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The increasing variation in climatic conditions under 
climate change directly influences plant-microbe inter-
actions. To account for as many variables as possible 
that may play critical roles in such interactions, the use 
of an integrated modeling approach is necessary. Here, 
we report for the first time a local impact assessment 
and adaptation study of future epidemics of kiwifruit 
bacterial blossom blight (KBB) in Jeonnam province, 
Korea, using an integrated modeling approach. This 
study included a series of models that integrated both 
the phenological responses of kiwifruit and the epide-
miological responses of KBB to climatic factors with 
a 1 km resolution, under the RCP8.5 climate change 
scenario. Our results indicate that the area suitable for 
kiwifruit cultivation in Jeonnam province will increase 
and that the flowering date of kiwifruit will occur in-
creasingly earlier, mainly due to the warming climate. 
Future epidemics of KBB during the predicted flower-
ing periods were estimated using the Pss-KBB Risk 
Model over the predicted suitable cultivation regions, 
and we found location-specific, periodic outbreaks of 
KBB in the province through 2100. Here, we further 
suggest a potential, scientifically-informed, long-term 
adaptation strategy using a cultivar of kiwifruit with a 

different maturity period to relieve the pressures of fu-
ture KBB risk. Our results clearly show one of the pos-
sible options for a local impact assessment and adapta-
tion study using multiple models in an integrated way.

Keywords : adaptation, integrated modeling, kiwifruit, Ko-
rea, local impact assessment
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Kiwifruit (Actinidia deliciosa), a subtropical fruit vine, has 
been commercially grown in the southern part of Korea 
since the early 1980s. Among the major kiwifruit diseases 
that are already endemic in Korea, kiwifruit bacterial blos-
som blight (KBB), caused by Pseudomonas syringae pv. 
syringae (Pss), is known to be considerably influenced by 
weather conditions during the flowering period of kiwifruit 
(Fang et al., 1999; Koh et al., 2001; Young, 1984). KBB 
initially affects the flower buds of kiwifruit by causing rot-
ting of the anthers; this becomes apparent when the bud 
opens (Koh et al., 2001). Alternatively, the rot may spread 
to other tissues in the bud, resulting in general browning. 
In severe cases, the infected buds drop, leaving a flower 
stalk attached to the vine. Recurrent, consecutive epidem-
ics in the same location can lead to sudden outbreaks of the 
disease under favorable weather conditions. Here in this 
study, we use the word of “epidemic” as the dynamics of 
disease, that is, the change in the severity of disease with 
time (Arneson, 2001).

The diseased flowers mostly result in a loss of fruits or in 
malformed fruits, thus affecting overall seasonal kiwifruit 
production. Indeed, KBB was responsible for over 50% 
of production losses in Korea (Shin, 2004). Therefore, 
it is recommended that kiwifruit growers utilize the best 
available chemical and cultural practices, such as spraying 
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agro-chemicals, trunk injection of acetic acids, girdling on 
trunks, and installation of rainproof covers over kiwifruit 
vines (Koh, 1995; Koh et al., 2001; Tachibana, 1988). To 
assist with the implementation of best practices, we recent-
ly developed a KBB forecasting model, the Pss-KBB Risk 
Model, based on relevant epidemiological information re-
garding blossom blight in relation to weather variables (Kim 
and Koh, 2015; Lightner and Steiner, 1992). 

The Pss-KBB Risk Model predicts potential infection 
risk of the KBB, based on which kiwifruit growers can 
utilize the best practices related to spraying chemicals at 
the most effective time. In order to run the Pss-KBB Risk 
Model, the flowering period of kiwifruit should first be de-
fined as the model utilizes weather information for 10 days 
preceding full bloom (Kim and Koh, 2015). A kiwifruit 
phenology model, called the Chill-day Model, predicts the 
flowering period using daily temperature information. The 
original Chill-day Model was introduced by Cesaraccio et 
al. (2004, 2005), and then was modified by Jung et al. (2005) 
to predict the flowering of fruit trees in the temperate zone. 
The modified Chill-day Model was applied and parameter-
ized by Kwon et al. (2012) and Kim et al. (2015b) to esti-
mate the flowering date for the green flesh kiwifruit culti-
var Hayward in Korea. This modified Chill-day Model for 
Hayward was adopted in our study to predict the flowering 
period, during which kiwifruit is known to be vulnerable to 
KBB infection. 

Jeonnam province is located in the southwest of the Ko-
rean Peninsula and is a major kiwifruit growing area; as of 
2015, almost 44% of kiwifruit cultivation in Korea took 
place in this province. Owing to warming temperature on 
the Korean Peninsula and improved management technolo-
gies, together with the local government’s policy support 
over the last decades, the area of kiwifruit cultivation in 
Jeonnam province has expanded rapidly. However, the pre-
dicted effects of climate change on the kiwifruit industry 
in the province need to be addressed in order for the local 
government to institute realistic and effective adaptation 
strategies and policies. In particular, changes in environ-
mental factors owing to climate change will affect plant-
microbe interactions, which influence disease epidemics at 
different magnitudes for a broad range of local communi-
ties (Holling, 1986; Wilbanks and Kates, 1999). Short-
term countermeasures may include the establishment of a 
disease early warning system, and of a support system for 
making decisions about control sprays, to ensure the timely 
application of agro-chemicals and other cultural practices 
in high-risk areas, while long-term solutions targeting the 
next decades may include a breeding program for disease-
tolerant or early/late-maturing cultivars equipped to resist 

or avoid high disease pressures. 
To facilitate these planning measures, we predicted future 

epidemics of KBB in Jeonnam province as a case study 
for local impact assessments of climate change. However, 
in most impact studies, variables other than climate are 
generally assumed to remain unchanged in the future. 
Such assumptions, and the uncertainties inherent in climate 
change scenarios themselves, often result in unrealistic 
predicted impacts of climate change, which prevents local 
policymakers or stakeholders from being convinced by the 
results. Therefore, there is a strong need for an integrated 
modeling approach to incorporate a greater quantity of the 
factors that would play critical roles in a real situation. In 
fact, there have been many impact assessments using the 
integrated modeling approach in various sectors, where 
multiple models and/or algorithms were used together to 
determine critical interaction points between multiple so-
cio-economic, biological, and environmental components 
(Keith et al., 2008; Krol and Bronstert, 2007; Wilby et al., 
2006). 

The objective of this study was to evaluate the effects of 
climate change and the corresponding adaptation strate-
gies by leveraging multiple models in an integrated way. 
To achieve this objective, we conducted modeling studies 
investigating the responses to climatic conditions of kiwi-
fruit and of the pathogenic bacteria that cause KBB, using 
the high-resolution RCP 8.5 climate change scenario. This 
included (1) simulating suitable areas for kiwifruit cultiva-
tion using a climate suitability model, and (2) linking a 
kiwifruit phenology model with a disease epidemiological 
model to predict the future epidemic risk of KBB. Finally, 
we suggest, based on this integrated modeling solution, 
a potential, scientifically-informed, long-term adaptation 
strategy of using a cultivar of kiwifruit with a different ma-
turity period to avoid future pressures from KBB. To our 
knowledge, this is the first local impact assessment and ad-
aptation study of plant disease risks under climate change 
linking both the host plant phenology model and the dis-
ease epidemiological model, with consideration of future 
climatic suitability for the host plant. 

Materials and Methods

Study area. Jeonnam province is located in the southwest-
ern part of the Korean Peninsula (Fig. 1). It is generally 
characterized by a maritime climate because of the large 
proportion of coastal areas; however, distinctive features of 
a continental climate exist in the mountainous inland areas. 
The average rainfall for the period covering 1984-2013 
was 1,471 mm, with a large inter-annual variation between 
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800 mm and 2,300 mm. Fifty-four percent of the annual 
rainfall falls during the summer monsoon season (June to 
August). The average temperature for the period covering 
1980-2013 was 13.4°C, with an average minimum tem-
perature of 8.7°C and an average maximum temperature 
of 18.9°C. Over the past 30 years, rainfall has decreased at 
a rate of 2.8 mm/y, while temperature has increased at the 
rate of 0.33°C/y (Kim et al., 2015b). Most kiwifruit culti-
vation occurs in the counties along the southern coast, as 
shown in Fig. 1. However, cultivation has slowly extended 
toward the mountainous inland areas because of improved 
farming technologies and management skills, and the in-
creasing temperatures that result from climate change. As 
of 2011, there are about 1,200 kiwifruit growers in Jeon-
nam province, producing more than 8,000 tons of kiwifruit 
annually from about 520 ha of orchards (statistics obtained 
from the Jeonnam Provincial Government).

Climate change scenarios. The RCP 8.5, the highest 
greenhouse gas emission pathway in the fifth phase of the 
Coupled Model Intercomparison Project (CMIP5), was 
selected in the study to provide a baseline to reflect the 
continuously increasing trend of greenhouse gas (GHG) 

emission in the face of limited global/national policy in-
tervention (Olivier et al., 2017; Rahmstorf et al., 2007). 
The RCP 8.5 climate change scenario of the HadGEM2-
AO global climate model (GCM) was downscaled to a 1 
km resolution by the Korea Meteorological Administration 
(KMA) (Kim et al., 2012a, 2012b; KMA, 2015; Lee et al., 
2012). The 1 km resolution scenario by KMA (hereafter 
referred to as the KMA scenario) was used in all three 
modeling works in the study: a climate suitability model, 
a kiwifruit phenology model, and a disease epidemiology 
model. 

In this study, we used the KMA scenario because it was 
the only available high-resolution gridded climate change 
scenario required for local impact assessment and adapta-
tion study. This may indicate the predictions from this 
study may not accurately reflect the true state of knowledge 
concerning potential future conditions affecting the epidem-
ics of KBB in Jeonnam province. This is because there are 
inherent uncertainties in climate projections from GCMs 
due to fundamental variations in initial conditions as well 
as structural differences in the models. Therefore, we ex-
amined whether the KMA scenario-based approach can ac-
commodate the uncertainty from multiple GCMs. For this, 

Fig. 1. Elevation map of the study area, Jeonnam province in Korea. Major counties growing kiwifruits in the province are labelled on 
the map: JD, Jindo; HN, Haenam; WD, Wando; GJ, Gangjin; JH, Jangheung; BS, Boseong; GH, Goheung; SC, Suncheon; YS, Yeosu; 
and GY, Gwangyang. Note that the 7 Automated Synoptic Observing System (ASOS) stations used for the downscaling of 11 GCM 
scenarios are starred on the map. 
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we compared the potential epidemic risks of KBB simu-
lated with the single KMA scenario and multiple scenarios 
from 11 GCMs. Since the multiple scenarios could be ob-
tained by statistical downscaling to point locations where 
more than 30 years’ climatological data exist, we selected 7 
KMA Automated Synoptic Observing System (ASOS) sta-
tions in the major kiwifruit growing administrative districts 
in Jeonnam province for the comparison test, which are the 
Jindo (175), Haenam (261), Wando (170), Jangheung (260), 
Goheung (262), Yeosu (168), and Gwangju (156) (shown 
in Fig. 1). Statistical downscaling was conducted using the 
method implemented by Cho (2013) and Kim and Cho 
(2016). Briefly, we selected daily scale scenario data from 
11 GCMs (information on the GCMs refers to Table 1 in 
Kim and Cho, 2016). The scenario data of 11 GCMs were 
bias-corrected and spatially downscaled to the 7 ASOS sta-
tions using the non-parametric quantile mapping method. 
Thirty years of observed historical data obtained from the 
ASOS stations were used as a reference for the quantile 
mapping method. 

Three models leveraged. In our recent study, the suitabil-
ity areas for kiwifruit growth in Jeonnam province were 
determined using a climate suitability model, where five se-
lected bioclimatic conditions were used as important deter-
minants for the optimal growth of kiwifruit: (1) minimum 
threshold temperature for kiwifruit growth as a mandatory 
condition, and (2) freezing damage-tolerant temperature, 
(3) minimum length of the frost-free season, (4) winter 
chill requirement for flowering, and (5) water requirement 
for optimum growth as optional bioclimatic conditions. To 
calculate the five bioclimatic conditions, daily minimum 
and maximum temperature and daily precipitation data are 
used. Details on the conditions of each bioclimatic variable, 
the suitability algorithm, and its validity can be found in 
Jeong et al. (2018). Areas that were predicted to be “Highly 
suitable” or “Suitable” for kiwifruit cultivation in the his-
torical and future periods were subjected to further model 
simulations as described below.

To predict the potential epidemic risk of KBB under a 
changing climate, we leveraged the Pss-KBB Risk Model 
developed in our recent study (Kim and Koh, 2015), along 
with a kiwifruit phenology model, called the Chill-day 
Model. The Chill-day Model was parameterized by Kwon 
et al. (2012), Kim et al. (2015b), and Kim et al. (2016) 
to estimate the flowering date for the kiwifruit cultivars, 
Hayward and Haegeum, in Korea. In all previous studies, 
this model was validated on datasets from different sites 
in Jeonnam province, which yielded smaller prediction er-
rors than using climatologically averaged flowering dates 

in each site. This suggested its reliability when applied to 
climate change scenarios. Daily minimum and maximum 
temperature data are used for the simulation of the Chill-
day Model. This model was adopted in our study to predict 
the flowering period, which subsequently defines the simu-
lation dates of the Pss-KBB Risk Model. 

The original Pss-KBB Risk Model estimates a risk score 
for KBB using daily minimum and maximum temperature 
and precipitation data for the 10 days preceding the full 
bloom date, which was highly correlated with the observed 
disease severity data (correlation coefficient [CC] of 0.954 
with 1% significance level). To simulate disease sever-
ity (%) using the Pss-KBB Risk Model, we developed 
an additional algorithm based on the model: a regression 
equation between the simulated risk scores and the corre-
sponding observed severity data, using the lm() function of 
the R statistical program (version 3.3.2) (R Development 
Core Team, 2008). The observed severity data consisted 
of ground-truth data of KBB severity covering 10 y (1999-
2006 and 2008-2010) in Haenam, collected from kiwifruit 
orchards by Lim (2009), and KBB severity data covering 
the period 1997-1999 in Goheung, collected by Koh et 
al. (2001). The Haenam data range from 0.1% to 10.7%, 
while the Goheung data range from 20.7% to 35.3% rep-
resenting severe epidemic situation. Weather data from the 
KMA ASOS stations in Haenam (261) and Goheung (262) 
near the kiwifruit orchards were used to run the Pss-KBB 
Risk Model and to generate the simulated risk scores. The 
resulting regression equation was validated by comparing 
the simulated disease severities with another set of ground-
truth data collected in 2015 in multiple kiwifruit orchards. 
Weather data from the nearest KMA weather stations were 
used to simulate the Pss-KBB Risk Model.

Integrated modeling approach. Daily maximum and 
minimum temperature and precipitation data were extract-
ed from the KMA scenarios for a series of modeling with 
three models. Three models were not physically linked or 
coupled to each other but were simulated in a logical order 
to generate base information for subsequent simulations by 
another model (Fig. 2). First, the Climate Suitability Model 
simulated suitable areas for kiwifruit cultivation in the his-
toric and future periods, which were subjected to further 
model simulations with the kiwifruit Chill-day Model. The 
Chill-day Model simulated flowering dates of kiwifruit 
vines for individual grid locations in the historic and future 
periods, which then became the simulation periods by the 
Pss-KBB Risk Model to simulate the potential epidemic 
risks of KBB (hereafter referred to as KBB risk) in Jeon-
nam province. 
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The KBB risks over the province were represented as the 
frequency of severe epidemics over each 10-year-period, 
with a maximum of 10 severe epidemics over each period. 
Considering the general flower pruning practices taking 
place in kiwifruit orchards, where at least 20% of flowers 
are pruned (Jeonnam Agricultural Research Center, per-
sonal communication), severe epidemic risk was recorded 
when the simulated KBB severity exceeded 20% in a given 
year. Simulation results were divided into five periods, 
starting at the historical period (2000-2009) and covering 
future periods of every other decade, such as 2020-2029, 
2040-2049, 2060-2069, and 2080-2089. These results were 
presented on the map to show temporal (present to future) 
and spatial changes of KBB risk throughout the province. 
To compare this result with the ones from multiple sce-
narios of 11 GCMs, the same modeling procedures using 
the Chill-day Model and the Pss-KBB Risk Model were 
repeated with multiple scenario data downscaled to the 7 
ASOS locations. The range of uncertainty in estimating the 
KBB risks resulting from the uncertainty in climate projec-
tions from different GCMs was displayed with the mean 
and the range of ± 1 standard deviation (SD) from the 
mean, which was directly compared with the mean KBB 
risks simulated on the 7 ASOS locations using the KMA 
scenario.

As an example of possible adaptation strategies to the 
identified impacts of climate change, in this case the KBB 
risk, we simulated future KBB risks using another kiwifruit 

cultivar with earlier maturity than Hayward. Recently, we 
parameterized and validated the Chill-day Model to pre-
dict the flowering dates for a gold-flesh kiwifruit cultivar, 
Haegeum (Kim et al., 2016). Haegeum was bred by the 
Jeonnam Agricultural Research Institute and is currently 
cultivated on more than 120 ha in Jeonnam province. We 
replaced the Chill-day Model for Hayward with one for 
Haegeum and re-ran the models to generate decadal chang-
es of the KBB risks on the cultivar Haegeum throughout 
Jeonnam province. The results were then compared with 
those obtained for Hayward.

Results 

Potential changes to the climatic suitability maps for ki-
wifruit cultivation in Jeonnam province were determined 
based on climatic conditions in each 1-km-grid of the 
RCP 8.5 climate change scenario (Fig. 3). Three suitabil-
ity zones (Not suitable, Suitable, and Highly suitable) for 
optimal kiwifruit cultivation were displayed depending 
on expected temporal changes in the climate of Jeonnam 
province, from the historic period (2000-2009) to future pe-
riods (2020-2029, 2040-2049, 2060-2069, and 2080-2089). 
The simulated suitable areas for the historic period were 
comparable to the current kiwifruit cultivation areas in the 
province (Statistics Korea, http://kosis.kr), except for the 
Gwangju Metropolitan City area, probably due to warmer 
temperatures from an urban heat island effect. This result 

Fig. 2. Integrated modeling workflow using three models in the study. First, the Climate Suitability Model generates suitable areas for 
kiwifruit cultivation. Then, the Chill-day Model simulates flowering period of kiwifruit vines only on the suitable areas in Jeonnam prov-
ince identified by the Climate Suitability Model. Lastly, the Pss-KBB Risk Model simulates potential epidemic risks of KBB using the 
flowering dates generated by the Chill-day Model as an input. Pss, Pseudomonas syringae pv. syringae; KBB, kiwifruit bacterial blos-
som blight.
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indicates that the climatic conditions used in this study rep-
resent real-world conditions today. The geographical loca-
tions suitable for kiwifruit cultivation expanded from the 
present coastal area to the high elevation inland area, and 
also northward, by 2090. Approximately one-third of the 
areas in Jeonnam province were shown as ‘Not suitable’ 
for kiwifruit cultivation at present, but almost 99% of the 
areas changed to ‘Highly suitable’ in the 2080s, supporting 
our understanding that this local impact assessment for the 
province is reasonable.

To simulate disease severity (%) using the existing Pss-

KBB Risk Model, we developed an additional algorithm 
in the model: a regression equation between the simulated 
risk scores and the corresponding observed severity data. 
The resulting regression equation was Y = 0.102X + 0.0552 
(R² = 0.976), where Y is the observed severity and X is the 
simulated risk score. The regression equation was validated 
by comparing the simulated disease severities with ground-
truth data collected in major kiwifruit growing areas in the 
province (Fig. 4A). The mean absolute error (MAE) and 
the root-mean-square error in the assessment of the similar-
ity between the observed and the simulated severities were 

Fig. 3. Climatic suitability maps for kiwifruit cultivation under the RCP 8.5 climate change scenario in Jeonnam province, Korea. GMC, 
Gwangju Metropolitan City.
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2.68% and 3.12%, respectively, indicating a reasonably 
high performance of the equation in predicting disease se-
verity according to the model (Fig. 4B).

Kiwifruit becomes vulnerable to KBB infection during 
the flowering period. We first used the Chill-day Model to 
determine the flowering dates of kiwifruit using the climate 
change scenario. Disease severities of KBB during the 
simulated flowering periods were calculated using the Pss-
KBB Risk Model. The resulting KBB risks (the number 
of severe epidemics with more than 20% disease severity) 

were considered as the potential epidemic risks of KBB 
under climate change. As shown in Fig. 5A, few areas were 
predicted to have more than three to four severe epidemics 
over the historical period (2000-2009), especially in the 
major kiwifruit growing counties in Jeonnam province. 
This is in line with the fact that there have rarely been se-
vere epidemics of KBB with significant production losses 
in the province over the last years (Jeonnam Agricultural 
Research Center, personal communication). Towards 2090, 
KBB risks did not show a clear or uniform pattern of spa-

Fig. 4. Simulated severity of KBB compared to observed severity in 2015. (A) Simulated R scores (Sim. R scores) by the Pss-KBB Risk 
Model were converted into disease severity (Sim. severity), and then compared with the observed disease severities (Obs. severity). 
Weather information was collected from the weather stations near each investigated orchard. (B) Mean absolute error (MAE) and root-
mean-square error (RMSE) were calculated for both simulated disease severity and observed disease severity. Pss, Pseudomonas syrin-
gae pv. syringae; KBB, kiwifruit bacterial blossom blight.
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Fig. 5. Potential epidemic risks of KBB in areas of Jeonnam province suitable for kiwifruit cultivation under the RCP 8.5 climate change 
scenario for each 10-y period from the historical (2000-2009) to the future (2020-2029, 2040-2049, 2060-2069, and 2080-2089) periods. 
The frequencies of severe epidemics for each 10-year period were calculated based on the simulation results of the Pss-KBB Risk Mod-
el, with disease severity greater than 20% per year considered to be a severe epidemic. (A) Spatio-temporal trend of the KBB epidemics 
shown on the map of Jeonnam province. Note that the light gray areas on the map indicate the “Not suitable” areas for kiwifruit cultiva-
tion in each decadal period, which were not subject to the simulation of KBB epidemics. (B) Comparison of the mean KBB severe epi-
demics on 7 Automated Synoptic Observing System (ASOS) station locations in Jeonnam province (stars in Fig. 1), simulated with the 
Korea Meteorological Administration 1 km scenario (solid line), the observed weather data of the 7 ASOS stations only for 2000-2009 
(round dot), or the downscaled scenarios of 11 GCMs (dotted line with gray shared area). Note that the dotted line indicates the mean of 
the simulated KBB severe epidemics from 11 GCMs, and the gray shared area indicates the range of ± 1 SD from the mean. Pss, Pseu-
domonas syringae pv. syringae; KBB, kiwifruit bacterial blossom blight.
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tial change, indicating some complex, location-specific in-
teractions between kiwifruit phenology and the correspond-
ing KBB simulations. Geographically, a greater number of 
severe epidemics started in the coastal island areas, such as 
Jindo, Haenam, Wando, Goheung, and Yeosu, and the risk 
expanded into southeastern inland areas of the province in 
2060-2069, while in most areas, except for some parts of 
Wando, Jangheung, and Suncheon, no severe epidemics 
were predicted for the period 2080-2089. 

Since the results in Fig. 5A do not show uncertainty 
information derived from the uncertainty in climate projec-

tions from different GCMs, we examined whether the KBB 
risks simulated with the KMA scenario are accommodated 
within the range of uncertainty from the multiple scenarios 
of 11 GCMs (Fig. 5B). In most periods examined, the KBB 
risks from the KMA scenario were within the range of 
the mean ± 1 SD of the risks from the 11 GCM scenarios, 
and the mean KBB risks of the KMA scenario followed 
the temporal fluctuation of the mean KBB risks from 11 
GCMs. This particular example indicates the spatio-tem-
poral trend of KBB risks obtained from the KMA scenario 
may not present significantly biased results beyond the cli-

Fig. 6. Predicted changes in severe epidemics of kiwifruit blossom blight (KBB risk) and flowering dates in Jeonnam province from the 
2000s to the 2090s under the RCP8.5 climate change scenario. The decadal changes of the KBB risk (black line) and the flowering date 
(black dotted line) for kiwifruit cultivar Hayward were compared with those of the KBB risk (gray line) and the flowering date (gray 
dotted line) of the kiwifruit cultivar Haegeum for the same periods (2000s-2090s). The bottom graph indicates the decadal changes of 
average values of temperature (°C) and rainfall frequency (days) during the 10-day periods before full bloom of Hayward (black graphs) 
and Haegeum (gray graphs) cultivars.
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mate change signals from other GCMs.
Similar to the spatial representations of the KBB risks, 

mean decadal changes of the severe epidemics of KBB 
showed that KBB risks throughout Jeonnam province 
continued to increase and peaked in the 2060s, and then de-
creased in the 2080s (‘Severe epidemics-Hayward’ in Fig. 
6). On the other hand, the simulation of flowering dates 
by the Chill-day Model showed a decreasing (advancing) 
trend in the future periods (‘Flowering date-Hayward’ in 
Fig. 6), showing a reasonable shift of the flowering date 
responding to the projected warming temperature. As the 
flowering dates change, the corresponding temperature and 
rainfall patterns for the 10-day period before full bloom, 
which are the primary cause for the fluctuating pattern of 
KBB risks over future periods, should change accordingly. 
To investigate this relationship, we displayed the decadal 
change of KBB risks together with decadal changes in 
mean temperatures and rainfall frequencies during the 10-
day periods that the Pss-KBB Risk Model used to simulate 
disease risk. The mean temperatures over the future periods 
showed a slightly increasing trend over the range of 18.7-
20.2°C (‘Mean temperature-Hayward’ in Fig. 6). On the 
contrary, the rainfall frequency varied from 1.5 to 3.1 days 
over the future periods (‘Rainfall frequency-Hayward’ 
in Fig. 6). Statistical analyses indicated that the rainfall 
frequencies during the 10-day periods explained much of 
the variation in KBB risks, with a CC of 0.76 between the 
decadal changes of KBB risks and rainfall frequencies, 
while the CC with mean temperatures was negligible. Nev-
ertheless, it was inferred that the decrease of KBB risks af-
ter the 2070s is caused by the mean temperature increases 
in the corresponding periods. 

Here we suggest a possible strategy to adapt to the iden-
tified impacts of climate change, in this case the KBB 
risk, using an alternative kiwifruit cultivar with an early 
maturity period: the gold-flesh kiwifruit cultivar Haegeum. 
By examining the early-maturing cultivar Haegeum (ap-
proximately 2 weeks earlier than the cultivar Hayward), we 
hoped to show that this cultivar avoids the high KBB pres-
sures predicted during the flowering period of Hayward. 
Simulation using the Chill-day Model for the cultivar Hae-
geum showed that the flowering dates of Haegeum were 
indeed 12-14 days earlier than those of Hayward, with a 
similar advancing trend over the future periods (‘Flowering 
date-Haegeum’ in Fig. 6). Haegeum was also predicted to 
carry significantly lower KBB risks than Hayward in most 
of the future periods (‘Severe epidemics-Haegeum’ in Fig. 
6), indicating that the climatic conditions during the pre-
dicted flowering periods of Haegeum were less favorable 
to KBB development. The decadal KBB risks for Haegeum 

were of fewer than 1.5 days of severe epidemics over the 
future periods, and were significantly lower than Hayward, 
especially in the 2050-2070s, when Hayward carried the 
highest KBB pressures. Statistical analyses for the KBB 
risks and the decadal trends of mean temperature and rain-
fall frequency for Haegeum showed similar results to those 
of Hayward (‘Mean temperature-Haegeum’ and ‘Rainfall 
frequency-Haegeum’, respectively, in Fig. 6), with rainfall 
frequency showing a high CC. In conclusion, our findings 
indicate that the cultivar Haegeum can be an alternative 
solution to coping with future KBB risks, replacing the 
cultivar Hayward, which is currently planted in kiwifruit 
orchards in Jeonnam province. 

Discussion

In this study, we successfully evaluated the effects of cli-
mate change by leveraging multiple models in an integrated 
way, by conducting a series of modeling studies on the re-
sponses of kiwifruit and KBB bacterial pathogen to climat-
ic conditions. The integrated modeling approach consists 
of a climate suitability model simulating the suitable area 
for kiwifruit cultivation (the Climate Suitability Model), a 
kiwifruit phenology model (the Chill-day Model) simulat-
ing the flowering stage when KBB occurs, and a KBB epi-
demiological model (the Pss-KBB Risk Model) simulating 
disease infection processes (Fig. 2). All three models were 
simulated using the same KMA 1 km resolution, RCP8.5 
climate change scenario, resulting in synchronous bio-
physical interactions between plants, microbial pathogens, 
and environmental conditions in each 1-km-grid location 
in Jeonnam province. Although there remains a significant 
challenge of not being able to account for all complicated 
factors affecting the biophysical interactions that might 
change in future, the resulting KBB risk represents more 
realistic information with fewer assumption compared to 
previous studies (Francesca et al., 2006; Kim et al., 2015a). 

Potential changes to suitable areas for kiwifruit cultiva-
tion under a changing climate were simulated based on 
the optimal climatic conditions for kiwifruit growth. This 
suitability simulation based on climatic conditions was 
critical in mapping the areas in which it is highly likely that 
kiwifruit orchards will be located in the future, in an effort 
to make subsequent KBB risk prediction more rational. For 
the predicted suitable areas for kiwifruit cultivation, we 
linked the Pss-KBB Risk Model with the Chill-day Model 
to assess the interactions of kiwifruit vine and blossom 
blight occurrence, resulting in potential, but more realistic, 
KBB risk prediction for a changing climate. Reflecting the 
warming temperature under climate change, the simula-
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tion of flowering dates by the Chill-day Model showed a 
decreasing (advancing) trend over future periods, similar to 
phenological changes reported in previous studies (Lenoir 
et al., 2008; Yun, 2006). Considering that the RCP 8.5 
climate change scenario from the HadGEM2-AO model 
projects a 4.1°C increase in temperature in the Korean 
Peninsula by 2100 (Baek et al., 2013), our results showed a 
reasonable shift in the kiwifruit flowering date correspond-
ing to this projected temperature change, which actually 
provides one of the most compelling evidences of ongoing 
climate change. Kwon et al. (2012) and Kim et al. (2015b) 
showed that the modified Chill-day Model could predict 
flowering dates of Hayward with high accuracy (2.5 days 
and 2.0 days of MAEs with different ground-truth datasets, 
respectively) by comparing with ground-truth data repre-
senting more than 10 years. Therefore, it can be assumed 
that the flowering dates predicted by the Chill-day Model 
for the future periods may represent the actual phenophase 
of kiwifruit in the future, which in turn indicates that the 
climatic conditions determined by the predicted flower-
ing dates may also represent the actual conditions that the 
KBB pathogen will encounter during future seasons. The 
assumption of a phenophase date for a plant is more likely 
to be true for perennial fruit trees (or vines) like kiwifruit, 
which last for more than 30 years once planted, than for an-
nual crops such as rice, wheat, and maize. This is because 
perennial species do not require human-dependent planting 
activity, which makes prediction of the future phenophase 
difficult for annual species. 

As the flowering dates change, the corresponding tem-
perature and rainfall conditions for the 10-day periods 
before full bloom, to which the KBB pathogen will be 
exposed, were assumed to change accordingly. In a study 
by Everett and Henshall (1994), temperature, rainfall, rain 
duration, and flower wetness were considered to be impor-
tant determinants for the incidence of KBB epidemic. Pen-
nycook and Triggs (1991) showed that rainfall immediately 
before and during the flowering period was of paramount 
importance and determined the differences in severity of 
KBB between seasons. Since rainfall during flowering pre-
disposes kiwifruit to diseases, installation of rainproof cov-
ers may contribute to reduced disease severity in kiwifruit 
orchards. Similar to rainfall, temperature affects population 
dynamics of the bacterial pathogen of KBB and its infec-
tion processes. The Plant and Food Research Institute in 
New Zealand reported in its bulletin a prediction model for 
KBB severity based on temperature data covering the 10 
days before one percent of kiwifruit vines have flowered, 
indicating that the temperature before and during flowering 
affect disease development (Everett and Henshall, 2012). 

The Pss-KBB Risk Model has a rainfall function that 
generates a temperature-dependent daily risk score only on 
rainy days, translating the temperature and rainfall condi-
tions for the 10-day period before full bloom into a KBB 
risk score (Kim and Koh, 2015). Indeed, the comparisons 
between the KBB risks and both mean temperature and 
rainfall frequencies during the 10-day periods before full 
bloom in the future periods revealed that the rainfall fre-
quency explained much of the variation in KBB risks, 
while the effect of mean temperature was negligible (Fig. 
6). However, temperature might explain some of the inter-
decadal KBB risk fluctuations, i.e., the difference in KBB 
risks for the cultivar Hayward in the 2040s and 2050s, 
when rainfall frequencies were predicted to be similar but 
differences in the severity of epidemics were large, and the 
decrease of KBB risks after the 2070s, probably caused by 
the mean temperature increases during the critical infection 
periods. Nevertheless, we admit that it is difficult to de-
termine the exact causes of annual variations in KBB risk 
level based on the mean values for each climate variable, 
as their accumulated and combined contributions in a daily 
scale resulted in such KBB risks (Everett and Henshall, 
1994; Kim and Koh, 2015; Pennycook and Triggs, 1991). 

Based on the temporal changes in severe epidemics of 
KBB in Jeonnam province, we can predict that KBB will 
be more serious in the future, due to a complicated interac-
tion between biological responses and climatic factors. This 
indicates that continuous studies are required to prevent oc-
currence of the KBB disease in Jeonnam province. Impact 
assessment in each district in the province will also aid in 
the development of localized adaptation strategies for local 
government units. An early warning system using the Pss-
KBB Risk Model and short-term (2-3 days) to mid-term 
(7-15 days) weather forecasts will be useful for kiwifruit 
growers in Korea for the implementation of timely preven-
tative disease control, as recently demonstrated for the ki-
wifruit bacterial canker disease (Kim et al., 2018). Over the 
next 10 to 30 y, long-term adaptation strategies need to be 
considered. These include replacing kiwifruit cultivars in 
local orchards with cultivars with higher disease tolerance 
or different maturity periods to avoid a high disease pres-
sure season in the future (Datson, et al., 2013; Reglinski et 
al., 2013). 

Our study showed that Haegeum, a gold-flesh kiwifruit 
that normally blooms about 2 weeks earlier than Hayward, 
is expected to carry significantly lower KBB risks than 
Hayward, especially in the 2050s-2070s when Hayward 
was predicted to face the highest KBB pressures. Based on 
this finding, we suggest that other kiwifruit cultivars with 
a different maturity such as Haegeum can be an alternative 
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solution to cope with future KBB risks. The feasibility of 
replacing the major cultivar Hayward with the Haegeum 
can be supported by a simple economic analysis utilizing 
currently available information on agrochemical-based 
KBB control practices and the market price of Hayward 
and Haegeum kiwifruits. Shin et al. (2004) suggested that 
the optimum spray program of preventive bactericides for 
the control of KBB is three consecutive applications at 10-
day intervals, starting in early May during the flowering 
season of kiwifruits. Based on the survey by Kim et al. 
(2015b), one-time spray with agro-chemicals costs 110 
Korean won (KRW) per unit area (3.3 m2). Looking to the 
2060 s, when Hayward was predicted to be exposed to the 
highest KBB risk, the total costs of controlling KBB with 
the recommended optimum spray program (Shin et al., 
2004) for Hayward and Haegeum are 8,250 KRW and 4,620 
KRW per unit area, respectively, with the assumption that 
kiwifruit growers spray only when severe epidemics (more 
than 20% disease severity) are expected. Furthermore, the 
market price of Haegeum is twice that of Hayward as of 
2015 (Kim et al., 2015b). However, there is a risk in chang-
ing cultivars: during the first 5 years, growers will obtain 
no income from newly planted Haegeum vines, because 
it generally takes 5 years for a new kiwifruit vine to reach 
an average level of kiwifruit production. Nevertheless, the 
overall income of the growers can be sustained given the 
above-mentioned advantages of lower agro-chemical spray 
costs and higher market price of Haegeum compared to 
Hayward. With this kind of economic evaluation against 
scientifically-informed adaptation strategies to address the 
predicted KBB risks, it becomes highly plausible for local 
government units to proactively implement these strategies, 
unless other matters, such as consumer preferences that 
influence market price and pest and disease concerns, con-
flict with these strategies.

Our results, using multiple models in an integrated way, 
clearly suggested one of the possible options for a local 
impact assessment and adaptation study, though there are 
still several factors further to be improved. Firstly, we used 
a single climate change scenario from the HadGEM2-AO 
model, which could not provide the uncertainty information 
that different GCMs carry. Although we showed the direct 
comparison results between the KMA scenario and the 11 
GCM scenarios downscaled to 7 ASOS stations, it doesn’t 
mean the same results in other locations in the province. 
Once more high-resolution scenarios from multiple GCMs 
become available and are utilized in our integrated model-
ing approach in the near future, better decision-making 
for adaptation to climate change will possibly be realized 
by accounting for fundamental uncertainty inherent from 

the GCMs (Mathukumalli et al., 2016; Ouma et al., 2016). 
Secondly, the uncertainty from individual biophysical 
models should be addressed, which results in low reliability 
of the models. The main causes of the model uncertainty 
include lack of integration of non-climatic confounding 
factors in modeling and insufficient calibration and valida-
tion due to limited ground-truth data. As more location-
specific ground-truth data are secured through experiments 
and regular surveys, more reliable models can be used for 
the local impact studies. Lastly, our results should be taken 
with caution due to the limited factors considered for the 
integrated modeling. There are considerable uncertainties 
accounting for all of the factors affecting the host-disease 
dynamics, some of which may be impossible to project 
with currently available knowledge and technologies. For 
example, a range of environmental factors not directly 
considered by the models, such as elevated CO2 concentra-
tions, soil fertility, and other weather variables, might affect 
the biophysical interactions in the future. Therefore, a com-
prehensive mechanistic modeling approach that includes 
the biophysical responses of the host plant, the microbial 
pathogen, and their interaction with environmental factors 
can be an option for future research. In addition, more in-
put information should be gathered in order to increase the 
overall reliability of the final results, including the creation 
of high-resolution maps for soil types, land use, plant cul-
tivar, and additional meteorological variables, after which 
the results can be used to generate practical agricultural ad-
vice and policies by local government units (Geerts et al., 
2006; Tuck et al., 2006).

In this study, we presented for the first time the local im-
pact assessment and adaptation study of climate change on 
a plant disease epidemic using the integrated modeling ap-
proach with multiple models. The resulting high-resolution 
maps for future KBB epidemics, in particular, will ensure 
and enhance the usability of our results in the development 
of local government policies and adaptation strategies for 
local communities (Roberts, 2008). Using the Climate 
Suitability Model for kiwifruit, we found that suitable areas 
for kiwifruit cultivation in Jeonnam province gradually 
increase over future periods. Through adoption of the Pss-
KBB Risk Model and linking it with the Chill-day Model, 
we also revealed that as the flowering dates of kiwifruit 
became earlier through 2100, the potential risk of severe 
epidemics of KBB resulted in location-specific, periodic 
fluctuations in future periods. Notably, KBB risks through-
out Jeonnam province continued to increase and peaked in 
the 2060s, then drastically decreased in the 2080s, a shift 
that was highly correlated with corresponding climatic 
conditions. To relieve future KBB pressures, a potential, 
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scientifically-informed, long-term adaptation strategy using 
a cultivar of kiwifruit with a different maturity period was 
investigated using the integrated modeling solution, result-
ing in the identification of the Haegeum cultivar as an alter-
native kiwifruit vine that will experience less KBB pressure 
over the coming decades. As this kind of integrated model-
ing platforms are developed and continuously improved 
with more quality-controlled data and more reliable model-
ing algorithms, local policymakers and stakeholders will be 
able to prepare more realistic, rational adaptation strategies 
to cope with the upcoming threats of climate change based 
on the evidence-based scientific results. To ensure this, 
there are many follow-up researches necessary in the near 
future, as our results directly point that urgent necessity. 

Acknowledgments

This research was supported by the APEC Climate Center.

References

Arneson, P. A. 2001. Plant disease epidemiology: temporal as-
pects. The Plant Health Instructor. URL https://www.apsnet.
org/edcenter/disimpactmngmnt/topc/EpidemiologyTemporal/
Pages/default.aspx [15 May 2019].

Baek, H.-J., Lee, J., Lee, H.-S., Hyun, Y.-K., Cho, C., Kwon, 
W.-T., Marzin, C., Gan, S.-Y., Kim, M.-J., Choi, D.-H., Lee, 
J., Lee, J., Boo, K.-O., Kang, H.-S. and Byun, Y.-H. 2013. 
Climate change in the 21st century simulated by HadGEM2-
AO under representative concentration pathways. Asia Pac. J. 
Atmos. Sci. 49:603-618.

Cesaraccio, C., Spano, D., Snyder, R. L. and Duce, P. 2004. Chill-
ing and forcing model to predict bud-burst of crop and forest 
species. Agric. For. Meteorol. 126:1-13.

Cesaraccio, C., Spano, D., Snyder, R. L. and Duce, P. 2005. Cor-
rigendum to “Chilling and forcing model to predict bud-burst 
of crop and forest species” [Agric. For. Meteorol. 126 (2004), 
1-13]. Agric. For. Meteorol. 129:211.

Cho, J. 2013. Assessment of climate change impacts on agricul-
tural reservoirs in consideration of uncertainty. APCC Clim. 
Cent. Annu. Rep. 5:51-136 (in Korean with English abstract).

Datson, P., Nardozza, S., Manako, K., Herrick, J., Martinez-San-
chez, M., Curtis, C. and Montefiori, M. 2013. Monitoring the 
Actinidia germplasm for resistance to Pseudomonas syringae 
pv. actinidiae. Acta Hortic. 1095:181-184. 

Everett, K. R. and Henshall, W. R. 1994. Epidemiology and 
population ecology of kiwifruit blossom blight. Plant Pathol. 
43:824-830.

Everett, K. and Henshall, W. 2012. Bacterial blossom blight, Ki-
wiTech Bulletin No. 78. Plant and Food Research Institute, 
Oakland, New Zealand. 4 pp. 

Fang, D., Hu, F. and Xie, L. 1999. Preliminary study on bacterial 

blossom blight of kiwifruit in Jianning County, Fujian prov-
ince. J. Fujian Agric. Univ. Nat. Sci. 28:54-58. 

Francesca, S., Simona, G., Francesco Nicola, T., Andrea, R., Vit-
torio, R., Federico, S., Cynthia, R. and Maria Lodovica, G. 
2006. Downy mildew (Plasmopara viticola) epidemics on 
grapevine under climate change. Glob. Chang. Biol. 12:1299-
1307.

Geerts, S., Raes, D., Garcia, M., Del Castillo, C. and Buytaert, W. 
2006. Agro-climatic suitability mapping for crop production 
in the Bolivian Altiplano: a case study for quinoa. Agric. For. 
Meteorol. 139:399-412.

Holling, C. S. 1986. The resilience of terrestrial ecosystems; local 
surprise and global change. In: Sustainable development of 
the biosphere, eds. W. C. Clark and R. E. Munn, pp. 292-317. 
Cambridge University Press, Cambridge, UK.

Jeong, Y., Chung, U. and Kim, K.-H. 2018. Predicting future frost 
damage risk of kiwifruit in Korea under climate change using 
an integrated modelling approach. Int. J. Climatol. 38:5354-
5367. 

Jung, J. E., Kwon, E. Y., Chung, U. and Yun, J. I. 2005. Predicting 
cherry flowering date using a plant phenology model. Korean 
J. Agric. For. Meteorol. 7:148-155 (in Korean with English 
abstract). 

Keith, D. A., Akçakaya, H. R., Thuiller, W., Midgley, G. F., Pear-
son, R. G., Phillips, S. J., Regan, H. M., Araújo, M. B. and 
Rebelo, T. G. 2008. Predicting extinction risks under climate 
change: coupling stochastic population models with dynamic 
bioclimatic habitat models. Biol. Lett. 4:560-563. 

Kim, J. U., Kim, M. K., Kim, S., Kim, Y. H., Han, M. S. and Lee, 
W. S. 2012a. High-resolution climate change scenarios in 
South Korea using PRIDE MODEL. In: Proceedings of the 
Spring Meeting of KMS 2012, ed. by Korean Meteorological 
Society, pp. 127-128. Korean Meteorological Society, Seoul, 
Korea (in Korean).

Kim, K.-H. and Cho, J. 2016. Predicting potential epidemics of 
rice diseases in Korea using multi-model ensembles for as-
sessment of climate change impacts with uncertainty infor-
mation. Clim. Change 134:327-339. 

Kim, K.-H., Cho, J., Lee, Y. H. and Lee, W.-S. 2015a. Predict-
ing potential epidemics of rice leaf blast and sheath blight in 
South Korea under the RCP 4.5 and RCP 8.5 climate change 
scenarios using a rice disease epidemiology model, EPIRICE. 
Agric. For. Meteorol. 203:191-207. 

Kim, K.-H., Jeong, Y. M., Cho, Y.-S. and Chung, U. 2016. Pre-
liminary result of uncertainty on variation of flowering date of 
kiwifruit: case study of kiwifruit growing area of Jeollanam-
do. Korean J. Agric. For. Meteorol. 18:42-54 (in Korean). 

Kim, K.-H. and Koh, Y. J. 2015. Development of a Maryblyt-
based forecasting model for kiwifruit bacterial blossom 
blight. Res. Plant Dis. 21:67-73 (in Korean).

Kim, K.-H., Koh, Y. J., Jung, U., Han, J., Jeong, Y. and Son, K. I. 
2015b. Enhancing agricultural climate services for kiwifruit 
growers in Jeonnam province. Gwangju Regional Meteoro-
logical Administration, Gwangju, Korea. 202 pp. (in Korean).



Kim and Koh472

Kim, K.-H., Son, K. I. and Koh, Y. J., 2018. Adaptation of the 
New Zealand Psa Risk Model for forecasting kiwifruit bacte-
rial canker in Korea. Plant Pathol. 67:1208-1219.

Kim, M.-K., Han, M.-S., Jang, D.-H., Baek, S.-G., Lee, W.-S., 
Kim, Y.-H. and Kim, S. 2012b. Production technique of ob-
servation grid data of 1 km Resolution. J. Clim. Res. 7:55-68 
(in Korean). 

KMA (Korea Meteorological Administration). 2015. Production 
of fine-scale climate change data over the Korean Peninsula 
using RCP scenarios. Korea Meteorological Administration, 
Seoul, Korea. 822 pp. (in Korean).

Koh, Y. J. 1995. Economically important diseases of kiwifruit. 
Plant Dis. Agric. 1:3-13.

Koh, Y. J., Lee, D. H., Shin, J. S. and Hur, J.-S. 2001. Chemical 
and cultural control of bacterial blossom blight of kiwifruit 
caused by Pseudomonas syringae in Korea. N. Z. J. Crop 
Hortic. Sci. 29:29-34.

Krol, M. S. and Bronstert, A. 2007. Regional integrated model-
ling of climate change impacts on natural resources and re-
source usage in semi-arid Northeast Brazil. Environ. Model. 
Softw. 22:259-268.

Kwon, Y.-S., Kim, S.-O., Seo, H.-H., Moon, K.-H. and Yun, J. 
I. 2012. Geographical shift in blooming date of kiwifruits in 
Jeju Island by global warming. Korean J. Agric. For. Meteo-
rol. 14:179-188 (in Korean). 

Lee, I.-H., Park, S.-H., Kang, H.-S. and Cho, C.-H. 2012. Re-
gional climate projections using the HadGEM3-RA. In: 3rd 
International Conference on Earth System Modeling, Vol. 
3ICESM-236-2, ed. by Max Planck Institute for Meteorology. 
Max Planck Institute for Meteorology, Hamburg, Germany.

Lenoir J., Gégout J. C., Marquet P. A., de Ruffray, P. and Brisse, 
H. 2008. A significant upward shift in plant species optimum 
elevation during the 20th century. Science 320:1768-1771.

Lightner, G. W. and Steiner, P. W. 1992. Maryblyt™: a computer 
model for predicting of fire blight disease in apples and pears. 
Comput. Electron. Agric. 7:249-260. 

Lim, D. K. 2009. Phenological survey for the subtropical fruit 
trees. Jeonnam Agricultural Research & Extension Services, 
Naju, Korea. 14 pp. (in Korean). 

Mathukumalli, S. R., Dammu, M., Sengottaiyan, V., Ongolu, S., 
Biradar, A. K., Kondru, V. R., Karlapudi, S., Bellapukonda, 
M. K. R., Chitiprolua, R. R. A. and Cherukumalli, S. R. 2016. 
Prediction of Helicoverpa armigera Hubner on pigeonpea 
during future climate change periods using MarkSim multi-
model data. Agric. For. Meteorol. 228-229:130-138. 

Olivier, J. G. J., Schure, K. M. and Peters, J. A. H. W. 2017. 
Trends in global CO2 and total greenhouse gas emissions: 
2017 report. PBL Netherlands Environmental Assessment 

Agency, The Hague. 69 pp.
Ouma, P. O., Odera, P. A. and Mukundi, J. B. 2016. Spatial mod-

elling of weather variables for plant disease applications in 
Mwea Region. J. Geosci. Environ. Prot. 4:127-136.

Pennycook, S. R. and Triggs, C. M. 1991. Bacterial blossom 
blight of kiwifruit: a 5-year survey. Acta Hortic. 297:559-566. 

Rahmstorf, S., Cazenave, A., Church, J. A., Hansen, J. E., Keel-
ing, R. F., Parker, D. E. and Somerville, R. C. J. 2007. Re-
cent climate observations compared to projections. Science 
316:709.

R Development Core Team. 2008. R: A language and environ-
ment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. URL http://www.R-project.org 
[15 May 2019].

Reglinski, T., Vanneste, J., Wurms, K., Gould, E., Spinelli, F. 
and Rikkerink, E. 2013. Using fundamental knowledge of 
induced resistance to develop control strategies for bacterial 
canker of kiwifruit caused by Pseudomonas syringae pv. ac-
tinidiae. Front. Plant Sci. 4:24.

Roberts, D. 2008. Thinking globally, acting locally: institutional-
izing climate change at the local government level in Durban, 
South Africa. Environ. Urban. 20:521-537. 

Shin, J. S. 2004. Ecology and eco-friendly control of blossom 
blight of kiwifruits. Ph.D. thesis. Sunchon National Univer-
sity, Suncheon, Korea. 138 pp (in Korean). 

Shin, J.-S., Park, J.-K., Kim, G.-H., Jung, J.-S., Hur, J.-S. and 
Koh, Y.-J. 2004. Optimum spray program of preventive bac-
tericides for the control of bacterial blossom blight of kiwi-
fruit. Res. Plant Dis. 10:297-303 (in Korean).

Tachibana, Y. 1988. Occurrence of kiwifruit bacterial blossom rot 
and its control. Plant Quar. 42:182-186.

Tuck, G., Glendining, M. J., Smith, P., House, J. I. and Watten-
bach, M. 2006. The potential distribution of bioenergy crops 
in Europe under present and future climate. Biomass Bioen-
ergy 30:183-197.

Wilbanks, T. J. and Kates, R. W. 1999. Global change in local 
places: how scale matters. Clim. Change 43:601-628. 

Wilby, R. L., Whitehead, P. G., Wade, A. J., Butterfield, D., Da-
vis, R. J. and Watts, G. 2006. Integrated modeling of climate 
change impacts on water resources and quality in a lowland 
catchment: River Kennet, UK. J. Hydrol. 330:204-220.

Young, J. M. 1984. Little light at the end of the bud rot tunnel. 
South. Hortic. 13:12-14. 

Yun, J. I. 2006. Climate change impact on the flowering season of 
Japanese cherry (Prunus serrulata var. spontanea) in Korea 
during 1941-2100. Korean J. Agric. For. Meteorol. 8:68-76 (in 
Korean).


