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Abstract: Climate change is expected to affect the occurrence of forest pests. This study depicts a
method to measure the impact of damage inflicted by a forest pest like oak wilt as a result of climate
change. We determine the damage function considering the factors related to the pest damage and
forecast the future damage rate under future climate change. We estimated the damage rate by
using the quasi-maximum likelihood estimation (QMLE) and predicted the future damage rate by
using representative concentration pathways (RCP) 8.5 data. We assessed the impact of pests on the
management income and the rotation age by using a dynamic optimization model. The results show
that the damage rate and the affected area from oak wilt would increase under the climate change.
In addition, the economic evaluation indicates that altered climate would reduce the management
returns and increase uncertainty. However, these outcomes could be alleviated by carrying out the
control and prevention measures after the infection occurs.

Keywords: climate change; forest pests; economic impacts; Korean oak wilt; representative
concentration pathways

1. Introduction

Climate change, such as an increase in temperature and drought, is expected to directly and
indirectly affect the occurrence of pests. Economic losses caused by forest damage in Korea are expected
to increase due to the future climate conditions and resulting pests. The insect vector of Korean oak
wilt, Platypus koryoensis, has emerged since the 2000s. The changed domestic environmental conditions
due to climate change made the damage done by the pests severe while the pests had not been a serious
concern in the past [1].

Some previous studies examined the relationship between climate change and forest pests in
terms of distribution, control, and forest management [2–4]. Other studies used climatic variables,
such as seasonal temperature, precipitation, and humidity, as well as other variables such as tree
volume, tree health, and pest populations to determine the damage function of forest pests [5–7].

Economic impacts on forest products or services need to consider the effect of time because the
growing period is very long for wood. Dynamic optimization can be used to find the optimal rotation
age for trees suggested by Faustmann [8] and further suggested by Hartman [9], considering wood as
well as non-wood services. Macpherson et al. [10] generalized the Hartman model and showed that
when the payout to non-timber value is considered, the rotation age could be shortened or extended
relying on the distribution of the pathogenic pests. The result was contrary to the notion that the
rotation age is generally believed to decrease when forest pests occur.

We expect to obtain the specific damage rate of forest pests by considering the interaction of
host trees, pest occurrence, and climate factors, while the previous studies focused on the potential
occurrence and habitat of the pests. Our damage function represents the complex mechanism of
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pest occurrences by dealing with both the direct and indirect factors that affect pest populations and
pests affecting host trees, respectively. In addition, the model includes other factors, such as forest
management and human population to assess the impact of human activities. There are few studies
examining the economic impact of forest pests in terms of climate change in Korea. While some studies
such as An et al. [11] conducted an economic assessment by assuming the damage rate, we use the
directly derived damage rate to assess the economic impact. Previous research such as Haight et al. [12]
assessed the economic damage from Ceratocystics fagacearum, a fungus that causes significant disease of
oaks in the central United States using a landscape level model. In their study, the metric of damage is
a removal cost. They predict that the discounted damage would be $18-60 million in Anoka County,
Minnesota, over the next decade. However, the removal cost is on the lower bounds in total economic
loss from the oak wilt because they do not consider the economic losses from reduced services [12].
Our study assesses the economic impact of pests on the management income and rotation age by using
a dynamic optimization model. We consider not only the direct impact due to forest pests, such as
revenue decrease, but also the revenue change according to managerial factors, such as control and
prevention of pests. Lastly, we employ the concept of green payments to cover the indirect value of the
environment to deduce a new strategic direction for pest control in forests.

In this paper, we assess the impact of forest pests on the management income and rotation age by
using a dynamic optimization model under climate change. In particular, we determine the damage
function considering the direct and indirect factors related to the pest damage and forecast the future
damage rate under the future climate conditions. Moreover, we evaluate the economic impact of
Korean oak wilt: how it changes future return, forest owners, and the optimal rotation age using a
dynamic optimization model. We then conduct simulations that deduce the implications for effective
pest management in the forest sector. Korean oak wilt is caused by the Raffaelea fungus by blocking
the nutrient and moisture pathways [3]. Platypus koryoensis, a major insect vector of Korean oak wilt,
appeared in the 1930s in Korea, but the damage from the Korean oak wilt began to surface in 2004 [13].
The mass damage of oak trees by Korean oak wilt was reported in Gyeonggi Province across a wide
distribution of oak trees, and the outbreak had increased rapidly until 2008 [14]. There have been few
studies that analyzed the cause of the sudden proliferation of Korean oak wilt. However, the damage
in Japanese oak wilt appears mostly in the years with high temperature and low precipitation, so the
relationship between the climate and the occurrence of the oak wilt should be paid attention to [14].

We suggest the proliferation factors of Korean oak wilt as the climatic and non-climatic factors by
referring to the previous studies. The climatic factors play a direct role in the infection rate by changing
the health of trees and the ecology of insect vectors. The non-climatic factors take part in the oak wilt
resulting from the host preference of the insect vectors, human activities, and management factors.

The growth of insects, whose habitat was in the southern area of Korea, was promoted by the
increasing temperature due to climate change in Korea. The increased temperature may have made
the environment advantageous to the insect vector, and thus the damage began to appear [13].

The optimal temperature for growth of the Raffaelea fungus inflicting the oak wilt is reported
as 25–30 ◦C [3]. Since the growth of thermophilic species is largely affected by a thermal threshold,
their population can significantly decrease when larva is exposed to cold winter temperatures [15].
Experimental report shows that the thermal threshold of an adult flight is 5.8◦C [13]. Trees with
water stress is usually exposed to attacks by Platypus koryoensis because their main target is weak and
withered trees [16]. Insect vectors inhabiting weak trees can even attack healthy trees if they are located
in nearby areas [17].

The Korea National Park Research Institute (KNPRI) [18] assessed the contribution rate of
climatic variables affecting the damage of Korean oak wilt from two national parks in Korea using the
maximum entropy model. The results showed that maximum temperature, minimum temperature,
and precipitation have high contribution rates, but the average temperature has a low contribution
rate. The contribution of maximum temperature is higher than average temperature to the damage of
oak wilt According to the research from KNPRI [3], Platypus koryoensis preferred to attack the trees
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with a high DBH. KNPRI collected the sample data from the national park and found that the vectors
tend to attack the trees with a 30 cm or larger DBH. The KNPRI survey also confirmed that there is a
positive relationship between the damage level and DBH of the trees.

The damage rate of Korean oak wilt also is related to artificial factors, such as the roads, trails, and
distance from the village [18]. The experiment data collected from the Bukhansan National Park shows
the population of Platypus koryoensis was high in the area with a high level of human activity, such as
the parking lot and the trail road [18]. However, the author stressed that more detailed research is
necessary to determine whether the reason is related to the vector’s ecological characteristics, such as a
flight habit of Platypus koryoensis or the artificial shifting of damaged timber from human activity. In
Chiaksan National Park, the damaged trees by Korean oak wilt were concentrated within 20 m of the
trail road near Temple Sangwon, where many people frequently visited. They stressed the possibility
of Platypus koryoensis being infected through the hiking trails in forests. Logging trees also could be a
rapid incensement of population of pests [19].

The grass generated by trees attacked by insect vectors releases aggregation pheromone to cause
proliferation of damage by group attack. Consequently, failing to manage the damaged trees properly
can expand the damage to nearby healthy forests. The insect vectors tend to concentrate on attacking
weak trees. Therefore, it is necessary to establish management measures to immediately dispose the
withered trees and improve the health of all trees.

2. Materials and Methods

2.1. Pest Damage Function

To measure the damage from pest outbreaks, we used the damage function following the previous
study [7]. The damage function of the Korean oak wilt reflecting the factors that affect the insect
vectors, pathogens, and host trees can be expressed as follows:

D = fd(Z, P),
P = fp(Z, V),
Z = fz(W),

where
D = damage rate, Z = characteristics of hosts, P = population of insect vector

V, and W = exogenous variables.

The pest occurrence (damage) rate D can be represented as the function of the characteristics of
the host (Z) and the pest population P. The pest population P is affected by the vector of characteristics
of hosts Z and the exogenous variables V such as climatic factors. W is exogenous variables such as
precipitation and management factors that affect the tree health. The simultaneous equation can be
simplified to the following reduced form as in Cobourn et al. [7]:

D = g(W, V).

The simplified model is the practical model since exogenous variables V and W are relatively easy
to obtain. The possible bias of estimation using W instead of Z may be alleviated if we use a more
appropriate explanatory variable W.

The damage rate D can be calculated by following equation:

=
Damaged area (ha)

Total broad leave f orest area (ha)
, D = [0, 1].

The population of insect vectors P is assumed to be a function of the minimum winter temperature
of a year ago, relative winter humidity of a year ago, maximum spring temperature, relative spring
humidity, maximum summer temperature and its square term, maximum autumn temperature, relative
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fall humidity, human population, unsalvaged area of damaged tree areas, diameter at breast height
(DBH), and dummy variable of the national forest.

We included the climatic variables that directly affect the population of insect vectors. Low minimum
winter temperature of last year can cause a decrease in the population of adult beetles since the over-winter
larvae tend to be killed under harsh winter conditions. The maximum spring, summer, and autumn
temperatures in the current year can affect the flight period of adult beetles. Since the vector beetle is
one of the Platypus species adapted to warm weather, we chose the maximum temperature, not average
temperature, as the variable based on the study by KNPRI [18]. We included the relative humidity in
consideration of the fungi that provide food for the larvae. The fungi proliferate more under the hot and
humid conditions.

We included the municipality population to investigate the impacts of pest infestation through
roads and human movement [20]. The population of the municipality thus can be the instrument
variable of infrastructure, such as roads and human movement. The averaged DBH of the trees
is included because the insect vectors prefer trees with a large diameter. We also include some
management variables, such as the unsalvaged area of trees and national forests. Since the beetle tends
to attack the damaged trees, damaged but not salvaged trees may attract more beetles than healthy
ones [6]. We also included the national forest (NFi) as a dummy variable to study the difference of the
damage rate according to the management factors. Since national forests are intensively cared for by
the government in Korea, rather than private forests, this can be the instrument variable to investigate
the impact of human effect on forest insect outbreaks.

The temperature and precipitation are closely related to the health of host trees. The trees are
vulnerable to beetle attacks under hot and dry weather since the water stress deteriorates the resistance
of host trees [15]. Therefore, we included the precipitation in winter in year t − 1 and precipitation
in spring, summer, and autumn in year t in the variables. We also included the square term of
summer temperature because domestic oak trees are a kind of forest that could be vulnerable under
too high temperature.

The period of the data, t, was from 2011 to 2017, and a total of 1610 samples were obtained
from 230 municipalities of i, nationwide. The forest-related data, including damaged area by the
Korean oak wilt, DBH, and the unsalvaged area of trees in each municipality, were provided by the
National Institute of Forest Science. The historical climate data and future climate scenario data of
each municipality were obtained from the Climate Change Information Center. Spring is defined as
March through May, summer as June through August, autumn as September through November, and
winter as December through February in the following year.

2.2. Nonlinear Panel Probit Estimation

The dependent variable in the damage function is the proportional dependent variable that has the
value between 0 and 1. Without reflecting the characteristics of the proportional dependent variable,
the estimated coefficient can be biased. To reflect such characteristics of the proportional dependent
variable, we can express

E(yit|xit, c) = Φ(xitβ+ ci), t = 1, . . . , T.

Here, the range of the pest damage rate is limited as 0 ≤ yit ≤ 1, and the dependent Xit is the 1 × k
vector. Φ is expressed as the cumulative density function (CDF) of the standard normal distribution
and ci is expressed as the effect between the unobserved cross-section observations. The equation
can be expressed by the following equation if we assume exogeneity and the conditional normalized
distribution of ci:

E(yit|xi) ≡ Φ(ψ+ xitβ+ xiξ).

To estimate the equation, we can apply the generalized linear model (GLM) with quasi-likelihood
estimation (QMLE) that uses the probit link function [21]. However, inefficiency can be generated since
GLM tends to ignore the serial dependence that exists in the joint distribution.
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The multivariate weighted nonlinear least square (MWNLS) is known to be ideal to estimate
the panel data that has the serial dependence and heteroscedasticity. However, it is very difficult to
estimate the parametric model to Var(yi|xi) [21].

To supplement the weakness, Papke and Wooldridge [21] suggested using the quasi-maximum
likelihood estimation (QMLE) instead of finding the parametric model. When correctly specified,
MWNLS and QMLE become the asymptotically equivalent estimation. This study that has the panel
data and proportional dependent variable utilized the QMLE that applied the probit link function and
robust standard errors.

The below equation shows the conditional average of the pest damage rate of this study that has
N municipalities (i = 1, . . . , N) and T years (t = 1, . . . , T).

E(yit|xi) ≡ Φ(ψ+ xitβ+ xiξ).

Here, the variables yit, xit, and xi refer to the pest damage rate (dependent variable), climatic
factors and non-climatic factors (explanatory variable), and the average of the panels of the explanatory
variables, respectively. Since it is difficult to analyze the estimation coefficients of the nonlinear model
estimated with QMLE, we should deduce the average marginal effect (AME) which means the change
of the dependent variable affected by the change of a unit of the explanatory variable [21]. We can
observe the effect of the change of a unit of the dependent variable on the pest damage rate using
the AME:

AMEk = N−1
∑N

i=1
β̂kφ(ψ̂+ xiβ̂+ xiξ̂).

Here, φ means the probability density function (PDF) for the standard normal distribution.

2.3. Projections of Korean Oak Wilt Climate Change

We used the representative concentration pathways (RCP) 8.5 data provided by the Korea
Meteorological Administration (KMA) to forecast the future damage rate according to climate change
in the Korean Peninsula. The forecast measured the dependent variable (damage rate) by applying the
future weather data to the estimated coefficient. We assumed the non-climatic variables to be the same
as in 2018 and created the future data through the assumption. The damage rates of the Korean oak
wilt in each municipality in South Korea from 2018 to 2020 were calculated in the process.

We assumed that the population and the area of infected trees without control were the same
as 2018. Although it may not be consistent with the declining population trend in Korea, this study
focuses on the correlation between climate and oak wilt rather than the artificial factors such as the
population. For the DBH, we applied the average DBH change rate with reference to the “Timber
Biomass and Harvesting Table” published by NIFS [22]. In other words, we added the average DBH
change rate every 10 years to the average DBH observed in 2018 to obtain the DBH change until 2100.

2.4. Economic Evaluation of Korean Oak Wilt

The following equation developed by Macpherson shows the objective function to assess the
forest value that includes the timber and the non-timber incomes [10]:

max
t

PV(t)Le−rt
−CL +

∫ t

0
G(L)e−rsds +

∫
∞

t
aLe−rsds,

where the L is forest area, and G(L) implies the green payment that is assumed to be a function of the
forest area. Then the optimal condition can be expressed as the following equation:

V′(t)
V(t)

− r =
1
L

aL−G(L)
PV(t)

.
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We assume areas producing timber value affected by oak wilt outbreaks is expressed as Li
TB, and

the area generating non-timber value affected by oak wilt outbreaks is expressed as Li
NTB. Li

NTB can be
divided into n small sections. Then the total area of producing timber value would be expressed as the
following equation:

Li
NTB =

n∑
i=1

σixi, 0 ≤ σi ≤ 1.

Therefore, the objective function including the timber and non-timber values can be expressed
as follows:

max
t

PV(t)Li
TB(t)e

−rt
−CL +

∫ t

0
G
(
Li

NTB(s)
)
e−rsds +

∫
∞

t
aLe−rsds.

Since the green payment G
(
Li

NTB(t)
)

is granted to the area that creates the non-timber value, the
total green payment can be calculated by the following equation where g is the green payment per unit
area. This represents the non-timber values from the forests.

G
(
Li

NTB(t)
)
= g× Li

NTB(t).

Taking first differentiation to the above equation with respect to time (t), the condition for the
optimal forest rotation age can be expressed as follows:

V′(t)
V(t)

− r =
1

Li
TB(t)


∣∣∣∣∣∣∣dLi

TB(t)

dt

∣∣∣∣∣∣∣+ 1
PV(t)

(
aL− ert d

dt

(∫ t

0
G
(
Li

NTB(s)
)
e−rsds

)).

Finally, if we include the control and prevention of oak wilt, the objective function can be
expressed as the following. The purpose of the objective function is to find the optimal rotation
age (t), which generates the best present value for the cost of the control and prevention to the oak wilt
outbreaks. We assume the non-timber value is provided annually, and the timber values are generated
during harvest.

max
t

PV(t)Lc
TB(t)e

−rt
−CL +

∫ t

0

[
G
(
Lc

NTB(s)
)
−D(I(s))

]
e−rsds +

∫
∞

t
aLe−rsds.

The optimal condition can be expressed as follows:

V′(t)
V(t)

− r =
1

Lc
TB(t)

(∣∣∣∣∣∣dLc
TB(t)

dt

∣∣∣∣∣∣+ 1
PV(t)

(
aL− ert d

dt

(∫ t

0

[
G
(
Lc

NTB(s)
)
−D(I(s))

]
e−rsds

)))
.

When no action has been carried out in the infected area, the forest area can be separated into two
classes: the susceptible region (S(t)) and the infected region (I(t)). That is, the total area L, the sum
of S(t) and I(t). If the forest areas affecting timber and non-timber return (Li

TB and Li
NTB) are denoted

as follows:
Li

TB(t) = S(t) + ρ(L− S(t)),

where (L-S(t)) in the right-hand side implies the infected area (I(t)). When the control and preventive
measures are applied, timber areas can be separated into three classes: the susceptible area (S(t)), the
controlled area (T(t)), and the infected area (I(t)). Thus, the area can be expressed as the following if
control and prevention are included:

Lc
TB(t) = S(t) + (α+ ρ)

L− S(t)
1 + α

,

Lc
NTB(t) = S(t) + (α+ σ)

L− S(t)
1 + α

,
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where the controlled area (T(t)) is assumed to be free from pest infestation or timber production and to
be linearly proportional to the infected area (T(t) = αI(t)) with the control rate α.

The data needed for a numerical assessment using the above model involve timber production
function, changes in the pest infestation area over time, annual land area, damage rates, costs for
control and prevention, timber prices, and costs for logging and afforestation. Most of the data
are publicly accessible, but the pest infection area over time can be gained by using the SI model
(susceptible–infected model). The SI model for the no-action model can be denoted as follows:

dS
dt = −βS(t)(I(t) + p),
dI
dt = β(S(t)(I(t) + p),

with p referring to the initial infected area and β referring to the secondary infection rate within the
forest. The total forest area (L) is expressed as the sum of S(t) and I(t) if no control measures to the oak
wilt have been carried out, and the change of S(t) with respect to time is described as follows:

dS
dt

= −βS(t)(L− S(t) + p).

Applying the variable separation method for the solution of the above differential equation, S(t)
can be described as follows:

S(t) =
L + p

(p/L)e(L+p)βt + 1
.

In models for control and prevention (L is separated into S(t), T(t), and I(t)), changes in S(t) with
respect to time are expressed as follows:

dS
dt

= −βS(t)
(

L− S(t)
1 + α

+ p
)
.

Similarly, S(t) yields the following equation by using the variable separation:

S(t) =
L + p(1 + α)

p(1+α)
L exp

(
(L + p(1 + α))

βt
1+α

)
+ 1

.

3. Results

3.1. Estimated Damage Function

Table 1 shows the coefficients and average marginal effects of the factors on the damage rate of
Korean oak wilt. The results show that the climatic factors are related to the proliferation of Korean oak
wilt, including the minimum last winter temperature and precipitation, maximum spring temperature,
maximum summer temperature and precipitation, and relative humidity in autumn. In general,
increasing temperature is expected to extend the outbreak rate of the oak wilt. Because the relationship
between the damage rate and the average marginal effect of the minimum winter temperature and
maximum spring temperature is linear with a positive sign, the damage rate from the oak wilt is
likely to extend by increasing the minimum winter temperature and maximum spring temperature on
average. Although the marginal effects of the maximum summer temperature show a negative sign on
average, its quadratic form leads to the marginal effect gradually decreasing at 27 ◦C or higher and
approaching 0 at 35 ◦C or higher as in Figure 1.
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Table 1. Estimation results of the Korean oak wilt damage function.

Coef. AME

Infected area without control (ha) 0.0118 (0.0038) *** 0.000031 (0.000011) ***
Diameter (cm) 0.0160 (0.0047) *** 0.000042 (0.000014) ***
Population (million) 2.6337 (0.7739) *** 0.006906 (0.002222) ***
Minimum last winter temperature (◦C) 0.0814 (0.0335) ** 0.000213 (0.000089) **
Precipitation in last winter (mm) −0.0219 (0.0042) *** −0.000058 (0.000014) ***
Relative humidity in last winter (%) 0.0076 (0.0087) 0.000020 (0.000023)
Maximum spring temperature (◦C) 0.1269 (0.0534) ** 0.000333 (0.000130) **
Relative humidity in spring (%) 0.0003 (0.0025) 0.000001 (0.000007)
Precipitation in spring (mm) 0.0003 (0.0257) 0.000001 (0.000067)
Maximum summer temperature (◦C) 0.9137 (0.7711) −0.000382 (0.000207) *
Max. summer temperature squared −0.0181 (0.0131)
Precipitation in summer (mm) −0.0014 (0.0008) * −0.000004 (0.000002) *
Maximum autumn temperature (◦C) 0.0352 (0.0562) 0.000092 (0.000151)
Relative humidity in autumn (%) 0.0098 (0.0228) 0.000026 (0.000061)
Precipitation in autumn (mm) −0.0066 (0.0018) *** −0.000017 (0.000006) ***
National forest (1 = Yes; 0 = No) 0.0389 (0.0901) 0.000105 (0.000251)
Constant −26.8529 (11.0424) **

Number of observations 2512
Number of clusters 314
Pseudo R2 0.2019
Log-likelihood −14.5147

Note: Clustered robust standard errors are in parentheses. *, **, *** indicate statistical significance at the levels of 10%, 5%,
and 1%, respectively. Coef. and AME indicate coefficients and average marginal effects, respectively.

Precipitation in general shows a negative relationship with the damage rate. Pertaining to the
seasonal factors, the average precipitation in winter, summer, and autumn are statistically significant
at the 1% and 10% levels, respectively. The decrease in precipitation affects moisture stress and reduces
the resistance of the host trees, and thus it is prone to extend the damage due to the rapid proliferation
of the oak wilt. Decreasing precipitation in the winter, autumn, and summer is likely to increase the
damage rate from the oak wilt.

Previous studies have shown that increasing temperature leads to the increase in the active
period of the insect vector because of the decreasing death rate of larvae and early eclosion of adults.
These studies show that the proliferation of oak wilt is directly affected by the increased activity and
population of the insect vector. Our estimation results are consistent with these studies in that the
increasing temperature is likely to extend the damage rate and the high summer temperature could
lead to a reduced infection rate thanks to slowed spawning or the migration of the insect vector.

Figure 1 shows the conditional mean of the damage rate per ha and the 95% confidence intervals
pertaining to the level of some climatic variables. Increasing the confidence intervals indicates that the
uncertainty is likely to increase as the maximum spring temperature increases and the precipitation in
summer and autumn decreases. However, the uncertainty due to the large interval is not likely to be
significant under the RCP 8.5 scenario predicting the 4 ◦C rise in temperature by 2100.

The non-climatic factors such as the infected area without control, diameter at breast height
(DBH), and population are also significantly associated with the damage rate. The estimation results
demonstrate the positive relationship between the damage rate and the infected area without control,
DBH, and population. As the infected area without control increases, the damage to nearby healthy
forests is proliferated because of the pheromone emitted by the insect vector of the infected trees that
attracts the other insect vectors nearby. Gan [6] also showed the positive relationship between the
damage rate and the infected trees without control. Thus, dealing with the infected trees properly
is likely to alleviate the proliferation of the damage rate while neglecting them can worsen the
damage rate.
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The estimation result that the damage rate increases as DBH increases is consistent with the result
of existing studies that the damage mostly occurs in large trees. In other words, the large trees are
more likely to be attacked by Platypus koryoensis.

We employed the population as the proxy variable showing human activities and infrastructure
such as roads. The results show that the population is positively associated with the damage rate.
Previous studies have shown that the population of insect vectors in regions with roads and trails,
with a high floating population, was larger than the areas difficult to access, such as forests.

The pest control in national forests is known to be better than that in the municipality or private
sector, but the marginal effect of the national forest on the damage rate is not statistically significant.
This may be because the unit of the panel is the municipalities and the large difference in the number
of samples among the forests by owner type.

3.2. Projection Results

Figure 2 demonstrates the forecast of the damage rate from the Korean oak wilt under the RCP 8.5
scenario. For the period of 2011–2017, the Korean oak wilt occurs in Seoul and Gyeonggi Province that
are the most populated areas in Korea. The affected areas are likely to be expanded to not only further
north but also to the east and west coastal areas. From the 2050s, the affected areas are expected to
gradually expand to South Gyeongsang Province, the coastal areas of Chungcheong regions, and some
coastal areas of Gangwon Province are likely to be affected by the oak wilt in the 2090s. Although
insect outbreak may be affected by biological factors, such as the natural enemies of pathogens and
resources for insects, our model mostly focuses on impacts of climate and human intervention on
Korean oak wilt outbreaks. Future research considering complicated biological characteristics may be
conducted to improve the estimates of the projected damage rates.
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3.3. Economic Evaluation of Korean Oak Wilt

To analyze the economic evaluation of Korean oak wilt, we utilized the forest harvest table of
NIFS [22] and chose Quercus acutissima, Quercus variabilis, and Quercus mongolica. Table 2 illustrates
the parameters for setting the baseline with p referring to the area initially infected and β referring to
the secondary infection rate. The p per area (ha) was estimated to be 0.00087 by using the 2010 data
of the infected areas. We calculated the β value using the equation dI/dt = βS(t)(I(t) + p) with the
infected area (I(t)) and susceptible area (S(t)) data of the region in the 2012–2017 period, which results
in 0.0017. We assumed that the infected area with possible use of timber (ρ) and the infected area
with possible use of non-timber (σ) are 0.5, which indicates that the infected trees are assumed to lose
half of their timber and non-timber value. We used age-specific volumes by using the surveyed data
of tree age from the “Timber Biomass and Harvesting Table” published by NIFS [22] instead of the
volume production function. Data for timber price (KRW 1000/m3), planting cost (KRW 1000/m3), and
afforestation cost (KRW 1000/m3) were obtained from Min et al. [23]. We assumed that the oak wilt
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appears in 10 year or older trees due to the preference of the insect vector of oak wilt for large trees and
that the trunk injection is targeted to trees over 10 cm in DBH, which are in general 15 to 20 years old.

Table 2. Parameters for the forest rotation age analysis.

Unit Quercus acutissima Quercus variabilis Quercus mongolica

Market price of timber KRW 1000/m3 83.5 83.5 83.5
Cost of planting KRW 1000/ha 8339 8339 8339
Cost of logging KRW 1000/ha 16,109 16,109 16,109
Green payment KRW 1000/ha 100 100 100
Discount rate % 3 3 3
p 0.00087 × L 0.00087 × L 0.00087 × L
β 0.0017 0.0017 0.0017
ρ 0.5 0.5 0.5
σ 0.5 0.5 0.5
Cost of control KRW 1000/ha 980 980 980
Cost of handling
withered trees KRW 1000/ha 2200 2200 2200

Area (L) ha 100 100 100

Table 3 shows the forest rotation ages decrease when the trees are infected compared to the
no infection case (44–70 years). Furthermore, the rotation age is likely to be shortened when the
pest control and prevention is not carried out (33–44 years) than when the measure is carried out
(41–59 years).

Under the given condition, it is difficult to expect positive returns through forest management
because the present values of objective function are negative in every case. However, the objective
function value is highest in the case of no infection, and the value is much higher in the case of
the control measures than in the case of no control measures when the oak wilt occurs. It indicates
that the cost of pest control and preventive measures are less than the cost of losing timber and
non-timber values.

Table 3. Change in forest rotation age due to the infection of Korean oak wilt (units: years, KRW).

No Infestation Infestation, No Control Infestation, Control

Rotation
Age

Present
Value

Rotation
Age

Present
Value

Rotation
Age

Present
Value

Quercus variabilis 44 −352,830 33 −462,166 41 −378,795
Quercus acutissima 70 −383,332 44 −658,351 59 −478,286
Quercus mongolica 67 −382,364 36 −575,852 54 −436,174

3.4. Simulation

We conducted a simulation on Quercus variabilis according to the parameter values and examined
the impact of parameter changes from the baseline on the rotation age and the objective function value.
We then deduced policy implications based on the simulation results.

3.4.1. Changes in the Market Price of Timber

The simulation results in Figure 3 show that as the timber market price increased (KRW
80,000–200,000/m3). The forest rotation age of Quercus variabilis is expected to reduce from 45
to 31 years when no infection occurs and from 33 to 28 years when no control is carried out after the
infection occurs. The changes of the forest rotation age when the control measures are carried out are
similar to the changes when no infection occurs, and the rotation age in the two cases are similar at the
price of timber of KRW 180,000/m3 or higher.
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Figure 3 also illustrates that forest management return reduces if pest infection occurs, but the
value increases if the control measures are carried out and becomes close to the value of the case of no
infection. The objective function value turns to a positive value when the price of timber is around
KRW 160,000/m3 in all cases.
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3.4.2. Changes in Green Payments

Assuming that the green payments are paid to the forest owners with the amount of KRW
100,000/ha, the simulation results in Figure 4 show the forest rotation age of 44, 33 (infection with
no control), and 41 years (infection with control). Figure 4 illustrates that the forest rotation age and
the forest management returns are expected to gradually increase as the amount of green payments
increases. The forest owners are likely to have the incentive to preserve the trees and forests as the
green payments become higher. The results also indicate the difference of rotation age between the
cases of control and no control after the infection, in which the increasing green payments are far more
significant in the increases in the rotation age and the management returns. In the case of no infection
and infection with control measures, the forest management returns turn to positive value with the
green payments of about KRW 300,000/ha.
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3.4.3. Changes in Climate

Considering the estimation and projection results, the increasing damage rate due to climate
change is expected to play a negative role in the economic returns in the forest as well. For the
simulation, we estimated the economic impact of the adjustment of the β value corresponding to the
outbreak rate under altering climate. We derived the forest rotation age and the forest management
returns from timber and non-timber that satisfied the optimization condition by using the estimated
β value as described above. Table 4 demonstrates the average of β of the Korean oak wilt for the
30-year periods.

Table 4. Change of Korean oak wilt breakout rate (β).

Period 2011–2040 2041–2070 2071–100

β value 0.0016 0.0023 0.0044

In Figure 5, the forest rotation age reduces as β increases. Although the change of the returns is
relatively small, the deviation increases significantly when there is no control measure (KRW 300 million)
than when there are control measures (KRW 90 million) after the infection. In this case, income of forest
owners can be stabilized with the control and prevention measures under the changes in climate.
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3.4.4. Change in Utilization Rate of Infected Trees

Figure 6 shows the impacts of the utilization rate (ρ and σ) affecting the production of timber
and non-timber on the rotation age and the forest management returns. We assumed that the ρ and σ

values are the same as in the baseline. When the impact of the Korean oak wilt is high with small ρ
and σ, the decrease of the returns with no control is higher than that with control measures. However,
the return gap between the cases narrows as the utilization rate increases because a part of the damage
from the Korean oak wilt can be offset by the high utilization rate.
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4. Discussion

4.1. Estimation and Projections

The estimation result of the damage function of Korean oak wilt indicates that the damage rate is
positively correlated with the minimum winter temperature, maximum spring temperature, and the
linear term of the maximum summer temperature. In contrast, the damage rate is negatively correlated
with the precipitation in winter, summer, and autumn, as well as the square term of the maximum
summer temperature. It also indicates that the damage rate is likely to increase as temperature increases,
but in exceedingly high summer temperature it is likely to begin to decrease

The non-climatic factors including the infected area without control, DBH, and population play
a significant role in the damage rate from Korean oak wilt. The damage rate from Korean oak wilt
extends as the area of infected trees without control increases, and when the diameter and population
increase. The estimation results imply that the damage rate is more affected by indirect causes, such as
the condition of host trees and managerial factors, than the insect vector population. Gan [6] also
shows that management factors have a significant impact on forest pests. His research investigates
the relationship between various factors, such as climate and management, as well as southern pine
beetle (SPB) infestation using the panel data mode. He found a positive relationship between SPB and
unsalvaged timber volume. Thus, improving the tree health through preventive measures can help
prevent the Korean oak wilt

Projection results of the future damage rate indicate that the affected regions are likely to expand
further north and to coastal areas in the east and the west while the current pest occurrence is
concentrated on the capital and nearby regions. As in the case of Japan in which the Japanese oak wilt
mainly expanded to the coastal areas, the damage in the coastal regions in Korea should be paid close
attention to as well.

4.2. Economic Analysis

In the case of sustainable forests, there should be positive returns on forest management, which
may be done with significant increases in timber price or payout for various values of forests. Under
the current condition, however, it is difficult to expect a positive income even by considering both
timber and non-timber values of forests. Our results show that it is better not to use the forest in terms
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of profit, and the profits are declined due to the Korean oak wilt infection. The economic evaluation
results show the importance of pest control and prevention measures because the economic returns and
rotation age deteriorates when there is not a control measure after the infection, even with increases in
timber price, green payments, and utilization rate.

Under climate change, it is expected that the probability of Korean oak wilt infection would
intensify the decreases in the management returns and the increases in the uncertainty. No control
measures also exacerbate the income stability when the Korean oak wilt occurs. The forest rotation
age shortens when the damage rate increases due to climate change. Previous research also shows
rotation age is reduced when it maximizes the net present value of forest and trees are damaged by
pests. Macpherson et al. [24] show that the rotation age is shortened when timber from infected trees
has no value (only timber of undamaged trees would be sold) and the faster the infestation spreads the
shorter the optimal rotation age. Increasing the risk of a catastrophic loss such as forest pest and fire
shortens the optimal rotation age [25]. Reed [26], adapting the infinite rotation Faustmann formula to
the arrival of fire, found that the risk of catastrophic event shortens the optimal rotation age due to
increasing the effective discount rate. Therefore, the forest owners notice a higher opportunity cost of
not harvesting.

Thus, active control and prevention measures with additional support for income stabilization
would help prepare for increasing pest occurrence and keep forests sustainable. Our simulation results
indicate that the impacts of economic support, such as green payments and increasing the timber price,
would decline further in the future if the forest management returns decrease due to Korean oak wilt.
Thus, the policy to stabilize and/or increase income of forest owners would be more effective when it is
applied before the effects of climate change take place.

5. Conclusions

Climate change in the long run establishes the environmental circumstance favorable to pests
that competently adapt to changing environments. As the favorable region for inhabitation expands,
the damage is also expected to expand in new areas not previously affected by Korean oak wilt.
New damages are expected on the west coast and the southern region of the east coast after the 2050s.
Since Japanese oak wilt extended around the west coast in Japan in the 1990s, it is advisable to monitor
the Korean oak wilt occurrence especially in the coastal areas in Korea. The predicted increase in
winter temperature is expected to cause increasing damage in the cold and mountainous regions which
were not affected by the damage before. The forest management returns would deteriorate if the
infection of Korean oak wilt intensifies compared to when there was no oak wilt. Furthermore, this
study demonstrates that the management returns worsen faster, especially in the case of no pest control
after the infection. Thus, control and preventive measures are necessary to protect the income of forest
owners. However, most of the Korean forest owners do not have the incentive to control forest pests
because of the low economic efficiency of domestic forests. Therefore, it is necessary to provide an
incentive for forest owners, such as the green payments, to actively participate in pest control and
expand their role as the actual control subject. Since the estimation results show that moisture stress is
one of the key factors in deteriorating tree health, it is necessary to pay attention to supplying water
during the dry weather.
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