy + Ay + Iy <

A
0<Sy+E,+I <2}
"2

Ay
N

Nonnegative solutions of system (1) can be easily verified for appropriate initial values. The first four equations

of (1) imply that

SCIENTIFIC REPORTS |

(2020) 10:11412 | https://doi.org/10.1038/s41598-020-67090-7


https://doi.org/10.1038/s41598-020-67090-7

www.nature.com/scientificreports/

500 . . : ==
4ol \ e e oemmmmmTTTT ] 400 ¢
400 1 350 1
§ 350 1 1 » 300
£300f 1 3
© u1:u2=u3=0 3:,250_
g 250 = = = u;#0%ug, u,=0 1 ?u'; Up=u,=uy=0
Q o = = = U #0%Ug, uy=0
& 200 1 2200 1
| w
>
» 150 ]
150 _ 1
100 1 BT
sl J 100 Tl 1
0 20 40 60 80 100 20 40 60 80 100
Time (days) Time (days)
(a) (b)
. . ‘ . sof . , . . .
400 - 1
Uj=Uy=uy=0 451 U —u. - 1
350 1| oo Uy #0%Uy, u,=0 1 Uj=uy,=uz=0
» a0h -—— u1*0*u3, u2=0 ]
3300 1 «
5 g
o pe
T 250 f 1 =357 1
£ 8
B.200 f _ 8ot )
1S £
2 - -
<ws0r /S _aa-- 1 251 B
100 - 1 20 -7 1
50 L=, . ‘ . ] 5" ‘ . ‘
0 20 40 60 80 100 0 20 40 60 80 100

Time (days)
() (d)

Figure 5. The behaviour of the pine-tree population for the controls u; and us; (a) Susceptible pine trees, (b)
Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.

Time (days)

dSy + Ey+ Ay + Iy)
dt

By comparison theorem presented in*, there exists ¢, > 0, such that

<Ay — %Sy + Eg + Ay + I).

A
Sy +Ey+ Ay + Iy < H =N, for t >,
N

Similarly, adding the last three equations of the system (1), we get

d(Sy + Ey + 1) _

i Ay — %Sy + Ey + L).

Using the comparison theorem again, there exists t, > t, such that

SV+EV+IV§ﬁEN2 for t > t,.
Y2
Hence, the solutions of the system (1) are bounded.
In the Supplementary Material, we determine R, and prove that the disease-free equilibrium (DFE) is globally
asymptotically stable, which also rules out the possibility of a backward bifurcation. We also show that the
endemic equilibrium is globally asymptotically stable, under certain conditions.

Sensitivity analysis of threshold dynamic

Due to uncertainties in experimental data, determining accurate outcomes from an epidemiological system is
difficult®. To compensate for these uncertainties, we use partial rank correlation coefficients (PRCCs) to identify
the impact of all parameters on R,,. This technique measures the degree of the relationship between inputs and
output of the system. Positive PRCCs indicate parameters that increase R, when they are increased, while nega-
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Figure 6. The behaviour of the vector (beetles) population for the controls 1, and us; (a) Susceptible beetles, (b)
Exposed beetles, (c) Infected beetles, (d) Control profile.

tive PRCCs indicate parameters that decrease R, when they are increased. Parameters with PRCCs values greater
than 0.4 in magnitude have a significant effect on the outcome.

Figure 2 illustrates the effect of parameter variations on R ; for all fourteen parameters. Clearly, R, is most sensi-
tive to -y, and +,, the natural death rates of pine trees and beetles, respectively; the latter can be controlled using
insecticide (u5), while the former can be partially controlled by eliminating infected trees (u,). R is also sensitive to
the birth rates of pine trees and beetles, the latter of which can be controlled using insecticide (u;). The transmission
rate K is also a sensitive parameter, which can be controlled by nematicide-injection and vaccination (u,).

Optimal control strategies

In this section, we introduce u,, u, and u; as three control measures that can affect PWD. The force of infection
in the pine-tree population is reduced by (1 — u,), where precautionary measures efforts are denoted by u,; for
example nematicide injection and vaccination. To keep the host tree population safe and to prevent infection, the
nematicide-injection preventative control measure is used. We use the control variable u, to describe elimination
of infected host trees. Supplementary infections are extremely reduced by demolition and elimination of infected
host trees. The removal of these infected trees guarantees that eggs, larvae and pupa that are occupying the host
pines are devasted. Our third control variable represents spraying of insecticide and larvacide to kill adult insects
and reduce the vector birth rate.

Model (1) is modified for optimal control as follows:

Sy = Ay + Ny — BSuly(1 — uy) — B,0aSyl, (1 — uy) — %Sy,

E/H = BSuly(1 — u) + By0aSyly/(1 — u)) — (v, + m)Ey,

Ay = m(l — wEy — yAy,

I'y = mwEy — (v + wly — u,bly,

Sy = Ay(l — us3) — KSyL(1 — uy) — %Sy — byusSy,

E'y = KSyIy(1 — u)) — (%, + MEy — byusEy,

I'v = nEy — %Iy — byusly, )
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Figure 7. The behaviour of the pine-tree population for the controls u; and u,; (a) Susceptible pine trees, (b)
Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.

with nonnegative initial conditions. The control functions u(t) = (u,, u,, u3) € U associated to the variables Sy, Ep,
Ay, I, Sy, Ey and I satisfy

U(t) = {(uy, uy, u;) are Lebesgue measurable, 0 < u; < 1,t € [0, T], i =1, 2, 3}. (3)

The constants by and b, are removal-rate constants whose inverses correspond to the average time spent in the
relevant compartment. Since it is unlikely that infected trees will be removed within one day of infection, we set
b, =1; hence the range 0 <u, <1 corresponds to a removal time between 1 day and infinite time. The objective
functional for the optimal-control problem is

T
J(uy, uy, uy) = j(; (LiEy + LAy + Laly + LNy

1 2 2 2
+=(Byu;{ + B,u; + Byus)|dt,

) 1”1 272 33 (4)
subject to the control system (2). The constants L,, L,, L, L,, B;, B, and B; are the weight or balancing constants,
which measure the relative cost of interventions over the interval [0, T]. We seek optimal controls u}", uj, uf,
such that

J(u, us, uy) = min{u,, u,, us}.

U (5)

Clearly, the equations in the control system (2) are bounded above, and thus we can apply the results in?®

to model (2). Moreover, the set of control variables and the state variables is nonempty, and the set of control

variables denoted by U is closed and convex. In the control problem (2), the right-hand side is continuous and

bounded above by state variables and a sum of the bounded control, and can be expressed as a linear function of

U having state- and time-dependent coefficients. Hence there exists constants m > 1 and I;, [, > 0 such that the
integrand L(y, u, t) of the objective functional ] is convex and satisfies
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Figure 8. The behaviour of the vector (beetles) population for the controls u, and u,; (a) Susceptible beetles, (b)
Exposed beetles, (c) Infected beetles, (d) Control profile.

L(y, u, £) > L(|w,[* + |u,f + [usf)2 — 1,

We apply the results presented in?” to justify the existence of (2) and to obey the above conditions. Clearly, the
set of control and state variables are bounded and nonempty. The solutions are bounded and convex. Therefore
the system is bilinear in the control variables. We verify the last condition:

1
LEy + LAy + L3Iy + LNy + 5(31“12 + Bz”z2 + 33”32)

m
2 ll(|“1|2 + |“2|2 + |”3|2)2 =1y

where L}, L,, L3, Ly, By, B,, B3, I, [, > 0 and m > 1. We have thus proved the following theorem.

Theorem 1. For the objective functional (4) and the control set (3) subject to the control system (2), there exists
an optimal controlu* = (uy, uy, uy)such that (uy, uy, uj) = mingJ(u,, u,, us).

In order to get the solution of the control problem, it is necessary to obtain the Lagrangian and the
Hamiltonian of (2). The Lagrangian L is expressed as

L(Ey, Agps Iy Ny gy thy, t43) = LiEgy + LyAy + Lol + LN,
1
+ E(Blul2 + Byu; + Byu3).

By choosing X=(Sy, Eg, I S Epp In), U= (uy, tty, u3) and A= (A}, Ay, A3, Ay As, Ag, A7), the Hamiltonian can
be written
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Figure 9. The behaviour of the pine-tree population for the controls u,, u, and u;; (a) Susceptible pine trees, (b)
Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.

HX, U, \) = L(Ey Ay Iy Ny, uy, ty, u3) + N[Ay + Ny — BpSyl,(1 — uy)
— BfaSyL (1 — u;) — %Syl
+ MBWSHLAL — uy) + B,0aSyL,(1 — u))
= (v + mEg] + \[m(1 — w)Ey — MAy]
+ MImwEy — (v + Iy — uyly]
+ A[AyN(1 — u3) — KSyIy(1 — uy) — %Sy — byusSy]
+ AlKSyIy(1 — uy)
— (7 + MEy — bouzEy] + A[nEy — %Iy — bously]. (6)

We use Pontryagin’s Maximum Principle?® to obtain the optimal solution of the control system (2). Since
uy*, uy and u} are solutions to the control problem (2), there exist adjoint variables \; (i=1, 2, 3, 4, 5, 6, 7) satis-
fying the following conditions:

dx 6H(t, ul*, uz*, u3*, )\1, )\z, )\3» )\4; )\53 )\5; )\7)

dt B
0 - OH(E, uft, us, uf, Ay Ay Ay Ap As A )\7))
192}
dX  OH(t, uf, us, ui, Ay Ay Az, Mg Asy Ago A7)
dat Ox . (7)

Theorem 2. For the optimal-control measures u', uj, uj and the state solutions S;, Ej;, Ajy, Iy, Sy, Ey, Iy of
system (2), there exist adjoint variables \; (i=1, 2, 3, 4, 5, 6, 7) such that
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Figure 10. The behaviour of the vector (beetles) population for the controls u,, u, and u;; (a) Susceptible
beetles, (b) Exposed beetles, (c) Infected beetles, (d) Control profile.
N o= =X+ Ay + O — )BLA1 — uyp) + (A — A)B,0al(1 — uy)
N, = —L,— Ac — Amw + Ay + m) — Aym(l — w)
Ny = —L,— Ac+ A
Ny = —Ly— Ac+ (A5 — AkSy (1 — uy) + Ayuy + Ay(y + 1)
Ny = =Ly — AA (1 — u3) + (A5 — AkIG(1 — uy) + Asbyus
No = —Ly— AAy(1 = u3) + A + 1) + Aghots — A
Noo= =L+ (A — M)BwSy(1 — uy) + (N — A)B0a8,(1 — u)
=AsAy (1 = u3) + Ay, + byuy), (8)
with the transversally conditions
A(T7) = Ad(T7) = A1) = A1) = A1) = Ad(T7) = Ao(Ty) = .
Furthermore, the controls u, u5, u; are given by
ul* — maxdmin 1’ ()\2 — /\1)[ﬂ11/) + /62005]8;-}1\,; + (AG — )\S)KS{;I{; R 0 ,
B,
u; = maxymin I,M,O,
B,
wi = max|min |1, MCANG & BSY) + bOGED + /\71{5)}) 0}.
B, ©)
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Figure 11. Temporal variation of the control profile for L, =0.01, L, =0.002, L; = 0.0020, L,=0.003,
B,=B,=10; (a) B,=0.10, (b) B, =1, (c) B, = 10, (d) B, = 100.

Proof. To determine the required adjoint system (8) and the transversality conditions mentioned in (9), we
utilize the Hamiltonian in (6). By applying the third condition of (7), we get (8). Applying the second condition
of (7), we get (9).

Numerical Results

Unless mentioned otherwise, we use the fourth-order Runge-Kutta method over a timescale of 100 days. The
input parameters for our simulations are L, =0.01, L,=0.002, L;=0.0020, L,= 0.003, B, =0.10, B,=B;=10,
¢=0.001241, b, = 0.21; all other parameter values are shown in Table 1.

Elimination of infected trees (u,) and spraying of insecticides (u;). We considered two controls: the
elimination of infected trees (1,) and the spraying of insecticides (1) in the absence of tree injection and vaccina-
tion. Figures 3 and 4 show the outcomes in both the absence and presence of control. Figure 3 shows the dynamics
of the pine-tree population, while Fig. 4 shows the dynamics of the vector population. With these controls, we see
arapid increase in the population of susceptible trees (Fig. 3(a)) and eventual elimination of exposed and infected
trees (Fig. 3(b,d)), with only the asymptomatic carriers remaining in the infected classes (Fig. 3(c)). The vector
population is eventually depleted (Fig. 4(a—c)) in the presence of these two controls. The two control profiles u,
and u; are bounded up to 0.4 and 0.8 (Fig. 4(d)). Biologically, u, is the additional elimination rate of only infected
trees, while u; acts to simultaneously increase the removal rate of all vectors, while also decreasing the birth rate.
Since all interventions range between 0 (no control) and 1 (complete control), this suggests that our objective can
be achieved with only partial controls. Hence if infected trees are removed 2.5 days or later after infection or if
insecticides/larvacides are up to 80% effective, the infection can be controlled.

Tree injection (u;) and spraying of insecticides (u;). We next examine the combination of tree injec-
tion (u;) and insecticide spraying (u;). The results are shown in Figs. 5 and 6. With these two controls, there is
a significant increase in the population of susceptible and exposed pine trees, while the population of asympto-
matic carriers and infected pine trees are reduced but not eliminated (Fig. 5). This suggests that the elimination
of infected pine trees has a significant impact on the disease. Note that the vector population is eliminated using
these controls (Fig. 6).
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Figure 12. Temporal variation of the control profile for L, =0.01, L, =0.002, L;=0.0020, L,=0.003, B, =0.1,
B,=10; (a) B,=0.010, (b) B,=0.10, (c) B,= 1, (d) B,=10.

Tree injection (u;) and elimination of infected trees (u,). Considering , and u, in combination,
Figs. 7 and 8 illustrate that, without insecticide spraying, the control (minimization and/or elimination) of infec-
tion in the pine trees is not possible. While the population of susceptible pine trees has a slower decline with these
control (Fig. 7(a)), the infection eventually takes over. Likewise, although the susceptible beetle population is
recovered using these controls, the infection nevertheless eventually dominates (Fig. 8). It follows that, without
insecticide spraying, the control of infection is not possible.

Complete control. We now apply all three controls in order to determine the ideal outcome (Figs. 9 and 10).
Comparing Fig. 9 to Fig. 3, we see that susceptible pine trees recover faster and the disease is eliminated quicker,
except for asymptomatic carriers. We thus see that the most effective strategy is to apply all three controls,
although similar results can be achieved by applying only two controls: elimination of the infected pine trees (u,)
and the spraying of insecticides (u;).

Temporal variation of control profiles. Next, we investigate the control profiles and their relationships
to the weight constants. In Fig. 11, we fix the weight constants L, =0.01, L, =0.002, L; = 0.0020, L,=0.003,
B,=B;=10 and allow B, to vary. In Fig. 12, we fix the weight constants L, =0.01, L,=0.002, L; = 0.0020,
L,=0.003, B,=0.1, B,= 10 and allow B, to vary. In Fig. 13, we fix L, =0.01, L, =0.002, L, = 0.0020, L, = 0.003,
B, =0.1, B,=10 and allow B; to vary. These variations represent fluctuating costs of implementing our controls.

From Fig. 11, we see that, as the cost of u, increases, the control profile is dominated by u;. That is, if tree injec-
tion becomes prohibitively expensive, the procedure can be replaced by increased insecticide spraying.

Figure 12 shows little variation in the control profiles as the cost B, increases unless the cost is prohibitive. This
suggests that the control u, is worth implementing, even at high cost. The combination of u, and u; alone does not
eliminate infection, so it follows that elimination of infected trees is essential to disease control. This may hinder
disease eradication if the costs of elimination become prohibitively expensive.

Figure 13 shows that if the cost of insecticide spraying increases, the control profile is dominated by tree
injection. Interestingly, while the combination of u, and u; produced superior results to the combination of u,
and u,, the latter combination can still produce effective results if supplemented by a small amount of insecticide

spraying.
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Figure 13. Temporal variation of the control profile for L, =0.01, L, =0.002, L;=0.0020, L,=0.003, B, =0.1,
B,=10; (a) B;=0.010, (b) B;=0.1, (c) B;=1, (d) B;=10.

Discussion

We developed a mathematical model to examine the effect of asymptomatic carriers of Pine Wilt Disease (PWD)
on the long-term course of disease. We showed that the disease-free equilibrium was globally asymptotically
stable and that the endemic equilibrium was globally asymptotically stable under some conditions. A sensitivity
analysis identified key parameters: natural death rates in trees and beetles; birth rates in both trees and beetles;
and transmission rates from trees to beetles.

We applied several controls to our system: tree injection, insecticide spraying and elimination of infected trees.
These were chosen in conjunction with the most sensitive parameters except for the natural birth and death rates
of trees, since our ultimate goal is the preservation of trees. We showed that the disease can be eliminated using
suitable controls, except for the asymptomatic carriers. By including this class, our model showed that the disease
may remain endemic, requiring permanent control, even in the best-case scenario.

Examining the controls in detail, we found that elimination of infected trees is critical, especially when used
in conjunction with insecticide spraying. If the cost of insecticide spraying becomes prohibitive, it can be partially
replaced by tree injection. However, if the costs of elimination of infected trees becomes prohibitive, there is no
simple replacement, which may result in runaway costs.

It follows that we can control the disease using suitable interventions, but it will not be eliminated due to the
presence asymptomatic carriers. The presence of infection in these carriers suggests that infection can restart in
nearby healthy trees. It follows that our control measures must be undertaken continually unless such asymp-
tomatic carriers can be identified and removed. This has long-term implications for disease management and
economic investment.

Received: 24 June 2019; Accepted: 19 May 2020;
Published online: 10 July 2020

References
1. Mamiya, Y. Pathology of the pine wilt disease caused by Bursaphelenchus xylophilus. Annual Review of Phytopathology. 21(1),
201-220 (1983).
2. Mamiya, Y. & Enda, N. Transmission of Bursaphelenchus lignicolus (Nematoda: Aphelenchoididae) by Monochamus alternatus
(Coleoptera: Cerambycidae). Nematolog. 18, 159-162 (1972).

SCIENTIFIC REPORTS |

(2020) 10:11412 | https://doi.org/10.1038/s41598-020-67090-7


https://doi.org/10.1038/s41598-020-67090-7

www.nature.com/scientificreports/

11.
12.

13.
14.
15.
16.
17.
18.
19.

20.
. Takeuchi, Y. & Futai, K. Asymptomatic carrier trees in pine stands naturally infected with Bursaphelenchus xylophilus. Nematology.

22.
23.

24.
25.

26.
. Lukes, D. L. Differential equations: Classical to Controlled, Mathematics in Science and Engineering. Academic Press: New York

28.
29.
30.

31.
32.

33.

. Wingfield, M. J. & Blanchette, R. B. The pine-wood nematode, Bursaphelenchus xylophilus, in.Minnesota andWisconsin: insect

associates and transmission studies. Canad. Jour. For. Res. 13,1068-1076 (1983).

. Arakawa, Y. & Togashi, K. Newly discovered transmission pathway of Bursaphelenchus xylophilus from males of the beetle

Monochamus alternatus to Pinus densiflora trees via oviposition wounds. Jour. Nematol. 34, 396-0404 (2002).

. Lee, K. S. & Kim, D. Global dynamics of a pine wilt disease transmission model with nonlinear incidence rates. App. Math. Model.

37,4561-4569 (2013).

. Khan, M. A. et al. Mathematical modeling and stability analysis of Pine Wilt Disease with optimal control. Scient. Rep. 7, Article

number: 3115 (2017).

. Khan, M. A,, Khan, R., Khan, Y. & Islam, S. A mathematical analysis of Pine Wilt disease with variable population size and optimal

control strategies. Chaos, Solitons & Fractals. 108, 205-217 (2018).

. Shi, X. & Song, G. Analysis of the mathematical model for the spread of pine wilt disease. Jour. App. Math. 2013, Article ID184054,

10 pages, (2013).

. Lee, K. S. Stability Analysis and Optimal Control Strategy for Prevention of Pine Wilt Disease. Abs. App. Ana. 2014, 1-15 (2014).
. Khan, M. A, Shah, K., Khan, Y. & Islam, S. Mathematical modeling approach to the transmission dynamics of pine wilt disease with

saturated incidence rate. Internat. Jour. of Biomat 11, 1850035 (2018).

Ozair, M. Analysis of Pine Wilt Disease Model with Nonlinear Incidence and Horizontal Transmission. Jour. Appl. Math. 1-9 (2014).
Okosun, K. O. & Smith?, R. Optimal control analysis of malaria-schistosomiasis co-infection dynamics. Math. Biosci. 35, 250-270
(2016).

Okosun, K. O. & Makinde, O. D. A. Co-infection model of malaria and cholera diseases with optimal control. Math. Biosci. 231,
234-255 (2014).

Khan, M. A. et al. Prevention of Leptospirosis infected vector and human population by multiple control variables. Abs. App. Anal.
2014, 1-10 (2014).

Farasat, S. S. et al. Optimal Control of an Epidemic Model of Leptospirosis with Nonlinear Saturated Incidences. Ann. Rev. Res. Bio.
4,1-16 (2014).

Blayneh, K. W,, Gumel, A. B., Lenhart, S. & Clayton, T. Backward bifurcation and optimal control in transmission dynamics of West
Nile virus. Bull. Math. Biol. 72, 1006-1028 (2010).

Cunniffe, N. & Gilligan, C. A. Invasion, persistence and control in epidemic models for plant pathogens: The effect of host
demography. J. R. Soc. Int. 7, 439-51 (2009).

Cunniffe, N. ., Stutt, R. O.]. H., DeSimone, R. E., Gottwald, T. R. & Gilligan, C. A. Optimising and Communicating Options for the
Control of Invasive Plant Disease When There Is Epidemiological Uncertainty. PLo. Compu. Bio. 11, 1004211 (2015).

Cunniffe, N. J., Laranjeira, F. E, Neri, F. M., DeSimone, R. E. & Gilligan, C. A. Cost-Effective Control of Plant Disease When
Epidemiological Knowledge Is Incomplete: Modelling Bahia Bark Scaling of Citrus. Plo.Compu.Bio. 10, €1003753 (2014).

Futai, K. Role of asymptomatic carrier trees in epidemic spread of pine wilt disease. Jour.For.Res. 8, 253-260 (2003).

9, 243-250 (2007).

Futai, K. & Takeuchi, Y. Field Diagnosis of the Asymptomatic Carrier of Pinewood Nematode. In: Mota, M.M. & Viera, P. (eds) Pine
Wilt Disease: A Worldwide Threat to Forest Ecosystems. Springer: Dordrecht 279-290 (2008).

Lashari, A. A. & Lee, K. S. Stability analysis of a host-vector transmission model for pine wilt disease with asymptomatic carrier
trees. J. Korean Math. Soc. 54(3), 987-997 (2017).

Smith, H. L. & Waltman, P. The Theory of the Chemostat, Cambridge University Press: Cambridge (1995).

Marino, S., Hogue, L. B., Ray, C. J. & Kirschner, D. A methodology for performing global uncertainty and sensitivity analysis in
systems biology. J. Theor. Biol. 254, 178-196 (2008).

Fleming, W. H. & Rishel, R. W. Deterministic and Stochastic Optimal Control, Springer Verlag: New York (1975).

(1982).

Lenhart, S. & Workman, J. T. Optimal control applied to biological models: Mathematical and Computational Biology Series, Chapman
& Hall/CRC Press: London (2007).

Kobayashi, E, Yamane, A. & Ikeda, T. The Japanese pine sawyer beetle as the vector of pine wilt disease. Ann. Rev. Ent. 29, 115-135
(1984).

Kim, D. S. et al. Movement of Monochamus altermatushope (Coleoptera: Cerambycidae) adults among young black pine trees in a
screen cage. Kor. Jour. Appl. Ent. 50, 1-6 (2011).

Monserud, R. A. & Sterba, H. Modeling individual tree mortality for Austrian forest species. For. Ecol. Manag. 113, 109-123 (1999).
Togashi, K. Population density of Monochamus alternatus adults (Coleoptera: Cerambycidae) and incidence of pine wilt disease
caused by Bursaphelenchus xylophilus (Nematoda: Aphelenchoididae). Res. Pop. Ecol. 30, 177-192 (1988).

Kim, D. S. et al. Escape of pine wood Nematode, Bursaphelenchus xylophilus, through feeding and oviposition behaviour of
Monochamus alternatus and M. saltuarius (Coleoptera: Cerambycidae) adults. Kor. Jour. Appl. Ent. 48, 527-533 (2009).

Acknowledgements

The authors are thankful to two anonymous reviewers for their careful reading and suggestions that greatly
improved greatly the presentation of this paper. RS? is supported by an NSERC Discovery Grant. For citation
purposes, note that the question mark in “Smith?” is part of his name.

Author contributions

M.A K. and L.A. wrote the original manuscript and performed the numerical simulations. PK.M. and M.H.
reviewed the mathematical results. R.S.? revised and restructured the manuscript. All authors are agreed on the
final draft of the submission file.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-67090-7.

Correspondence and requests for materials should be addressed to M.H.

Reprints and permissions information is available at www.nature.com/reprints.

SCIENTIFIC REPORTS |

(2020) 10:11412 | https://doi.org/10.1038/s41598-020-67090-7


https://doi.org/10.1038/s41598-020-67090-7
https://doi.org/10.1038/s41598-020-67090-7
http://www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS| (2020) 10:11412 | https://doi.org/10.1038/s41598-020-67090-7


https://doi.org/10.1038/s41598-020-67090-7
http://creativecommons.org/licenses/by/4.0/

	Modelling the dynamics of Pine Wilt Disease with asymptomatic carriers and optimal control

	Model formulation

	Sensitivity analysis of threshold dynamic

	Optimal control strategies

	Numerical Results

	Elimination of infected trees (u2) and spraying of insecticides (u3). 
	Tree injection (u1) and spraying of insecticides (u3). 
	Tree injection (u1) and elimination of infected trees (u2). 
	Complete control. 
	Temporal variation of control profiles. 

	Discussion

	Acknowledgements

	Figure 1 Flow chart for the transmission of PWD.
	Figure 2 Sensitivity of R0 to all input parameters.
	Figure 3 The behaviour of the pine-tree population for the controls u2 and u3 (a) Susceptible pine trees, (b) Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.
	Figure 4 The behaviour of the vector (beetles) population for the controls u2 and u3 (a) Susceptible beetles, (b) Exposed beetles, (c) Infected beetles, (d) Control profile.
	Figure 5 The behaviour of the pine-tree population for the controls u1 and u3 (a) Susceptible pine trees, (b) Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.
	Figure 6 The behaviour of the vector (beetles) population for the controls u1 and u3 (a) Susceptible beetles, (b) Exposed beetles, (c) Infected beetles, (d) Control profile.
	Figure 7 The behaviour of the pine-tree population for the controls u1 and u2 (a) Susceptible pine trees, (b) Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.
	Figure 8 The behaviour of the vector (beetles) population for the controls u1 and u2 (a) Susceptible beetles, (b) Exposed beetles, (c) Infected beetles, (d) Control profile.
	Figure 9 The behaviour of the pine-tree population for the controls u1, u2 and u3 (a) Susceptible pine trees, (b) Exposed pine trees, (c) Asymptomatic pine trees, (d) Infected pine trees.
	Figure 10 The behaviour of the vector (beetles) population for the controls u1, u2 and u3 (a) Susceptible beetles, (b) Exposed beetles, (c) Infected beetles, (d) Control profile.
	Figure 11 Temporal variation of the control profile for L1 = 0.
	Figure 12 Temporal variation of the control profile for L1 = 0.
	Figure 13 Temporal variation of the control profile for L1 = 0.
	Table 1 Parameter interpretations and their sample values used in numerical simulations.




