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ABSTARCT 

Pine Wilt Disease (PWD) is an infectious disease that kills most of infected pine 

trees. Ever since PWD was identified for the first time in 1988, the infected area 

has increased from 70 ha in 1988 to 8 000 ha in 2005. PWD becomes the most 

urgent agenda for forest protection in South Korea. However, managers in charge 

of dealing with PWD confront a shortage of budget for controlling PWD and thus 

not all of the infected pine trees left uncontrolled. This situation can make more 

pine forests under the risk of becoming susceptible to PWD in the future. In this 

research, the objective is to identify optimal control strategies under economic 

constraints. 

This research develops a spatial-dynamic model to effectively manage an 

outbreak of PWD. The model is composed of hexagonal patches that carry binary 

information on dispersal, removal, and prevention of PWD in discrete time 

dimension. The infection is assumed to disperse deterministically from a patch to 

other patches rather than stochastically to pursue the simplicity of the model. The 

model determines where, when, and how much removal or prevention measures are 

to be applied to each patch of pine stand to minimize the net present value of 

damage and costs of removal and prevention subject to the economic constraints 

comprised of the amount of budget, the type of budget, and the value of a forest. In 

this research, the model parameters are estimated, based on the information from 

literatures or field data. Seven scenarios are developed and used for simulation 

analysis: no-control scenario, optimal control scenario, optimal control scenario 

with eradication plan, optimal control scenario with eradication plan using only a 

removal control procedure, optimal control scenario with eradication plan under 
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the limited amount of budget, optimal control scenario with eradication plan under 

the different type of budget, optimal control scenario with eradication plan under 

the different value of a forest. 

The result of analysis suggests five important points for PWD control. First, 

measures for PWD should be applied only when the marginal benefit of applying 

the control exceeds the opportunity cost of applying the control. This explains why 

control efforts are concentrated on the edge of the infection. Second, setting a goal 

of management of the disease determines which method is to be applied. Without 

eradication plan, the optimal solution uses only nematocide injection. Under 

eradication plan, however, it seems to be the most effective to two control methods, 

silvicultural control and nematocide injection, together at the same site and time. 

Third, when the budget is limited, it is optimal for the infected area to be divided 

into smaller ones and be removed in earlier stages. Fourth, it is better to make the 

budgeting for PWD control be more flexible so that the manager can react to the 

detection of the infection fast. Under the fixed annual budget, if the budget for a 

given period is smaller than optimal budget, halting infection and removing small 

area of infection cannot be done up to the optimal level, thus resulting in more 

costs of removal and prevention of PWD. Lastly, the manager should take the 

values of forests into account in deciding the timing of the PWD control. As the 

value of a forest decreases, the timing of any controls becomes close to the first 

stage.  

Keywords: pine wilt disease, spatial dynamic model, preventive silvicultural 

control, pinus dendiclora, disease management 

Student Number: 2012-23355  
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1. INTRODUCTION 

Pine Wilt Disease (PWD) is an infectious disease that kills most of infected pine 

trees. Pine wilt nematodes, Bursaphelenchus xylophilus, invade pine trees and 

proliferate after being introduced by a vector, pine sawyer beetle, Monochamus 

alternatus. Reproducing more nematodes, the nematodes block vascular tissues and 

eventually wither pine trees. Susceptible pine trees in Korea are black pine, Pinus 

thunbergii, red pine, Pinus densiflora, and Korean white pine, Pinus koraiensis. 

Infected pine trees show a typical symptom of drooped and red-brown colored 

leaves. In infested stands, mortality is 80 per cent in the first year and the 

remaining 20 per cent in the next year. PWD are reported in Europe, East Asia, and 

America (Guang et al. 2008; Mota & Vieira 2008). 

In Korea, PWD has drastically expanded disease area since 1988 when the 

first PWD was reported at Mt. Geumjeong in Busan (Shin 2008). While the 

infected area had been blow 1 000 ha until 1999, it rapidly increased over 1 000 ha, 

reaching 7 811 ha in 2005. In order to handle the sudden increase of PWD, in 2005, 

the Korean government enacted the Special Act on Pine Wilt Disease Control, 

which mandates the state to regulate movement of infected timber and to allocate 

additional budget for PWD control. Thanks to the law enforcement, the infected 

area decreased gradually from 7 871 ha in 2005 to 3 547 ha in 2010. Infected area 

from 2011, however, has increased to more than 5 000 ha (KoreaForestServive 

2013) 

An efficient control for PWD requires allocation of sufficient budget, but most 

sites in Korea encounter a budget limitation despite of the Special Act on Pine Wilt 
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Disease Control. The Korean government assigned 24 million USD to PWD 

management in 2013 whereas the minimum amount of budget for removing 

infected trees reached 82 million USD. Moreover, in 2014, the Korean 

administration allocated 31 million USD to the management although the infection, 

which became worse because of budget constraint, needs 188 million USD for 

removing infected trees. Under limitation of budget for PWD control, the managers 

have to figure out what is the optimal strategy for controlling PWD under monetary 

constraints. 

The problem of choosing the most efficient set of goods or services under the 

constraints of limited resources falls into economic discipline. Economic problems 

that seek the best choice under related conditions could entail knowledge of 

biological area. Then, this case is called as bioeconomics. Bioeconomics is a sub-

discipline looking into the dynamics of species, using economics models that 

especially apply optimal control methods to mathematical models of species 

dynamics (Clark 2005). Invasive species, a good example of bioeconomics, 

includes problems of maximizing control effects (Wadsworth et al. 2000; Grevstad 

2005), or minimizing the costs of controls (Taylor & Hastings 2004). 

Three key components, which are dynamics of invasion and control, damages 

caused by the invasion, and costs induced by the controls, are necessary for 

identifying the efficient management strategy of invasive species (Epanchin-Niell 

& Hastings 2010). These key factors can be applied to PWD, firstly, because PWD 

can spread not only over pine stands but also in a pine stand (Yoshimura et al. 1999; 

Togashi 2008; Takasu 2009), secondly, because the disease causes serious damages 
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on the infected stands economically and ecologically (Mamiya 1988), and thirdly, 

because controlling PWD needs payments for costs (Kwon et al. 2011). 

The spread of PWD has to be dealt with in terms of not only population aspect 

but also spatial context because PWD infects pine trees that keep its permanent 

places (Fujihara 1996; Yoshimura et al. 1999; Togashi 2008; Jikumaru & Togashi 

2000; Lee et al. 2007; Choi & Park 2012). Provided the fact that many researchers 

have studied spatial-dynamic model (Büyüktahtakin et al. 2014; Hughes et al. 2013; 

Epanchin-Niell & Wilen 2012; Ding et al. 2007; Wilen 2007a; Epanchin-Niell & 

Hastings 2010; Hof & Bevers 2000), a research question on the situation can be 

raised: “How, when, and where dose a manager control PWD under given 

economic constraints?” 

Economic constraints are narrowed down into three categories: budget type, 

the amount of budget, and the value of a forest. Budget type means flexibility of 

budget that can be assigned to the infected forest in the control period. Budget for 

controlling PWD can be distributed within the control period, which could be one 

year or more. Under the circumstance that the same amount of budged is assigned 

to the infected forest, annually divided budget could make restricted reaction on 

infection impossible, increasing damages from spread of infection. The amount of 

budget determines how much control for PWD can be carried out into the given 

control period. Rather than putting off the spread of the infection, deficient budget 

could lead to more immediate and small removal of the infected trees since the 

amount of controls depends on the amount of budget. The value of a forest 
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indicates benefit attainable from the forest. Low value of the forest could induce 

instant remove because unintended damages caused by removal diminish. 

In this research, the objective is to identify optimal control strategies under 

economic constraints. Then, based on knowledge from the results, directions of the 

management of PWD are suggested to lessen the damage and the costs emerged 

from PWD. 

In the second chapter, background information of PWD is presented: PWD in 

Korea, the mechanism of spread of PWD, and the control methods for PWD 

implemented in Korea. In the third chapter, a spatial-dynamic model for controlling 

PWD that pursue simplicity of the model will be explained. Then, in the fourth 

chapter, the results of the model from scenarios are analyzed and synthesized. In 

the fifth chapter, recommendations on effective management of PWD are presented. 
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2. BACKGROUND 

In this chapter, background information of PWD in Korea is presented to facilitate 

understanding how effective management of pine wilt disease can be set up. The 

first section explains the current situation of pine wilt disease in Korea. The second 

section reviews literatures that looked into spread mechanisms of the disease. The 

last section illustrates several procedures with regards to disease control and 

prevention of pine wilt disease. 

2.1. Pine Wilt Disease in Korea 

Pine wilt disease (PWD) occurred for the first time in 1998. Outbreak region of the 

disease was Mt. Guemjeong in Busan located to South-Eastern Korea (Shin 2008). 

It is suspected that beetles that carry pinewood nematodes was introduced by 

imported baggage from Japan where PWD had been rampant since 1905. From the 

first introduction of PWD, infected area had covered few cities in Gyeongnam 

province, which is located in south-east part of Korea, by 2000 (Figure 1a and 1b). 

Moreover, further infection was reported in other adjacent provinces of Jeonam and 

Gangwon in 2001 and 2005, respectively (Figure 1c). In 2006, PWD moved north 

and infected Gyeonggi province, and next year, Seoul, capital city of Korea, finally 

fell under the influence of PWD (Figure 1d and 1e).  
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Figure 1 Dispersion of Pine Wilt Disease in Korea 
(Source: Korea Forest Service)  
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As can be seen in Figure 2, PWD has drastically expanded the area since 1988 

when infected area was only 72 ha. While infected area had been below 1 000 ha 

until 1999, it rapidly increased to 1 677 ha in 2000 and reached the most extensive 

area of 7 811 ha in 2005. To handle sudden increase of PWD, the Korean 

government enacted the Special Act on Pine Wilt Disease Control, which mandates 

the state to regulate movement of infected timber and to allocate additional budget 

for PWD control. Thanks to the law, infected area had decreased gradually from 7 

871 ha in 2005 to 3 547 ha in 2010. Yet infected area turned over and increased in 

recent year. In 2011 and 2012, occurrence covered 5 123 ha and 5 286 ha, 

respectively. Estimated area in 2013 seems to reach more than 11 000 ha, which is 

the most serious state ever (Figure 2). 

 

 
Figure 2 Annual Damaged and Controlled Area of Pine Wilt Disease in South Korea 

(Source: Korea Forest Service)  
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2.2. Mechanism of Spread  

Pinewood nematodes (PWNs), Bursaphelenchus xylophilus, are the substantial 

pathogens that cause Pine Wilt Disease (PWD). Because the nematodes cannot 

move from a pine tree to other pine trees by themselves, it invades pine tree and 

proliferates after being introduced by vectors, Japanese pine sawyer beetle, 

Monochamus alternatus, and another pine sawyer, M. saltuarius (Kwon et al. 

2006).  

The beetles usually has a 1-year life cycle, but it sometimes takes two years to 

hatch in the case that adult beetles lay eggs in the late of the previous season. Its 

life cycle has the same entomic sequences as ones of other insects do: egg, larvae, 

pupa, and adult. The adult beetles appear from dead pine trees in June and July. It 

eats the bark of twigs on healthy trees and takes 5-30 days for it to sexually mature 

after the emergence. Mature beetles gather to dead pine trees for copulation and 

oviposition. Female beetles make wounds on pine trees and lay eggs under the bark. 

Larvae hatch one week after oviposition and feed on the inner bark. Then, larvae 

make pupal chambers where it over-winters (Togashi 2008). 

The third stage dispersal juveniles of PWN, which developed from the second 

stage juvenile, gather around the pupal chambers occupied by larvae or pupae and 

molt to the fourth stage dispersal juveniles, specified for transportation. Then it 

moves into tracheal system of beetles. After larvae become adults, the juveniles 

leave the beetles and invade healthy tree through feeding wounds. When PWNs 

reproduce and surpass threshold, PWNs prevent pine trees from exuding oleoresin 

within several weeks. Then the leaves become brown or red brown (Togashi 2008). 
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The dispersal of beetles ranges around peripheral region, but sometimes 

records long distances from the release point. Within a pine stand, newly-emerged 

beetles was released on one or two trunks, and then the distance and direction was 

examined (Togashi 1990). The mean distance was 7.1-37.8 m in a week, and the 

mean velocity was 10-20 m/week when estimated in the first three weeks. Over the 

pine stands, one of 756 beetles was recaptured at the place by 2.4 km away from 

the released point while 75.5 per cent of the beetles were distributed within 100 m 

(Togashi 2008). 

The annual change of the infected trees within a stand is modeled from a 

mathematical perspective. The simplest model considers the infectious relationship 

between healthy trees and infected trees (Togashi 1992). The total number of 

healthy trees before the infection is denoted as N. After infection, newly infected 

trees occurs by the beetles that come from dead trees infected in the previous year. 

Let xt and yt-1 be healthy trees in year t and infected trees at year t-1. The 

transmission rate, β, means the infection rate between xt and yt-1. The simple 

infection model is: 

 N = x + ∑   
   
    (1) 

  y =         (2)  

By introducing (1) into, we can get: 

  
  

    
=    =  ( − ∑   

   
   ) (3)  

This model show that the initial infected number and the transmission rate play an 

important roles in expanding the infection.  

There is the positive correlation between the mean density of adult beetle and 
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the incidence of pine wilt disease (Togashi 1988). A deterministic model for the 

population dynamics of the host-vector association between pine trees and beetles 

carrying PWN was devised (Yoshimura et al. 1999). Let Ht and It be healthy trees 

and infected trees at year t, respectively. Assuming the constant transmission rate, α, 

healthy trees decrease proportionally on the escaped beetles from the infected trees, 

exp(-αPt), where Pt is the population of the beetles that emerged from the infected 

trees at time t. Equations are:  

  H   = exp(−   )   (4) 

    = [1 − exp(−   )]   (5) 

The population of the beetles, Pt+1, comes from the infected trees, It, with the mean 

number of the beetles from the infected trees, F(Pt,It) and eradication rate, θ: 

  	P   = (1 −  ) (  ,   )   (6) 

The results from the model imply that there is a minimum pine density below 

which infection fails to establish; although the pine density exceeds the threshold, 

the infection fails to establish when the density of beetles is low. 

A spatial dynamics model was built to consider spatial dispersal of PWD in 

one dimensional perspective based on a population model (Takasu et al. 2000). Let 

Ht(x) and Pt(x) be healthy tree density and beetle density at location x in year t. 

Dispersal kernel, w(x,y), describes beetle mobility, which can be interpreted as the 

chances that beetles move from y to x at the beginning of time t. the beetle density 

at location x in time t is: 

  P 
 ( ) = ∫ ( ,  )  ( )   (7) 

where Pt′(x) denotes the beetle density that comes to location x at end of time t 

when movement of beetles is over. The density of healthy trees and infected trees 
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are interacting in the population model: 

  H   = exp(−   
 )   (8) 

    = [1 − exp(−   
 )]   (9) 

  P   = (1 −  ) (  
 ,   )   (10) 

From this model, it is suggested that the rate of the disease spread depends on the 

dispersal kernel and that the precise estimation on the tail of the dispersal is needed 

for long-distance dispersal. 

Revised from one dimension model, the spatial model that fully incorporated 

individual mechanisms was constructed (Takasu 2009). This model modified the 

disperse kernel in (7) and introduced normal distribution of the beetles in terms of 

distance from infected trees. When considering the function of distance, d=|x - y|, 

the disperse kernel is: 

  w(d) =
 

√  
exp	[−

  

   ] (11), 

where σ means standard deviation of the disperse. This model showed significant 

relationship between the Allee effect and the mobility property of the beetles. 

However, this model does not incorporate control effort for PWD. 
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2.3. Control Procedures for Pine Wilt Diseases 

Procedures controlling the PWD spread include pre-epidemic procedures and post-

epidemic procedures in Korea. Before infection, methods for prevention are usually 

implemented onto healthy but susceptible pine trees. Aerial spraying and 

nematocide injection are major ways for prevention. After infection, however, 

removing infected pine trees is the most effective measure of PWD control because 

infected trees are the place where beetles with the nematodes emerge from. To 

remove infected trees, infected trees are treated physically and chemically. 

Removing methods include chipping, burning, fumigation, and silvicultural control. 

Aerial spraying that kills emerged beetles began in 1989 one year after the 

first PWD was reported. The ingredients of spraying was fenitrothion, a broad-

spectrum organophoshate. But due to the damages of fenitrothion on apiculture, the 

material of spraying was changed to thiacloprid in 2006. Thiacloprid is systemic 

enough to kill only the beetles that live onto the backside of leaves. Aarial spraying 

is applied to infected area and the adjacent area 3-5 times from May to August 

when beetles emerge from infected or dead trees. 

Nematicide-injection prevents larvae from feeding on pine trees. The 

procedure period is from December to February when the beetles are non-active. 

After selection of healthy trees, several holes are made on the trunk of the trees. 

Into the holes, the solution of 1.8% abamectin EC and 2.15% emamectin benzoate 

EC is applied. Because the efficacy of the chemicals lasts only for two years, re-

injection has to be conducted biennially.  
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Procedures of chipping, burning and fumigation are conventional ways that 

removes infected trees physically and chemically. Chipping and burning are the 

simplest methods for treating infected pines. When infected by PWD, the pine trees 

are selected, moved out of area and crushed into chips. Or the trees are cut down 

and burnt to remove larvae of beetles. Fumigation uses fumigant, metam-sodium, 

onto cut trees to kill larvae. After applying fumigant, the pile of the cut trees are 

sealed by vinyl cover.  

Silvicultural control eliminates the PWD epidemics with preventative control 

on PWN-infected pines, which show no symptom, by using silvicultural method 

that includes clear-cutting within 10-50 m radius form an infected tree and the 

physical elimination of logs and branches (Kwon et al. 2011). Healthy trees 

surrounding infected trees are cut in the procedures. The fell logs and branches are 

removed from the site. The remaining rooted trunks of PWD trees are fumigated 

and covered. Compared with conventional methods, this method drastically 

reduced the number of occurrence of PWD in the following year.  
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3. METHOD 

This chapter describes the model itself and how the model is applied to a set of 

scenarios to analysis the patterns of PWD under different situations based on 

fundamental knowledge of pine wild disease presented in the previous chapter. 

This study develops a spatial-dynamic model to effectively manage an outbreak of 

PWD. The model is composed of hexagonal patches that carry binary information 

on dispersal, removal, and prevention of PWD in discrete time dimension. The 

infection is assumed to disperse deterministically from a patch to other patches 

rather than stochastically to pursue the simplicity of the model. The model 

determines where, when, and how much removal or prevention measures are to be 

applied to each patch of pine stand to minimize the net present value of damage 

and costs of removal and prevention subject to the economic constraints comprised 

of the amount of budget, the type of budget, and the value of a forest. In this 

research, the model parameters are estimated, based on the information from 

literatures or field data. Seven scenarios are developed and used for simulation 

analysis: no-control scenario, optimal control scenario, optimal control scenario 

with eradication plan, optimal control scenario with eradication plan using only a 

removal control procedure, optimal control scenario with eradication plan under 

the limited amount of budget, optimal control scenario with eradication plan under 

the different type of budget, optimal control scenario with eradication plan under 

the different value of a forest. 
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3.1.Dynamics of Pine Wilt Disease Spread and Controls 

The spread and the controls of PWD interact each other in a way that a removal 

procedure eliminates the infected sources capable to cause further infected trees or 

that a prevention procedure makes susceptible trees immune to the disease. In the 

model, all the incidents related to the spread and the controls of PWD are presented 

in terms of the discrete space and time.1 For the discretized space, it is assumed 

that the experimental plane of the model consists of patches. Rather than 

rectangular patches (Kovacs et al. 2014; Epanchin-Niell & Wilen 2012), the model 

takes hexagonal patches into consideration. Because a hexagonal patch has the 

same distance with the adjoining patches, the dispersal of the infection can be 

projected more accurately onto hexagonal patches than onto rectangular patches. 

Moreover, because a hexagonal patch has round shape, it can effectively 

incorporate the control procedure applied within the round work-place. Hexagonal 

patches are indexed according to the axial coordinates system. In figure 4a, gray 

patches are the axes of the axial coordination system. The time is also discretized. 

The spread of the disease happens only in summer, and the control is applied only 

in winter when the spread does not occur. Every year alternates between the control 

                                                        
1 In practice, the disease spread out from an infected tree to other susceptible trees, which 

seems to expand the infection in the continuous space and time. While a continuous model 

is the most accurate one, it requires tremendous resources for a simulation. A discrete 

model, however, guarantees not only the prompt outcome of the simulation but also the 

simple interpretations of the results. 
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and the spread separately. And a set of the control and the spread can be defined as 

the unit of the discretized time. Each patch has binary information of whether the 

patch is infected or not and whether the patch is controlled or not at time t.  

The state of the infection in a patch is an endogenous variable that is 

determined by the conditions of patches. One of the conditions is the states of the 

infection of the patch itself and the neighboring patches. The controls are the other 

conditions, which include removal of trees and prevention from the infection in the 

patch. For simplicity, the model assumes that an infected patch affects the 

susceptible patches that exist within the fixed dispersal radius.2 For example, say, a 

patch (i, j) is infected and the other patches are susceptible and uncontrolled at time 

t. When the radius of the patch is r, the dispersal-radius is assumed to be four times 

as much as the radius of the patch. In time t+1, which is the next turn of time t, the 

adjacent 18 healthy patches become infected as denoted in figure 4b as gray 

patches surrounding the patch (i, j). 

The controls is exogenous or decision variables with which the model 

manages the disease to eradicate the infection or halt further infection. It is 

assumed that the model implements two control procedures on a patch: silvicultural 

control and nematocide injection. Silvicultural control (SC) is the post-epidemic 

                                                        
2 While, in practice, the disease stochastically spreads out from an infected tree to the 

nearby healthy trees, the model assumes that the spread of the infection affects susceptible 

patches in a deterministic way. It is because a stochastic model requires huge resources to 

attain optimal solution than a deterministic model does. The uncertainty of the model is 

dealt with in discussion chapter. 
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procedure that integrates the clear-cutting of infected trees and the circumferential 

trees and the physical elimination of logs and branches. SC appears to be more 

effective control procedure than the other procedures because it removes the 

suspicious trees that is infected but does not show its symptoms (Kwon et al. 2011). 

To carry out SC, the work-radius within which all the trees are cut down have to be 

set. For example, if the model sets the work-radius as 2r and the center of SC as a 

patch (m, n), the area of clear-cutting contains the six surrounding patches and the 

patch (m, n) itself as seen in figure 4c as gray patches and the center of work. 

Nematocide injection (NI) is the pre-epidemic procedure that applies preventable 

material into the trunk of susceptible trees and keeps the injected trees from being 

infected in the duration of medicinal effects. It is assumed that NI is implemented 

on each individual patch. 

 

Figure 3 Hexagonal Patches of the Model  
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3.2.Problem Setting 

Research problem is to minimize the net present value of damage from disease and 

costs of controls across time and space. Decision variables are the applying 

location of two control procedures: the center of clear-cutting in silvicutulral 

control and nematocide injection. Objective functions that governs the model is: 

  	min ( ), ( ) ∑   ∑      , , +   , ,    +     , , −   , ,    +  Z , ,  ( , )∈  ∈ (12) 

Subject to: 

  X , , ≥   , ,   −   , ,   			∀( ,  ) ∈  ,  ∈  ,  ≥ 1 (13) 

  X , , ≥   , , , ,   −   , ,   −   ,  −   , ,   			∀(i, j, k, l) ∈ G, t ∈ T, t ≥ 1 (14) 

  Y , , ≤ ∑   , , , , ( , , , )∈ 			t ∈ T, t ≥ 1 (15) 

  Y , , ≥   , , , , 			∀( ,  , ,  ) ∈  ,  ∈  ,  ≥ 1 (16) 

  S , , ≥   , ,   						∀( ,  ) ∈  ,  ∈  ,  ≥ 1 (17) 

  Z , , ≤ 1 −   , ,   						∀( ,  ) ∈  ,  ∈  ,  ≥ 1 (18) 

  Z , , ≤ 1 −   , ,   						∀( ,  ) ∈  ,  ∈  ,  ≥ 1 (19) 

  Z , , ≤ 1 −   , ,   						∀( ,  ) ∈  ,  ∈  ,  ≥ 1 (20) 

  X , , =   , , 		Y , , = 0,			  , , = 0,   , , = 0						∀( ,  ) ∈   (21) 

and 

  X , , ∈ {0,1}, Y , , ∈ {0,1}					∀( ,  ) ∈  ,  ∈   (22) 

where ( ,  ) ∈   indexes patches of row i and column j in terms of axial 

coordinates, and F is the set of patches in the model; ( , j, k, l) ∈ G indexes pairs of 

neighboring patches, where ( ,  ) ∈   is a reference patch and ( ,  ) ∈   is one 

of the patches neighboring the reference patch, G is the set of all the neighboring 

patch pairs; ( ,  , ,  ) ∈   indexes pairs of clear-cutting patches, where 

( ,  ) ∈   is a reference patch, ( ,  ) ∈   one of the patches neighboring the 
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reference patch, H is the set of all the neighboring clear-cutting patch pairs;  ∈   

indexes the time, where T = {1,2,…,Tmax}; X , , ∈ {0,1} is state of pine trees in 

patch (i, j), where X , , = 1 if a patch (i, j) is infected, X , , = 0 if a patch (i, j) is 

susceptible or applied by a removal control procedure; Y , , ∈ {0,1} indexes the 

state of clear-cutting in a patch (i,j), where Y , , = 1 if all the trees in a patch (i, j) 

are cut down, Y , , = 0 if a patch (i, j) is not; S , , ∈ {0,1} is a binary choice 

variable of the center of silvicultural control, where S , , = 1 if a patch (i, j) is 

chosen as the center of clear-cutting, S , , = 0 if a patch (i,j) is not; Z , , ∈ {0,1} 

is a binary choice value of nematicide injection on a patch (i, j), where Z , , = 1 if 

a patch (i, j) is treated, Z , , = 0 if a patch (i, j) is not; X , , , Y , , ,   , , , 

	Z , , ∈ {0,1} are the initial conditions of the disease;    is the discount factor at 

time t, where   = (1 +  )   and r is the interest rate; a is the damage caused by 

infection or clear-cutting per patch; b is costs of silvicultural control per patch; c is 

the cost of nematocide injection per patch. 

Eq. (13) explains that an infected patch in the previous time remains infected 

unless clear-cutting is applied. Eq. (14) shows that a patch becomes infected if at 

least one infected patch in the previous time exists within the dispersal range at the 

beginning of the time t. A patch remains uninfected if the patch is cut in the 

previous time or if injected at the begging of time t. Eq. (15) and Eq. (16) specify 

the state of clear-cutting within silvicultural control area. Any patches located 

within the work-radius from the center of silvicultural control are cut down. Eq. 

(17) states that if silvicultural control is applied on a patch, the patch is remained 

empty without the re-establishment of vegetation. Eq. (18), Eq. (19), and Eq. (20) 
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express conditions under which nematocide injection is applied. When a patch is 

cut down or infected or already injected in the previous time, nematocide injection 

is not applicable on the patch. Eq. (21) establishes the initial conditions of the 

infection by specifying which cell is infected at the first detection of the disease. 
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3.3.Specification of the Model 

Specifying all the characteristics of the model with the values based on real data 

ensures the validity of the model. In the model, three categories that have to be 

specified are the experimental plane, the dynamics of the spread and the controls, 

and the economic parameters of the model. The experimental plane is where the 

model is simulated so as to obtain the optimal solution. The values related to the 

dynamics are the dispersal-radius and the work-radius of silvicultural control. The 

economic parameters are damage of the infection and costs of the controls per 

patch. 

Settings needed to be determined for the experimental plane include the radius 

of a patch, the total area of the experimental plane, the shape of the plane, and the 

uniformity of the model. The most realistic solution would be attainable when the 

radius of a patch coincides with one of the crown of a pine tree. A model with small 

patches requires more computations for the optimal solution, but a model with 

large patches shows poor reflection of reality. To meet the tractability and the 

reflection of the model, it is assumed that each hexagonal patch has 5 meter of the 

radius by repeating computation. According the guideline from Korea Forest 

Service, when the area of the infection exceeds 5 ha, management plan for the 

control of the disease has to be organized. It is assumed that the plane has 30 by 30 

patches by axial coordination system. The estimated area is about 7 ha. While the 

shape and the uniformity of the plane affect the pattern of the optimal control 

(Kovacs et al. 2014; Epanchin-Niell & Wilen 2012), it is assumed that the plane is 

rectangular and homogeneous because the influences of the shape and the 
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uniformity are out of scope of this research. 

The values that decide the dynamics of the model are the dispersal-radius and 

the work-radius. The dispersal-radius presents how long the infection can spread 

out. It is reported that the expansion speed of the disease converges to 45 meters 

per year (Takasu et al. 2000). To avoid the uncertainty of the spread, it is assumed 

that the infection spreads to the susceptible patches that are located within the 

dispersal-radius of 50 meters. The work-radius means how large silvicultural 

control is applied. The work-radius ranges from 10 to 50 meters (Kwon et al. 2011). 

It is assumed that the work-radius is 20 meters.  

The economic parameters are the damage caused by the infection and the cost 

of silivicutural control, the cost of nematocide injection, and discount rate. In eq. 

(12), the economic parameters are the damage caused by the infection, a, the cost 

of silivicutural control, b, and the cost of nematocide injection, c, per patch. 

The damage can be evaluated from the value that an infected patch loses from 

the infection. The dead trees emerged by the infection lose its ability to provide 

ecosystem services such as the storage and conservation of water, water 

purification, the reduction of soil erosion, the prevention of landslide, air quality 

improvement, the recreational function of the forest, and wildlife protection. Korea 

Forest Research Institute estimated value of the forest in Korea, and its value was 

about 71 billion USD (Kim et al. 2012). The economic value of a forest differs as 

age structures, species of tree, and type of forest. However, it is assumed that the 

forests in Korea have the same ability of providing ecosystem services. By simple 
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computation, the value of 84 USD per patch is obtained.3 

The costs of clear-cutting and nematocide injection are specified as a guideline 

in “a standard cost table for pine wilt disease control” where Korea Forest Service 

informs the cost of the controls according to the working conditions. The table 

takes into account as many working conditions as possible, which include control 

procedure, DBH of tree, haulage, stiffness of work place, obstacles, accessibility, 

distribution of trees, and materials. Based on the table, the cost of silvicultural 

control is assumed to be 56 USD per patch; for nematocide injection 20 USD per 

patch. Lastly, the interest rate is fixed at 0.05.4 

 

 

                                                        
3 The value of a forest depends on the expected goods or services of the forest. To a 

manager who only considers timber from a forest, the value of the forest would reflect the 

expected benefit of selling timber. On the contrary, when considering invisible values such 

as the conservation of biodiversity, the preservation of water, and beauty of the forest, the 

value of the forest would go beyond the earlier value. There seems to be no consensus on 

the value of a forest so as to achieve the effective management of pine wilt disease. Thus, 

various values are applied to examine the effect of the perceived value of a forest, and the 

results are analyzed in the discussion chapter. 

4 Amongst the economic parameters, it is assumed that the costs of the controls and the 

interest rate are constant through the research. However, the effects of its changes are 

discussed based on the analysis of the results from the other economic parameters. 
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Table 1 Specified Characteristics of the Model 

  

Description Specified Value 

Radius of a patch 5 m 

Area of the experimental plane 7.07 ha 

Spread radius 50 m 

Control radius: silvicultural control 20 m 

Control radius: nematicide-injection 5 m 

Damage from infection per a patch  84 USD 

Cost of silvicultural control per a patch  56 USD 

Cost of nematicide-injection per a patch  20 USD 

Interest rate 0.05 
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3.4. Scenarios 

To examine the patterns of optimal control, seven scenarios are set as the economic 

constraints: no-control scenario, optimal control scenario, optimal control scenario 

with eradication plan, optimal control scenario with eradication plan using only a 

removal control procedure, optimal control scenario with eradication plan under 

the limited amount of budget, optimal control scenario with eradication plan under 

the different type of budget, optimal control scenario with eradication plan under 

the different value of a forest. Especially the model takes eradication plan into 

consideration because eliminating all the infected pine trees is the main goal of the 

control of pine wilt disease in South Korea. All the scenarios are given the same 

initial condition (figure 5), of which experimental plane has 10 per cent of the 

infected and the location of the infections at left side of the plane. These 

assumptions are based on the guideline that the control plan of the disease starts 

with 10 per cent of the infected area detected according to the related law and that 

the infection usually occurs at the edge of a pine tree stand where the chances to be 

infected is high. The duration of the control is assumed to be 5 years. 

 

Figure 4 Initial Condition for Infection of the Model 
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No control scenario is the case where neither silvicultural control, SC, nor 

nematocide injection, NI, is applied to the experimental plane. It is necessary for 

the evaluation of the effectiveness of the optimal control solutions.  

Optimal control scenario is the case where the control procedures of SC and 

NI is applied to the experimental plane as much as it minimizes the net present 

value of damage and costs. Eradication plan is not considered in this case. To 

estimate the optimal control, it uses equations from (12) to (21) and the dynamics 

of the dispersal and the controls. 

Optimal control scenario with eradication plan is the case where control 

procedures of SI and NI is applied to the experimental plane as much as it 

minimizes the net present value of damage and costs to achieve the goal of 

eliminating all the infected trees. This scenario requires one more binding terminal 

condition that the infection state of the last time, Xi,j,Tmax, equals zero, as follows: 

 ∑   , , ( , )∈ = 0			 =      (22) 

Optimal control scenario with eradication plan using only a removal control 

procedure is the case identical to optimal control for eradication plan scenario 

except the control procedure that implements only silvicultural control.  

Optimal control scenario with eradication plan under the different type of 

budget and the various amount of budget is the case where control procedures of SI 

and NI is applied to the experimental plane as much as it minimizes the net present 

value of damage and costs to achieve the goal of eliminating all the infected trees 

with the different type and the amount of budget. The type of budget means how 

budget is deployed from government to the management site in the duration of the 
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control. The first type decides only the net costs of the controls regardless of when 

and how much budget is used. The second type, however, put restriction on how 

much budget is available at each time. The first type and the second type are name 

as multiyear budgeting and annual budgeting, respectively. By the pre-testing of 

the model, the baseline of budget is estimated to set up the different amount of 

budget. Looking into the net costs in the duration of the control, two levels of the   

amount of multiyear budgeting are selected, which are 25 000 USD and 20 000 

USD. And from the annual costs of the baseline, two levels of the amount of annual 

budgeting is chosen to be 12 000 USD and 10 000per year. To add the condition of 

multiyear budgeting, equation is: 

∑   ∑      , , −   , ,    +    , ,  ( , )∈  ∈ ≤          	          (24) 

To add the condition of annual budgeting, equation is: 

  ∑      , , −   , ,    +    , ,  ( , )∈ ≤       	         			t ∈ T, t ≥ 1 (23) 

Optimal control scenario with eradication plan under the different value of a 

forest is the case where the control procedures of SI and NI are applied to the 

experimental plane as much as it minimizes the present value of damage and costs 

to achieve the goal of eliminating all the infected trees under the different values of 

forests. Three values are selected for estimation. For over-estimated value, the 

value of 120 USD per patch is set; for under-estimated value, 40 USD; for poor 

estimation, 5 USD. 

Due to complexity of the model, this research are not able to attain the 

solution in the closed form. To obtain sound solution and its path, the model 

evaluates the solution numerically. As a tool for computation, this research uses 
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General Algebraic Modeling System (GAMS) capable of solving complex 

modeling problems. The model employs CPLEX 12 from IBM specialized to 

mixed integer problems. 
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4. RESULTS 

Results are attained through the model specified in the preceding chapter. The 

results are categorized into three groups so as to analysis and compare the results in 

detail. Each result consists of two categories of information: numerical and visual 

information. Numerical information shows the amount of damage and costs in 

terms of the present value of money at each time (Table 2-4). Damage means the 

amount of the loss cause by the infection on the experimental plane. Costs include 

the expenditure for silvicultural control and nematocide injection. Visual 

information tells the state of a patch on whether the patch is infected or not and 

which procedure is applied to the patch at each time. Because it is hard to visualize 

information into one picture, the information is expressed into 12 pictures 

consisting one figure as can be seen in Figure 6-15. Looking into Figure 6, there 

are 12 pictures that informs the state of patches at each time. Rows means the 

sequence of the control from the beginning, t = 0, to the termination, t = 5. The first 

column contains the information of the state of the infection and the application of 

nematocide infection. The second column shows the information on where a patch 

is the center of silvicultural control and whether a patch is cut down or not.  

First, the results attained from four scenarios: no-control scenario, optimal 

control scenario, optimal control scenario with eradication plan, optimal control 

scenario with eradication plan using only a removal control procedure are 

presented. 

The abandonment of any controls for the infection causes the most serious 

damage from pine wilt disease. From the initial infection at the left side of the 
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plane, the front head of the infection goes to right, finally covering most area of the 

plane at t = 4 (Figure 6). Damage that comes from the infection increases to 61 160 

USD until t = 4, but seems to slightly decrease to 59 235due to the discount factor. 

The total damage from the infection is 252 849 USD (Table 2). 

The model determines which control measure will be applied, and show how 

much damage is resulted. In Figure 7, in the purpose that only considers 

minimization of the net present value of the damage and costs, the model applies 

nematocide injection to deal with the disease, which indicates that hindering the 

spread of the disease is the optimal strategy. Nematocide is injected on the patches 

within the dispersal-radius of the disease (Figure 7). For every two years, injection 

is applied at the same patch, and the cost of injection remains the same, 6 514 USD, 

though it appears to decrease to 5 909 USD at t = 3 and 5 359 USD at t= 5 by the 

discount factor. Damage from the infection has the same value, 7 200 USD during 

the control period, but it seems to be decreasing to 5 924 USD because of the 

discount factor. The net present value of the damage and the costs is 50 514 USD 

(Table 2). 

On the other hand, under eradication plan, the model uses a removal control 

procedure to the infected trees (Figure 8). By t = 4, nematocide injection is applied 

to suppress further infection as in the same way of the above case. At t = 4, the 

model begins to use silvicultural control to eradicate the disease. The cost of 

silvicutural control is 14 052 USD. Damage of this scenario has the same value to 

one of the above case by t=4, but it dramatically increases to 20 074 USD. This 

sudden increase is yielded by unintended clear-cutting of healthy patches laying 
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which the work-radius of silvicultural control. The net present value of damage and 

costs is 75 347 USD, which is larger than one of the above case (Table 2). 

Optimal control that uses only silvicultural control with eradication plan 

shows different strategy to control the disease. Rather than deterring further 

infection, the optimal control is to contain the infection within isolated area 

because of a lack of way suppressing nematocide infection (Figure 9). At t = 1 

when the disease starts to spread out, the model cuts the patches located around the 

edge of new infection, and then contains the infection until t = 4 when the model 

cut down all the infected patches. While damage caused by containment is the 

same with one of no control scenario until t = 2, it keeps stable value after t = 2. 

Due to the discount factor, damage seems to be decreasing after t = 2. The cost of 

silvicultural control is 8 000 USD at t = 1 for containment and 20 041 USD at t = 4 

for eradication.   
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Table 2 Damage and Costs of the PWD Controls under the Different Control 

Scenarios: No-control, Optimal Control, Optimal Control Scenario with Eradication 

Plan, Optimal Control with Eradication Plan Using Only a Removal Control 

Procedure 

Scenario Time t = 1 t = 2 t = 3 t = 4 t = 5 Total 

no-control 

Damage 34,560 44,571 53,333 61,160 59,235 252,859 

252,859 Cost of SC - - - - - - 

Cost of NI - - - - - - 

optimal control 

Damage 7,200 6,857 6,531 6,220 5,924 32,732 

50,514 Cost of SC - - - - - - 

Cost of NI 6,514 - 5,909 - 5,359 17,782 

optimal control 
for eradication 
plan 

Damage 7,200 6,857 6,531 6,220 20,074 46,882 

75,347 Cost of SC - - - 14,052 - 14,052 

Cost of NI 6,514 - 5,909 - 1,990 14,413 

optimal control 
for eradication 
plan 
(only silvicultural 
control) 

Damage 34,560 44,571 42,449 40,428 38,502 200,510 

228,551 Cost of SC 8,000 - - 20,041 - 28,041 

Cost of NI - - - - - - 
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Figure 5 Visual Information on the Infection and the Controls of PWD:  
No Control Scenario 
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Figure 6 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario 
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Figure 7 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan 
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Figure 8 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan Using Only a Removal Control 

Procedure 
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Next, the model results in outcomes from two scenarios: optimal control 

scenario with eradication plan under the limited amount of budget and optimal 

control scenario with eradication plan under the different type of budget.  

As to the type of multiyear budgeting, two levels of budget limitation, 25 000 

USD and 20 000 USD, are considered. In the case of the limit of 25 000 USD, the 

infected patches except only six patches are removed by silvicultural control at the 

first year of the control period. The six patches left from removal are located at the 

middle of the initial infection. At the same time, nematocide injection is applied to 

the same extension as in the scenario of optimal control with eradication plan. This 

six patches are remained until the fourth year when the patches are extricated. 

Damage emerged from the infection and the controls is 7 200 USD in the first year, 

but it suddenly increase 17 752 USD after the second year. This sudden increase is 

attributed to the loss of healthy patches in the early control period. At t = 1, the cost 

of silvicultural control is 12 053 USD; at t = 4, the cost of silvilcultural control is 

737 USD. The cost of nematocide injection is 6 514 USD, which is the same value 

in optimal control scenario with eradication plan. The net present value is 94 530 

USD in this case, which is larger than in optimal control scenario with eradication 

by 20 000 USD. 

When the limit of multiyear budgeting is 20 000 USD, the optimal solution 

removes a huge part of the infection in the first year, leaving only two patches. The 

remained patches are in the center of the infected area. In the fourth year, two 

infected patches are eliminated. The model applied nematocide injection at the 

places as same as in optimal control scenario with eradication plan. Because of 

removal in the first year, nematocide are injected in small amount from the second 
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to the last year. Damage emerged from the infection and the controls is 7 200 USD 

in the first year, but it is escalated to 18 286 USD after the second year due to the 

loss of healthy patches in the early control period. At t = 1, the cost of silvicultural 

control is 12 693 USD; at t = 4, the cost of silvilcultural control is 322 USD. The 

cost of nematocide injection is 6 514 USD, which is the same value in optimal 

control scenario with eradication plan. The net present value is 96 960 USD in this 

case, which is larger than 25 000 USD limit case by 2 500 USD. 

In the type of annual budgeting, two levels of budget limitation, 12 000 USD 

and 10 000 USD, are in consideration. When the limit is 12 000 USD, the removal 

of infected patches is always applied in the control period. From the first to the 

third year, the removal is used in the small area while increasing its amount. In the 

fourth year, the leftover of the infected patches are then removed. The model uses 

nematocide injection to the same area as in the scenario of optimal control with 

eradication. Damage grows from 7 200 USD in the first year to 21 390 USD in the 

last year. The cost of silvicultural control is below 2 000 USD before the third year, 

but increases to 11 287 USD. The cost of nematocide injection is 6 514 USD, 

which is the same value in optimal control scenario with eradication. Then it 

decrease 5 546 USD in the third year and 1 677 USD in the last year. The net 

present value is 83 451 USD in this case, which is larger than in optimal control 

scenario with eradication plan by about 8 000 USD. 

When the limit is 10 000 USD, the model uses removal in the first, third and 

fourth year. In the first year, the extent of removal is small, but in the third year, the 

margin of the infected area is remove. Lastly, in the fourth year, the leftover of the 

infected patches are then eliminated. Nematocide is injected to the same patched as 
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in the scenario of optimal control scenario with eradication plan. Damage grows 

from 7 200 USD in the first year to 21 390 USD in the last year. The cost of 

silvicultural control is below 2 000 USD before the third year, but increases to 11 

287 USD. The cost of nematocide injection is 6 514 USD, then keeps decreasing to 

533 USD in the last year. The net present value is 81 709 USD in this case, which 

is larger than in optimal control scenario with eradication plan by about 6 000 USD. 
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Table 3 Damage and Costs of the PWD Controls under the Different Control 

Scenarios: Optimal Control Scenario with Eradication Plan under the Limited 

Amount of Budget and Optimal Control Scenario with Eradication Plan under the 

Different Type of Budget  

Scenario Time t = 1 t = 2 t = 3 t = 4 t = 5 Total 

optimal 
control for 
eradication 
plan 

Damage 7,200 6,857 6,531 6,220 20,074 46,882 

75,347 Cost of SC - - - 14,052 - 14,052 

Cost of NI 6,514 - 5,909 - 1,990 14,413 

multiyear 
budgeting: 
25,000 USD 

Damage 7,200 17,752 16,980 16,309 16,125 74,366 

94,530 Cost of SC 12,053 51 97 737 - 12,938 

Cost of NI 6,514 - 242 - 470 7,226 

multiyear 
budgeting: 
20,000 USD 

Damage 7,200 18,286 17,488 16,793 16,322 76,089 

96,960 Cost of SC 12,693 51 97 322 - 13,163 

Cost of NI 6,514 - 1,037 - 157 7,708 

annual 
budgeting:  
12,000 USD 

Damage 7,200 7,467 8,054 10,090 21,390 54,201 

83,451 Cost of SC 853 1,219 1,935 11,287 219 15,513 

Cost of NI 6,514 - 5,546 - 1,677 13,737 

annual 
budgeting: 
10,000 USD 

Damage 7,200 7,924 7,546 14,236 17,639 54,545 

81,709 Cost of SC 1,013 - 7,014 4,791 - 12,818 

Cost of NI 6,514 2,830 2,972 1,497 533 14,346 
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Figure 9 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan  

(Multiyear Budgeting = 25 000 USD) 
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Figure 10 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan  

(Multiyear Budgeting = 20 000 USD) 
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Figure 11 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan  

(Annual Budgeting = 12 000 USD) 
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Figure 12 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan  

(Annual Budgeting = 10 000 USD)  
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Finally, look the last scenario of optimal control scenario with eradication plan 

under the different value of a forest. In this scenario, three different values are 

examined, but the case of the largest value, 120 USD per a patch, has the identical 

result as the optimal control scenario with eradication plan does. The only 

difference is the revealed amount of damage, which is attributed to the different 

perceived value of a forest. Damage is 1.43 times as much as optimal control under 

eradication scenario. 

In the case of under-estimated value, 40 USD, the small amount of removal is 

applied in third year, then the left patches are removed. Nematocide injection is 

used at the same places as in optimal control scenario with eradication plan. 

Damage has the same value from the first year to the third year while it seems to 

decrease due to the discount factor. Damage increase to 4 311 USD in the fourth 

year and 8 650 USD in the last year. The cost of silvicultural control is 2 757 USD 

in the third year and 10 090 USD in the fourth year. The cost of nematocide 

injection has the same value as in optimal control scenario with eradication plan, 

but decrease to 1 567 USD in the last year. 

In the case of negligible value, 5 USD, all the infected patches are removed in 

the first year. Nematocide injection is also used only in the first year. Damage 

increase from 1 100 USD in the first year to 1 125 USD in the next year. However 

damage from the second to the last year has the same value while it seems to 

decrease due to the discount factor. The cost of silvicultural control is 13 227 USD 

in the first year. The cost of nematocide injection is 3 829 USD in the first year. 
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Table 4 Damage and Costs of the PWD Controls under the Different Control 

Scenarios: Optimal Control Scenario with Eradication Plan under the Different Value 

of a Forest 

Scenario Time t = 1 t = 2 t = 3 t = 4 t = 5 Total 

optimal control for 
eradication plan 

Damage 7,200 6,857 6,531 6,220 20,074 46,882 

75,347 Cost of SC - - - 14,052 - 14,052 

Cost of NI 6,514 - 5,909 - 1,990 14,413 

over-estimated value 
(a = 120) 

Damage 10,286 9,796 9,329 8,885 28,677 66,973 

95,438 Cost of SC - - - 14,052 - 14,052 

Cost of NI 6,514 - 5,909 - 1,990 14,413 

under-estimated value 
(a = 40) 

Damage 3,429 3,265 3,110 4,311 8,650 22,765 

49,602 Cost of SC - - 2,757 10,090 - 12,847 

Cost of NI 6,514 - 5,909 - 1,567 13,990 

negligible value 
(a = 5) 

Damage 1,100 1,125 1,071 1,020 972 5,288 

22,344 Cost of SC 13,227 - - - - 13,227 

Cost of NI 3,829 - - - - 3,829 
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Figure 13 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan  

(value of forest = 40 USD per patch) 
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Figure 14 Visual Information on the Infection and the Controls of PWD:  
Optimal Control Scenario with Eradication Plan  

(value of forest = 5 USD per patch) 
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5. DISCUSSION 

In this section, the effective ways of controlling PWD are postulated for 

consideration of decision makers. In addition to management implications, 

economic variables not considered in the analysis are considered furthermore and 

the uncertainty of the spread of the disease is discussed. 

The decision on which patch of a pine stand in controlled should follow the 

economic theory that control is applied only when the marginal benefit of applying 

the control exceeds the opportunity cost of applying the control (Wilen 2007b; 

Kovacs et al. 2014). Based on this theory, the pattern of the results of analysis can 

be explained. For example, in the optimal control scenario, the solution is that 

nematocide injection is applied to the extent to which the infection can spread in 

the next time. This suggests that applying nematocide injection within the expected 

boundary of the infection guarantees more profit than holding the cost of the 

control and that applying nematocide injection to the outside of the infection 

boundary gains less revenue than keeping the cost of the control. In this way, 

following results can be understood. 

Setting a goal of management of the disease guides which method should be 

applied. In the optimal control scenario, the solution of the scenario calls for 

nematocide injection only. However, in the case of optimal control with eradication 

plan, silvicultural control has to be applied to eliminate all the infected patches. 

The solution of this case shows simultaneous application of silvicultural control 

and nematocide injection. When employing only silvicultural control, optimal 

control with eradication plan has more damage and more costs than using both 
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silvicultural control and nematocide injection. From these results, it seems to be 

that with eradication plan, application of both control measures are necessary. 

When the budget is limited, it is optimal for the infected area to be divided 

into smaller ones and be removed in earlier stages. It is because limited budget 

cannot allow huge costs that come from massive removal. In the case of optimal 

control scenario with eradication plan, the cost of removal in the fourth year shows 

14 052 USD. As the effective control of the disease requires balanced application 

of two control procedures, the cost of eradication has to be made smaller removal 

so as to ensure budget for nematocide injection. This trend, however, forces more 

damages to the infected forest because early application of silvicultural control cuts 

down uninfected patches, leading to the loss of forest recourses of the area. 

This research considered two types of budgeting types, namely annual 

budgeting and multiyear budgeting. In the case of annual budgeting, a manager 

cannot make use of budget of other control stages. In the case of multiyear 

budgeting, however, a manager is able to utilized budget from the entire control 

period. In short, multiyear budgeting means budget flexibility, which indicates how 

fast and how large a manager can react to the detection of the infection. Holding 

the spread in conjunction with large removal of the infection at the end of the 

control period are main strategy to control the disease. However, when the amount 

of budget is fixed annually, this strategy is impossible. Moreover, the amount of 

budget determines the amount of control for the infection. For these reason, under 

the fixed annual budget, which is smaller than the optimal level budget, halting 

infection and removing small area of infection is suboptimal control, resulting in 

more costs of remove and prevention than flexible budget does. 
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Korea government allocates budget to management sites every year. As 

mentioned, the amount of budget to control pine wilt disease is very limited. 

Assuming that 12 000 USD is set to control the disease in a forest, summation of 

budget distributed during five years, which is the control period in this model, is 60 

000 USD. This value is far less than one for the optimal control scenario with 

eradication plan, 28 465 USD. If government specifies a control period of 

eradication plan and set the PWD management budget to management sites 

according to the control period, then it is expected that more effective path can be 

achieved. 

The values of forests seem to decide the timing of the controls. As the value of 

a forest decreases, the timing of any controls becomes close to the first stage. This 

is attributed to the fact that relatively low value is not expected to bring about high 

benefits from applying control to the infection. If a manager of an infected site 

assigns higher value on the forest than the costs of the controls, then the optimal 

solution is to maintain the initial condition of the disease. In the case that the values 

of forests are chosen to be 120 USD and 84 USD, these two cases present identical 

solutions with each other. It is because two values are higher than the costs of 

silvicultural control and nematocide injection, which ensures benefits from 

applying the controls. On the other hand, when the values of forests is lower than 

both costs of the controls, as in the case of 5 USD per patch, the controls are 

applied only in the first year. These results imply that perceiving the exact value of 

a forest has to be preceded before any kinds of controls are applied to the forest. 

In this research, the effects of other economic parameters is not simulated. Yet, 

some conjectures are probably possible. When it comes to the costs of the controls, 
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the relative level of price is important as can be seen in the case of the different 

values of forests. If the costs exceeds the value of a forest, then the controls are 

applied as soon as possible, vice versa. Turning to the interest rate, it determines 

how much opportunity cost can be attained. If the interest rate is high, the control 

efforts to the disease might weaken because holding the costs of the controls is 

supposed to bring more profit. 

The uncertainty of the dispersal of the disease is the most demanding factor to 

be integrated into the model. In the model, the dispersal of the disease is 

deterministic, not allowing rare long distance caused either by transportation or by 

vector. The model employs the dispersal-radius as 50 meters, but sometimes 

several vectors are found in the area of out the dispersal-radius (Togashi 2008). It 

can be guessed that as the dispersal of long distance by some vectors becomes 

frequent, the controlled area will be extensive and the timing of the control will be 

close to the beginning of the control period (Epanchin-Niell & Wilen 2012). 

Moreover, if long infection by transportation is integrated, the model probably has 

to incorporate the costs of monitoring (Mota & Vieira 2008; Togashi 2008; Shin 

2008; Mamiya 1988; Lee et al. 2007; Choi & Park 2012). 
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6. CONCLUSION 

Pine Wilt Disease (PWD) is an infectious disease that kills the most of infected 

pine trees. In Korea, PWD has drastically expanded disease area since 1988 when 

the first PWD was reported at Mt. Geumjeong in Busan. However, managers that 

deal with PWD confront many problems on budget necessary for controlling the 

disease, leaving vulnerability from further infection of PWD. From this situation, 

this research aimed to examine optimal control strategies under different economic 

conditions so as to give recommendations on management of the disease. 

This research developed a spatial-dynamic model to effectively manage an 

outbreak of PWD. The model was composed of hexagonal patches that carried 

binary information on dispersal, removal, and prevention of PWD in discrete time 

dimension. The infection was assumed to disperse deterministically from a patch to 

other patches rather than stochastically to pursue the simplicity of the model. The 

model determined where, when, and how much removal or prevention measures 

were to be applied to each patch of pine stand to minimize the net present value of 

damage and costs of removal and prevention subject to the economic constraints 

comprised of the amount of budget, the type of budget, and the value of a forest. In 

this research, the model parameters were estimated, based on the information from 

literatures or field data. Seven scenarios were developed and used for simulation 

analysis: no-control scenario, optimal control scenario, optimal control scenario 

with eradication plan, optimal control scenario with eradication plan using only a 

removal control procedure, optimal control scenario with eradication plan under 

the limited amount of budget, optimal control scenario with eradication plan under 
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the different type of budget, optimal control scenario with eradication plan under 

the different value of a forest. 

Analyzing and synthesizing the results, this research could draw some 

meaningful implications on the management of PWD: 

First, decisions on controls followed a simple economic theory that control is applied 

only when the marginal benefit of applying the control exceeds the opportunity cost of 

applying the control. This explained why control efforts should be concentrated on the 

edge of the infection. Thus, it suggests that managers take the first action on the front 

of the infection when they found the first infected tree.  

Second, different PWD management plans led to different uses of control methods or 

strategies. In the case in which management plan only aimed to minimize the net 

present value of damage and control costs, the optimal solution used only nematocide 

injection. However, when eradication was took into management plan in addition to 

the minimization of the net present value of damage and control costs, it seemed to be 

the most effective to apply both control methods, silvicultural control and nematocide 

injection. This implies that in practice managers are recommended to use both 

methods simultaneously, 

Third, when budget was limited, the optimal strategy divided the infected area into 

smaller ones and remove it in earlier stages. This trend forced more damages to the 

infected forest because early application of silvicultural control cut down uninfected 

patches, thus leading to the loss of the forest resources of the area. This gives hint on 

management that with budget constraints managers have to react the infection as soon 

as possible. 

Fourth, depending on budgeting scheme, annual budgeting and multiyear budgeting, 
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the optimal control strategies were formed to be different. It was important to have 

budgeting be flexible so that managers can react to the detection of the infection 

timely. Under the annual budgeting, because annually available budget for controlling 

PWD was limited, halting and removing the infection were not applied at the proper 

timing, thus resulting in more costs of removal and prevention than flexible budgeting 

did. This suggests that the government should allocate flexible budget for controlling 

PWD for the period of eradication plan.  

Lastly, the values of forests seem to decide the timing of the controls. As the value of 

a forest decreases, the timing of any controls becomes close to the first stage. This 

implies that perceiving the exact value of a forest has to be preceded before any kinds 

of controls are applied to the forest.  

This research has also limitations to be investigated in further research. First, 

long dispersal caused either by human activities or by some vectors has to be 

examined. In this paper, the model considered only the short disperse of the disease 

in deterministic way. However, most cases of more critical infection are known to 

be caused by human activities such as transportation. Because human activities has 

more characteristics related to networks between humans, it is necessary to look 

this problem from different eyes from this paper. Second, future research need to 

look into other economic factors, such as interest rate and the change of control 

cost, that is not handled in this research.  
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국  

소나 재 충병 리를 한  

공간 ·동   방  방법에 한 연구 

 

 

산림과학부 

울 학  
 

소나 재 충병  소나 재 충에 해 생 는 병 , 감염목  

거  부분 고사시킨다. 1998  부산에  처  발견  이후  산림 

병해충 방 에 있어  가장 요한  었다. 한편, 그 

에 반해 소나 재 충병 리를 한 산  부족한 상태이다. 

산이 부족하면 충분한 감염목 거를 행하지 못하게 고, 결국  

큰 감염  야 할  있다. 라 , 본 논  소나 재 충병  인한 

사회  피해 및 용  소  하고자 리 산에 한이 있  경우 

소나 재 충병에 한 효 인 방  략에 해  연구를 행했다.   

방  략 분  해 본 논 에 는 소나 재 충병 산과 

방  상 작용 한 보를 공간과 시간  에  다루는 모  

고안했다. 본 모  이용하여 감염에 한 피해  방  용  합  

경  한 조건 하에  소  할  있는 방  략  구할  

있었다. 본 모 에 용  한조건  피해 및 용 소  등 일곱 

가지  상황에 해 다르게 용 었다. 
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모 부  나  결과를 분 하여 효과 인 소나 재 충병 

방 를 한 책 안  이끌어 낼  있었다. 첫째 , 방  략  

방  회 용에 해 방 에 한 한계 이익이 큰 방향  일어나야 

한다. 째, 방  목 가 피해  용  소  하는 것일 경우 감염이 

산 지 않도  하는 것이 가장  략이다. 이를 해 는 추가 

감염  산  지체시키는 동시에 감염목  거를 한 노 이 함께 

행 어야 한다. 째, 산 크 가 어들 경우, 감염목 거를 한 

산이 부족하  에 피해목 거 시 이 앞당겨야 하며, 피해 발생 

임목 거  인한 입목 가  추가 피해를 감 해야 한다. 째, 방  

산이 해마다 부여 는 경우는 방  산 가용 능 이 떨어  피해를 

증가시킨다. 이를 해결하  해 는 산이 다 도  방  간  

부여 어야 할 필요가 시 다. 마지막 , 산림에 한 가 를 

어떻게 인식하느냐에 라 방  략이 달라지며, 산림  인  가 가 

 방 를  른 시 에 행해야 한다. 

 

 

주요어: 소나 재 충병, 공간 ·동  모 , 병충해 방 , 조림학  

방 , 방  방 , 소나 림  

학번: 2012-23355 
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