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ABSTRACT

Climate change effects are particularly apparent in many cool-season grasslands in South Korea. Moreover, the probability of 
climate extremes has intensified and is expected to increase further. In this study, we performed climate change vulnerability 
assessments in cool-season grasslands based on the analytic hierarchy process method to contribute toward effective decision-making 
to help reduce grassland damage caused by climate change and extreme weather conditions. In the analytic hierarchy process analysis, 
vulnerability was found to be influenced in the order of climate exposure (0.575), adaptive capacity (0.283), and sensitivity (0.141). 
The climate exposure rating value was low in Jeju-do Province and high in Daegu (0.36–0.39) and Incheon (0.33–0.5). The adaptive 
capacity index showed that grassland compatibility (0.616) is more important than other indicators. The adaptation index of 
Jeollanam-do Province was higher than that of other regions and relatively low in Gangwon-do Province. In terms of sensitivity, 
grassland area and unused grassland area were found to affect sensitivity the most with index values of 0.487 and 0.513, respectively. 
The grassland area rating value was low in Jeju-do and Gangwon-do Province, which had large grassland areas. In terms of 
vulnerability, that of Jeju-do Province was lower and of Gyeongsangbuk-do Province higher than of other regions. These results 
suggest that integrating the three aspects of vulnerability (climate exposure, sensitivity, and adaptive capacity) may offer 
comprehensive and spatially explicit adaptation plans to reduce the impacts of climate change on the cool-season grasslands of South 
Korea.
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Ⅰ. INTRODUCTION

The global mean surface temperature has increased by 0.87 
°C in 2006–2015 compared to that in 1850–1900 and ongoing 
global warming is currently increasing at a rate of 0.2 °C per 
decade owing to greenhouse gases (Masson-Delmotte et al., 
2018). In South Korea, compared to the 20th century, in the 
last 30 years the temperature has risen by 1.4 °C (Riahi et al., 
2011). Climate change-related increases in extreme weather 
conditions have the potential to significantly affect agricultural 
systems and their productivity (Hopkins and Prado, 2007). 
Forage crops are especially vulnerable to adverse changes in 
temperature and precipitation during cultivation (Kurukulasuriya 
and Rosenthal, 2013). The seeding stage of grass is particularly 
susceptible to drought stress, and spring drought has the 
potential to affect grassland productivity during early summer, 
particularly in newly established grasslands (Lei et al., 2016). 

The rapid increase in the frequency and severity of climate 
extremes has a great impact on productivity and species 
richness (De Boeck et al., 2018). Therefore, it is necessary to 
enable a better assessment of the future impacts of climate 
change on grassland ecosystems. In addition, the degradation of 
grasslands is related to the effects of biotic and abiotic factors 
regulating this system. Thus, the interactions between biotic 
and abiotic components and socioeconomic factors are required 
for understanding damage in grasslands (Emadodin et al., 2021).

According to the forage cultivation status report (South 
Korea), in 2005, the grassland area was 33 thousand hectare and 
is continuously decreasing owing to the increasing area under 
unused grassland and land use change (MAFRA, 2021). In South 
Korea, cool-season grass such as orchardgrass and tall fescue 
are mainly used for the establishment of grasslands (Kim et al., 
1997; Kim et al., 2011). It is also predicted that ongoing global 
warming owing to recent climate change may adversely affect 
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the growth of cool-season grasses (Choi et al., 2020). The 
optimum temperature for cool-season grass (C3 grasses) is 5–25 
°C; the suitable temperature for regrowth is above 5 °C and 
growth retardation occurs at the above 25 °C (Kim et al., 2011). 
Numerous studies have reported that summer depression has a 
negative impact on grasslands (Emadodin et al., 2021; Kawanabe 
et al., 1985; Kim et al., 1997; Lee et al., 2000; Oh et al., 2018). 
In addition, climate change has been identified as a cause of 
increased frequency and severity of droughts, and these can 
decrease productivity in temperate grasslands (Emadodin et al., 
2021). Grass production decreased by approximately 30% in 
Europe because of heatwaves and droughts. Precipitation and 
drought have been used as major indicators for evaluating 
changes in grass productivity owing to climate change (De Boeck 
et al., 2018; Oh et a., 2018; Shao et al., 2016). Many studies 
have been conducted on grasslands to help prevent poor 
vegetation and productivity because of climate change (Jung et 
al., 2016; Jung et al., 2018; Jung et al., 2019; Yan et al., 2019). 
Choi et al. (2020) reported that grassland management practices 
and techniques and improvement in soil fertility are more 
important than climate change for increasing the dry matter (DM) 
yield of grasslands in the central and southern areas of Korea.

According to the IPCC (2001), vulnerability is the degree to 
which a system is susceptible to, or unable to cope with, the 
adverse effects of climate change, including climate variability 
and extremes. Glick et al. (2011) defined climate vulnerability 
as a combination of the exposure, sensitivity and adaptive capacity 
of an entity to change in climate conditions. Vulnerability 
assessment methods are very effective tools that can be used 
to assess the relative susceptibility of productivity to changing 
climate (Thorne et al., 2018). In addition, their mitigation and 
adaptation have become more important in recent decades 
through impact assessment for evaluating vulnerabilities (Parry 
et al., 2007). 

Since the adoption of the IPCC vulnerability definition, 
several approaches focusing on different components have been 
developed in many countries to assess vulnerability of 
temperate grasslands to climate change (Leclerc et al., 2020). 
Various methods have been developed, such as quantitative 
assessment of ecosystem vulnerability, process-based vegetation 
models, and probabilistic risk assessment to assess the 
vulnerability of grasslands to climate change (Hunt et al., 1991; 
Nandintsetseg et al., 2021; Yan et al., 2019). A study reported 

that assessing the impact of returning grazing land to grassland 
projects on regional eco-environmental vulnerability using the 
spatial projection pursuit model and a geographic information 
system, is limited by the choice of suitable evaluation indexes 
in accordance with regional eco-environmental traits (Shao et 
al., 2016). The analytic hierarchy process (AHP), a multi-criteria 
decision-making method, is a very effective means of evaluating 
and supporting decisions with competing and multiple objectives 
(Saaty, 1988). The AHP analysis can determine a weight vector 
that is most likely to cause the associated pairwise comparison 
matrix (Hashimoto, 1994, Lee et al., 2018). However, there 
have been no studies on climate change vulnerability assessments 
in grasslands in South Korea. 

The present study therefore aimed to perform the climate 
change vulnerability assessments of cool-season grasslands 
based on the AHP method to contribute to effective decisions 
in order to reduce grassland damage because of climate change 
and extreme weather conditions. 

Ⅱ. MATERIALS AND METHODS

1. Study area

The study was conducted in South Korea, located at latitude 
33°9′–38°72′ and longitude 124°54′–131°6′. The climate change 
vulnerability assessment (CCVA) in this study was conducted 
based on the administrative district information provided by the 
National Geographic Information Institute and data was 
converted into raster images.

2. Data collection and analysis processing

A flow chart of the process used to determine the CCVA in 
cool-season grasslands is shown in Fig. 1. The evaluation index 
related to the CCVA in cool-season grasslands was selected based 
on expert opinion and related research papers. The criteria and 
sources of the indicators are presented in Table 1. The importance 
of each index was analyzed through the AHP after pre-processing 
of data for standardization. The weightages assigned to the 
indicators are listed in Table 2. A digital map was prepared at 
a grid resolution of 1 km for average monthly maximum air 
temperature in August (MTA) using data obtained from the 
National Institute of Horticultural and Herbal Science (Fig. 2) 
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and was classified into four classes (best suitable, suitable, 
possible, and low productivity) based on the criteria range in 
Table 1. Precipitation data were collected from the nearest 
weather station and drought classes were determined based on  
yearly precipitation (2016~2020) by region. Grassland area and 

unused grassland area were obtained from reports of the current 
state and utilization of grasslands in 2021 (MAFRA, 2021). The 
number of farms using grasslands and cultivation area under 
forage crops was collected from the national statistics for 2021 
from KOSTAT (Statistics Korea). The digital map for grassland 

Fig. 1. Flow chart of the process used to determine the vulnerability assessment model of climate change in cool-season

grasslands.

* CE: climate exposure; S: sensitivity; A: adaptive capacity; W: weight of the indicator

Fig. 2. Climate exposure calculated for the Republic of Korea based on distribution maps of the maximum air temperature

in August and drought levels. 
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compatibility was obtained from the Korean Soil Information 
System (NAS in Korea; http://soil.rda.go.kr), and regions were 
classified into two classes based on the criteria range listed in 
Table 1. 

3. Standardization of the evaluation index

After determining the vulnerability evaluation index (sensitivity, 
exposure, and adaptation), a standardization process was performed 
to eliminate the effect of different dimensions. As the dimensions 

Table 1. Indicators, criteria range, and source for assesment of climate change vulnerabilities of cool-season grasslands

Categories Indicator Criteria range Source

Climate 
exposure

The average 
maximum air 

Temperature in 
August (MTA)

Suitability classes based on MTA (2016-2020)

Best suitable MTA ≤ 25℃

Suitable 25℃ < MTA ≤ 28℃

Possible 28℃< MTA ≤ 31℃

Low productivity MTA >31℃

Kim et al. 
(1997)

Drought level

Drought classes based on yearly precipitation (2016-2020)
Class Criteria range

5 Less than 60% of 40 year average precipitation
4 60%–70% of 40 year average precipitation
3 70%–80% of 40 year average precipitation
2 80%–90% of 40 year average precipitation
1 90%–100% of 40 year average precipitation
0 More than 100% of 40 year-average precipitation

Agricultural 
Weather 

Information 
Service (RDA, 

2021)

Sensitivity
Grassland area Domestic grassland area statistics for 2020 MAFRA 

(2021)
Unused grassland 

area Domestic unused grassland area statistics for 2020 MAFRA 
(2021)

Adaptive 
capacity

Grassland 
compatibility

Suitable level of soil condition for grassland

Item
Grade

1st 2nd 3rd 4th
Soil 

drainage
Good–
Fair

Excellent–
poor

Excellent–
very bad

Excellent–
very bad

Soil 
texture

Clayey, Clay 
loam, Silty 
clay loam, 

Coarse 
Loamy, coarse 

silty over

Clayey, Clay 
loam, Silty 
clay loam, 

Coarse Loamy, 
coarse silty 
over, Sandy

Clayey, Clay 
loam, Silty 
clay loam, 

Coarse 
Loamy

Clayey, Clay 
loam, Silty 
clay loam, 

Coarse 
Loamy

Effective 
depth of 
soil (cm)

>100 >100 100–50 100–50

Gravel 
content Not detected

Not 
detected–Sligh

tly present
Slightly 
present Present

Slope (%) < 2 2–7 < 15 < 15

Kim et al. 
(1997)

Number of farms 
using grassland

The number of farms with grassland in 2020 in the Republic of Korea
Range (No.): 0–1,105

KOSTAT 
(2021)

Cultivation area 
under forage 

crops
Cultivation area under forage crops by region in 2020

range (hectare): 0–47,446
[OSTAT 
(2021)
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of each evaluation index are not unified, comparisons are not 
possible. Therefore data were standardized for analysis using the 
following equation:

where  is an original value,  is the standard value (range 

from 0 to 1);  is the maximum value of an indicator; 

 is the minimum value of an indicator (Shao et al., 2016). 
The higher the value, the higher the vulnerability, and the 
reduced vulnerability index was converted inversely. 

4. AHP method for weight calculation of indicators

The weight of each indicator for performing the CCVA in 
cool-season grasslands was determined. The AHP is an effective 
multi-criteria decision-making method that can be used to set 
a systematic approach for evaluating and integrating the impacts 
of different indicators (Saaty, 1980). AHP analysis can determine 
a weight vector that is most likely to cause the associated pairwise 
comparison matrix (Hashimoto, 1994, Lee et al., 2018). In this 
study, the weight for vulnerability assessment factors was 
determined through a questionnaire and the AHP method used 
by 11 experts in forage research. Individual experts’ experiences 
are utilized to estimate the relative weights of factors through 
pair-wise comparisons. The relative weights of the factors using 
the AHP method are listed in Table 2. The CCVA comprised 
seven indices subdivided into three categories based on vulnerability 
determining factors, (i) climate exposure, (ii) sensitivity, and (iii) 

adaptive capacity, which were used for the relative importance 
grading of pairwise elements. The inconsistency rate (IR) value 
was used as an index for assessing the departure of the matrix 
from uniformity. The IR should be < 0.1; otherwise, it is essential 
to check for subjective judgments and recalculate the weights 
(Saaty and Vargas, 2001). 

5. Spatial distribution map 

The overall vulnerability assessment was performed using 
the spatial analyst tool in ArcGIS 10.8 for mapping the spatial 
distribution of vulnerability.

Ⅲ. RESULTS AND DISCUSSION

1. Calculation of the evaluation weight for each indicator 

1.1. Climate exposure
In the AHP analysis, climate exposure showed a very high 

impact (0.575) on the vulnerability assessment (Table 2). 
Two indicators, MTA and drought level, were determined as 
influencing climate exposure; drought level showed a higher 
weight than MTA. Drought stress is an important factor 
limiting the productivity of plants, and high temperatures can 
cause physiological damage and affect crop yield (Boyer, 1982). 
In many situations, heat and drought stress occur simultaneously, 
and the impact of the interaction between the two on plant 
physiology is extremely complex (Buttlar et al., 2018). Zhu et 
al. (2021) reported that the impact of drought on plant 

Table 2. Indicators and weights for assesment of climate change vulnerabilities of cool season grasslands 

Categories Indicator Details Weight of 
indicator

Weight of 
criteria

Climate exposure

The average maximum air 
temperature in August

Evaluating the effect of high 
temperature on cool-season grasslands 0.343

0.575
Drought level Evaluating the effect of yearly 

precipitation 0.657

Sensitivity
Grassland area Domestic grassland area statistics 0.487

0.141
Unused grassland area Domestic grassland area statistics 0.513

Adaptive capacity

Grassland 
compatibility

Suitability for grassland (soil drainage, 
soil texture, effective depth of soil, 
soil profile, soil erosion, and slope)

0.616

0.283Number of farms using 
grasslands

The number of farms with grasslands 
in the Republic of Korea 0.156

Cultivation area under 
forage crops

Cultivation area under forage crops 
by region 0.228
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productivity was greater than that of heat, and complex effects 
were greater than the impact of individual stress factors. In the 
current study, the impact of drought stress indicators on the 
productivity of cool-season grasslands was greater than that of 
MTA (Table 2). The results of the climate risk assessments are 
presented in Fig. 2. Regarding MTA, Daegu, Gwangju, and 
Jeonju City showed a high score ranging from 0.92 to 1. 
Regarding drought level, the regions with the highest indices 
were Ongjin-gun (1), Pyeongchang-gun (1), and Ganghwa-gun 
(0.75). For climate exposure, the higher the index value, the 
greater is the influence of climate (Yoo et al., 2013). Overall, 
the average climate exposure index was 0.34, and the average 
of the top 30% values was as high as 0.51 (Fig. 2). 

1.2. Sensitivity
Sensitivity is the degree to which a system is affected by 

climate change, including both negative and positive effects 
(Koh et al., 2010). The indicators that best represent the degree 
to which cool-season grasslands are affected by climate change 
are grassland area and unused grassland area. Sensitivity 
showed a low impact (0.141) on the vulnerability assessment 
(Table 2). Two indicators, grassland area and unused grassland 
area in 2020, were identified. The grassland area rating value 
was low in Jeju-do and Gangwon-do Province, which had a 
large grassland area and was high in Gyeonggi-do and 
Gyeongsangnam-do Province, where the grassland area was 
small. As a result, the sensitivity index was higher in 
Chungcheongbuk-do Province than in other regions and was 

relatively low in Jeju-do and Gangwon-do Province (Fig. 3).

1.3. Adaptive capacity
Adaptive capacity is the ability of a framer to adopt an 

adaption strategy to reduce the adverse effects of climate 
change on crop production (Nantui et al., 2012, McCarthy et 
al., 2001). Adaptive capacity showed a medium impact (0.283) 
on the vulnerability assessment. Three indicators, grassland 
compatibility, number of farms using grasslands, and cultivation 
area under forage crops, were identified for adaptive capacity. 
Grassland compatibility was calculated as the area ratio of 
grades 1 and 2 based on a suitable level of soil conditions for 
grassland (Table 1). Grassland compatibility in Gangwon-do 
and Chungcheongbuk-do Province, which have extensive 
mountainous regions, was found to be low (Fig. 4). Jeju-do and 
Jeollanam-do Province showed a high rating value for the 
number of farms using grasslands. There were extensive 
cultivation areas under forage crops in Jeollanam-do Province 
(Fig. 4). As a result, the adaptation index was higher in 
Jeollanam-do Province than in other regions and was relatively 
low in Gangwon-do Province (Fig. 4).

2. Calculation of the CCVA of cool-season grasslands

The distribution map of vulnerability of the cool-season 
grasslands for the Republic of Korea is shown in Fig. 5. The 
vulnerability of Jeju-do Province was lower than that of other 
regions, whereas it was higher in Gyeongsangbuk-do Province 
than in the other regions (Fig 5). 

Fig. 3. Sensitivity calculated for the Republic of Korea using distribution maps of grassland area and unused grassland area.
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Ⅳ. CONCLUSION

The objective of this study was to perform CCVA in 
cool-season grasslands based on the AHP method to contribute 

toward effective decisions to reduce grassland damage owing to 
climate change and extreme weather conditions. Based on the 
AHP analysis, vulnerability was found to be influenced in the 
order of climate exposure (0.575), adaptive capacity (0.283), and 
sensitivity (0.141). Regarding climate exposure, the influence of 
drought (0.657) was higher than the effect on temperature (MTA: 
0.343). The climate exposure rating value was low in Jeju-do 
Province and high in Daegu (0.36–0.39) and Incheon (0.33–0.5). 
The adaptive capacity showed that grassland compatibility 
(0.616) is more important than other indicators. The adaptation 
index was higher in Jeollanam-do Province than in other regions 
and relatively low in Gangwon-do Province. In terms of 
sensitivity, grassland area and unused grassland area influence 
were found to affect sensitivity the most with values of 0.487 
and 0.513, respectively. The grassland area rating value was low 
in Jeju-do and Gangwon-do Province, which had a large 
grassland areas. In terms of vulnerability, that of Jeju-do Province 
was lower and of Gyeongsangbuk-do Province was higher than 
of other regions. Our approach identified cool-season grasslands 
that are vulnerable to climate change or extreme weather 
conditions. Specifically, we highlighted that Gyeongsangbuk-do 
Province, Daegu, Incheon, and Pyeongchang-gun are regions 
where appropriate conservation management strategies and 
actions must be implemented as a priority as these regions are 
highly vulnerable to climate change. These results suggest that 
integrating the three aspects of vulnerability (climate exposure, 
sensitivity, and adaptive capacity) may offer comprehensive and 
spatially explicit adaptation plans to reduce the impacts of climate 
change on the cool-season grasslands of South Korea. Continuing 
to improve our understanding of the climate exposure, sensitivity, 
and adaptive capacity of cool-season grasslands in South Korea 

Fig. 5. Distribution map of vulnerability of cool-season 

grasslands in the Republic of Korea.

Fig. 4. Adaptive capacity calculated for the Republic of Korea using distribution maps of grassland compatibility, number 

of farms using grasslands, and cultivation area under forage crops.
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will inform adaptation plans that help preserve grassland 
productivity, economics, and food security.
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