
Impacts of climate change on suitability zonation
for potato cultivation in Jilin Province, Northeast
China
Yaqiu Zhu 

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences
Qiang Yu 

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences
Qiyou Luo 

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences
Hua Zhang 

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences
Jinling Zhao 

State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of
Sciences
Zhanghong Ju 

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences
Yating Du 

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences
Yadong Yang  (  yangyadong@caas.cn )

Institute of Agricultural Resources and Regional PlanningChinese Academy of Agricultural Sciences

Research Article

Keywords: AHP-PCA, GIS, Suitable, Jilin Province, regional

Posted Date: January 22nd, 2021

DOI: https://doi.org/10.21203/rs.3.rs-147444/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-147444/v1
mailto:yangyadong@caas.cn
https://doi.org/10.21203/rs.3.rs-147444/v1
https://creativecommons.org/licenses/by/4.0/


 

1 

 

Impacts of climate change on suitability zonation 1 

for potato cultivation in Jilin Province, Northeast 2 

China 3 

 4 

Yaqiu Zhu1, Qiang Yu1,*, Qiyou Luo1, Hua Zhang1, Jinling Zhao2, Zhanghong 5 

Ju1
,Yating Du1 &Yadong Yang1,* 

6 

 7 

1Institute of Agricultural Resources and Regional Planning, Chinese Academy of Agricultural Sciences, 8 

Beijing,100081, China. 9 
2State Key Laboratory of Vegetation and Environmental Change, Institute of Botany, Chinese Academy of 10 

Sciences, Beijing, 100093, China. 11 

* email: yuqiang@caas.cn; yangyadong@caas.cn 12 

 13 

ABSTRACT 14 

Global climate change is causing notable shifts in the environmental suitability of the main regions involved in potato 15 

cultivation and has, thus, changed the production potential of potatoes. These shifts can be mapped at fine scales to 16 

better understand climate change within areas of potato cultivation and to find infrastructural- and breeding-based 17 

solutions. As a case study, we have identified and mapped the structural and spatial shifts that occurred in areas suitable 18 

for potato cultivation in Jilin Province, China. We identified a discontinuity in climate change trends between 1961 and 19 

2018 based on data for Jilin Province, and analyzed the averages and linear trends for six important climatic parameters. 20 

We used the averages of these climatic parameters to establish climate models for the province and determined 21 

cultivation using a multi-criterion, decision-based model that integrates AHP-PCA and GIS. We mapped the 22 

environmentally suitable areas for potato cultivation at a 3-km resolution based on the geo-climate model for each time 23 

period and analyzed differences between them. We found that "Most suitable” areas for potato cultivation are mainly 24 

distributed in the central area of Jilin Province, “Suitable” areas were located in the northwestern plains, and “Sub-25 

suitable” areas in the eastern mountainous areas. In contrast, “Not suitable” areas occur mainly in the high-altitude areas 26 

in the east. The areas of “Most suitable” and “Suitable” areas for potato cultivation in Jilin Province are increasing, with 27 

increasing rates of 0.37 × 1,000 km² decade−1 (R2 = 0.58, P < 0.01) and 0.20 × 1,000 km² (R2 = 0.28, P < 0.01), 28 

respectively, while the extent of “Sub-suitable” areas is decreasing, with a decreasing rate of 0.58 × 1,000 km² decade−1 29 

(R2 = 0.53, P < 0.05). The area of “Not suitable” areas has undergone little change. “Most suitable” and “Suitable” areas 30 

for potato cultivation showed a trend towards northward expansion. Overall, our results suggest that global climate 31 

change has had a positive impact on potato cultivation in Jilin Province over the past 58 years. 32 

 33 

Introduction  34 

According to the Intergovernmental Panel on Climate Change (IPCC 2013) reports1, the global surface temperature has 35 

increased by 0.85 ℃ in the past 130 years, especially in the high latitudes of the Northern Hemisphere. As with other 36 

areas of the world, the temperature of Jilin Province has been experiencing an increase for the last six decades2,3. Jilin 37 

is located in the Northeast China, and its latitude makes it relatively highly susceptible to the effects of climate change 38 

within the temperate latitudes4. Jilin Province is one of the main potato-producing regions in China5. The province is 39 

rich in arable land resources and has a climate and geographical environment highly conducive to the growth and 40 
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development of potatoes. Within Jilin Province, long-term and high spatial resolution research on potato cultivation 41 

provides a globally and nationally critical reference that is significant for promoting economic growth and development 42 

within the potato industry. 43 

In general, higher temperatures increase the rate of crop growth and development, which influence yield6-8, and 44 

climate change leads to shifts in the suitable geographic ranges for the growth of specific crops and cultivars9,10. 45 

Moreover, in some cases, the phenology of crop plants is changing within the areas where they are cultivated, leading 46 

to temporal shifts in production with major economic impacts11,12. Combined, these two factors can lead to major 47 

changes to crop productivity within municipalities and broader regions, such as already observed for soybean production 48 

and rice cultivation13,14. In turn, this affects local, regional, and global food availability and security15. Global climate 49 

change has shifted the climatic suitability for crops in a region, particularly in the northern high latitudes16-18, which 50 

should not be overlooked by farmers. 51 

Globally, potato (Solanum tuberosum L.) is the fourth most widely cultivated crop after maize, rice, and wheat19, 52 

with more than 91.9 million tons produced annually across an area of about 4,789.5 thousand hectares, with average 53 

yield of 19.1 t ha-1 in China20. In 2015, China launched the potato staple food strategy, which acknowledges and 54 

facilitates the role of potatoes in maintaining food security21-22. However, potato cultivation faces possible challenges 55 

due to ongoing anthropogenic climate change23-28, which is impacting many agricultural systems29-31. Several studies 56 

predicted an overall decrease in potato yield under the effect of global climate change in Eastern Europe and northern 57 

America32,33. However, higher temperatures in England and Wales34, southern Brazil35, and within the mid-latitudes and 58 

tropical highlands33, 36 are predicted to benefit potato yield. Thus, the present understanding of the impacts of climate 59 

change on potato yield appears to vary to opposite extremes by regions.  60 

Ecological suitability is defined as the degree of agreement to which actual temperature, light, water, soil, and other 61 

climatic conditions satisfy the requirements of crop growth without considering other limiting factors. A high degree of 62 

agreement means strong suitability and good crop growth and development37. Studies on suitability could offer scientific 63 

evidence to reflect yield, quality, and layout of crops to a certain extent, as well as to promote the crop distribution under 64 

the effect of climate change39-41. Therefore, to obtain information on geographic shifts of suitable areas for crop 65 

cultivation under climatic conditions is the starting point for adaptation planning in agriculture42. 66 

Previous case studies on potato cultivation involve breeding cultivar improvement, agro-technique development43-
67 

44, field experiment, and potato yield estimation45-47. Many researchers48-49 have particularly focused on the development 68 

of potato industry. However, to our knowledge, no systematic study on the estimation of the variation of ecologically 69 

suitable areas under the influence of climate change has been reported for potato cultivation in Jilin Province.  70 

The aim of this study is to identify shifts occurring in the spatial distribution of ecologically suitable areas for potato 71 

cultivation within Jilin Province, China between 1961 and 2018 under the influence of climate change. Here, the inter-72 

annual variations of climatic factors were analyzed, and temporal and spatial distributions of suitable areas were 73 

estimated for climate change impacts across Jilin Province using gridded and point-based historical climate datasets. 74 

The map for each criterion was prepared using ArcGIS with weight values obtained from a widely used evaluation 75 

model AHP-PCA. These maps were combined to generate suitability maps for potato cultivation by using 76 

comprehensive ecological suitability indexes. We report the agro-climato-edaphic zonation for potato cultivation in Jilin 77 

Province. During the analysis, the soil factors were constant, and only the influence of climatic factors on changes in 78 

suitable areas was considered. The objectives of this study were to: (i) characterize the trends for six climatic factors 79 

between 1961 and 2018; (ii) analyze the variation of spatial distribution of climate inclination rates across the study area 80 

from 1961 to 2018; (iii) identify shifts occurring in the temporal and spatial distributions of suitable areas for potato 81 

cultivation in Jilin Province between 1961 and 2018; (iv) analyze trends in the climate-driven suitability zonation across 82 

Jilin Province; and (v) explore changes in the area of suitability zonation for potato cultivation in Jilin Province between 83 

1961 and 2018.  84 
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 85 

Materials and methods  86 

Study area 87 

This study was conducted in Jilin Province, which is located in the center of Northeast China (40°52′N - 46°18′N, 88 

121°38′E - 131°19′E) and covers an area of approximately 187,400 km2, with an elevation varying from 5 m to 2,691 89 

m (Fig.1). The study area has a temperate continental monsoon climate and is climatologically humid, semi-humid, and 90 

semi-arid from the southeast to the northwest. The annual mean temperature and annual total precipitation form a 91 

southeast-northwest gradient; the eastern part is relatively humid and rainy while the western is dry in the summer 92 

months. Generally, 70-80% of the annual precipitation occurs from June to September, with the most abundant rainfall 93 

in the east. The long-term average annual temperature and average annual rainfall are 5.8 ℃ and 687.0 mm, 94 

respectively50. Crop cultivation is mostly concentrated in the black soil region51. The soil types of cultivated lands 95 

mainly include black soil, sand, and paddy soil, which are suitable for potato growth.  96 

Potato growth is highly dependent on temperature and light. Jilin Province, as one of the main potato-producing 97 

areas in China, possesses sufficient sunlight and exhibits large temperature difference between day and night. Generally, 98 

potato cultivation occurs from April to May, depending on the lowest temperature (5 ℃), and potatoes are harvested 99 

from August to October of the same year. Among potato production areas, mid-late maturing cultivars (e.g., Yanshu 100 

No. 4, Atlantic, Jishu No. 1, and Summer) account for about 70%, while early maturing cultivars (e.g., Favorita, Youjin, 101 

and Fujin) account for 30%52.  102 

 103 

Data 104 

Climate data 105 

Climate data were obtained from the National Meteorological Information Center, China Meteorological Administration 106 

(http://data.cma.cn), including 51 national standard meteorological stations in Jilin Province (Fig.1). The meteorological 107 

data contain daily average temperature, daily maximum temperature, daily minimum temperature, daily sunshine hours, 108 

and daily precipitation during 1957–2018. According to the periods of potato sowing and harvesting in Jilin Province, 109 

the climate data between April 1 and September 31 each year were selected. To avoid the impact of extreme weather 110 

within a single year on the inter-annual climate change, we used five-year moving average values of climate data rather 111 

than single-year values to establish a geo-climate model using regression analysis and evaluated changes in suitable 112 

areas for potato cultivation under the influence of climate change. 113 

Topography data 114 

Topography data were extracted from the digital elevation model sourced from the geospatial data cloud SRTM 115 

(http://www.gscloud.cn). Through a series of processes such as adding X-Y axis, splicing, vector data layering, filtering, 116 

cropping, and resampling of raster data on the ArcGIS platform, digitized elevation model (DEM, 90 m × 90 m) maps 117 

were used to derivate layers such as longitude, latitude, slope, and aspect (Fig.1).  118 

Soil data 119 

Soil mechanical composition data (81 sampling sites) were derived from the National Science and Technology 120 

Infrastructure Platform (http://soil.geodata.cn) and soil physico-chemical property data (79 sampling sites) were 121 

provided by the Soil and Fertilizer General Station of Jilin Province (http://www.jltf.cn ). The sequence number of the 122 

occurrence layer is 1, and the thickness is about 20-50 cm, including contents of soil sand, silt, and clay, PH, and contents 123 

of nutrients such as organic matter (OM), quick-acting potassium (QAK), available nitrogen (AN), and available 124 

phosphorus (AP) (Fig.1; Tables S1-S2).  125 

The soil data were rasterized using Kriging interpolation. First, the soil mechanical composition data were 126 

http://data.cma.cn/
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converted into spherical coordinates, and then ordinary Kriging interpolation was used to spatialize the soil mechanical 127 

composition data. Co-kriging interpolation was used to spatialize the soil physico-chemical property data. Due to limited 128 

soil samples and the lack of a continuous dataset in the study area, the soil data in 2018 were selected as a fixed 129 

background for the analysis. 130 

 131 

Figure 1. Spatial distribution of 51 meteorological stations and soil sampling sites in the study area. Soil data were 132 

divided into two categories. Soil samples (I): soil mechanical compositions, involving 81 sampling points; soil samples 133 

(II): soil physico-chemical properties, involving 79 sampling points. 134 

 135 

Analysis of climatic factors  136 

Usually, the development of potato has different requirements for light, heat, and water in each growth stage. We used 137 

average daily temperature during the growth period (ADT/℃, mean of daily average temperature from April 1st to 138 

September 30th) and active accumulated temperature ≥ 10 ℃ (AAT/℃d, sum of active accumulated temperature ≥ 10 ℃ 139 

from April 1st to September 30th) from 1961 to 2018 to reflect the temperature conditions of potato growth. ADT at 14-140 

17 ℃ was evaluated as “Most suitable”; 10-14 ℃ or 17-20 ℃ as “Suitable”; 8-10 ℃ or 20-24 ℃ as “Sub-suitable”; < 141 

17 ℃ or > 24 ℃ as “Not suitable” for potato growth in the study area. AAT for mid-late maturing varieties at 2,000-142 

3,000 ℃d was evaluated as “Most suitable”; 1,500-2,000 ℃d or 3,000-6,000 ℃d as “Suitable”; 1,300-1,500 ℃d or 143 

6000-8000 ℃d as “Sub-suitable”; < 1,300 ℃d or > 8,000 ℃d as “Not suitable”.  144 

The average temperature in July (ATJ, mean of daily average temperature in July) and the day/night temperature 145 

difference from July to August (DIF/℃, mean of the day/night temperature difference from July 1st to August 31st) are 146 

the key climatic factors for the expansion of potato chunks, which have significant correlation with the meteorological 147 

yield of potato53. ATJ at 16-20 ℃ was evaluated as “Most suitable”; 15-16 ℃ or 20-24 ℃ as “Suitable”; 12-15 ℃ or 148 

24-28 ℃ as “Sub-suitable”; < 10 ℃ or > 28 ℃ as “Not suitable”. DIF at 8-12℃ was evaluated as “Most suitable”; 5-149 

8 ℃ as “Suitable”; 2-5 ℃ as “Sub-suitable”; < 2 ℃ as “‘Not suitable” in the study area. 150 

During the growth and development of potato, there is a great demand for water, especially from the budding stage 151 

to the swelling stage of potato growth, which are extremely sensitive to water supply. The total precipitation during the 152 

growth period (PP/mm, sum of the daily precipitation from April 1st to September 30th) at 700-900 mm was evaluated 153 
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as “Most suitable”; 600-700 mm or 900-1,200 mm as “Suitable”; 500-600 mm or 1,200-1,500 mm as “Sub-suitable”; < 154 

500 mm or > 1,500 mm as “‘Not suitable” in the study area. 155 

Short daylight and appropriate high temperature during the seedling stage are beneficial to promote potato root 156 

development, forming strong seedlings and increasing potato formation. The total sunshine duration during potato 157 

growth (SD/hours, sum of the daily sunshine duration from April 1st to September 30th) at 900-1,200 h was evaluated 158 

as “Most suitable”; 700-900 h or 1,200-1,500 h as “Suitable”; 400-700 h or 1,500-1,800 h as “Sub-suitable”; < 400 h 159 

or >1,800 h as “Not suitable”. 160 

 161 

Methods 162 

First, climatic factors were simulated using geo-climate models. Then, the AHP-PCA model was employed for 163 

suitability evaluation, and the satellite-based gridded environmental data were applied for suitability mapping. Finally, 164 

the degree of changes in climatic factors and suitable geographic ranges was calculated. These data were interpolated 165 

into the surface grid data with a spatial resolution of 0.03° × 0.03° (~3 km × 3 km)54,55. All maps and statistical analyses 166 

were generated using ArcGIS 10.4.156 and R 3.6.357. 167 

Geo-climate model building 168 

Topographic factors such as longitude, latitude, and altitude dominate the distribution of climate factors, and directly 169 

affect the solar radiation budget and atmospheric circulation, which makes the climate resources to demonstrate obvious 170 

spatial differences in both vertical and horizontal directions58,59. Based on the meteorological data and geographic 171 

information of each meteorological station, we established geo-climate models and used them to calculate the climate 172 

distribution of the study area. And the difference between the highest temperature and the lowest temperature from July 173 

1st to August 31st was used to calculate the grid layer of DIF. The relationship between climate zoning indicators and 174 

geographic factors is expressed as follows: 175 𝐹 = 𝑓(𝜆，𝜑，ℎ) + 𝜀                                    (1) 176 

where, F is the simulated value of grid point of the climate zoning index; λ, φ, and h represent longitude (°), latitude 177 

(°), and altitude (m), respectively; f (λ，φ，h) is called climatological equation of regionalization index; and ε is the 178 

influence of local small topography and random factors on climate (i.e., comprehensive geographical residual term). 179 

Residual correction ：Affected by local topography and random factors, the variation of climatic factors is 180 

random, which will cause errors in the calculation of geo-climate models. Therefore, the inverse distance weight 181 

(IDW) routine in ArcGIS was used to derive the simulated value of the comprehensive geographical residual term ε 182 

raster60. The interpolation calculation formula is: 183 𝜀 =∑ 𝜀𝑖𝑑𝑖𝑘𝑛𝑖=1 ∑ 𝑑𝑖𝑘𝑛𝑖=1⁄                                   (2) 184 

where, ε is the simulated value of the grid point of the residual term of climatic factors; 𝑛  is the number of 185 

meteorological stations; 𝜀𝑖  is the residual value of the climate factor of the 𝑖 -th meteorological station; 𝑑𝑖  is the 186 

Euclidean distance between the grid point and the 𝑖-th meteorological station; k is the power of the distance.  187 

AHP-PCA and GIS based suitability analysis for potato cultivation 188 

The suitability map for potato cultivation was generated based on identified criteria that are relevant to the climatic, soil 189 

environmental, and geophysical conditions considered. Details of the data analysis procedure, model application, and 190 

suitability classification are described as follows. 191 

 192 

• AHP-PCA model 193 

AHP is a multi-criterion decision-based approach developed for analyzing complex decisions involving multiple 194 
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criteria39,61-62. PCA is a multivariate statistical data analysis technique that combines all input variables using a linear 195 

combination into a number of principal components that retain the most variance within the original data to identify 196 

possible patterns or clusters between objects and variables. In this study, we used AHP to calculate the weight of each 197 

zoning indicator in the evaluation index system63-64, and then, we explored the comprehensive relationship of suitability 198 

evaluation factors using the grid calculator and PCA tool on the ArcGIS platform. The variance of the weighted original 199 

data becomes larger, resulting to more scientific and reasonable evaluation results. In summary, the proposed approach 200 

is achieved as follows: 201 

Step 1: The weight of each index was calculated by using AHP and consistency test; 202 

Step 2: The indicators were standardized using the Z-Score method; 203 

Step 3: The weights calculated in Step 1 were loaded onto the standardized indicators; 204 

Step 4: A standardized matrix was built and the correlation coefficient matrix was calculated; 205 

Step 5: The principal components was filtered and determined;  206 

Step 6: The score for each principal component was calculated; 207 

Step 7: A comprehensive score for all indicators was obtained.  208 

 209 

• Establishment of indicator system and calculation of weight 210 

The assessment of climate change impacting suitability of potato cultivation has multiple objectives and levels. 211 

This paper combined comprehensive and hierarchical principles, relevant literature reviews39, 40,41,65, expert opinions, 212 

and characteristics of potato cultivation in Jilin Province to establish an index system for evaluation of ecological 213 

environment impact, including 18 evaluation indicators: ADT (℃), AAT (℃d), PP (mm), SD (h), ATJ (℃), DIF (℃), 214 

elevation (m), slope (°), aspect (°), hill shade, sand (%), silt (%), clay (%), OM (g/kg), PH, QAK (mg/kg), AN (mg/kg), 215 

and AP (mg/kg). These indicators were classified into three categories: climatic conditions, soil environments, and 216 

topography (Table 1). 217 

The weight of each evaluation indicator was determined by AHP. According to relevant literatures and expert 218 

opinions, we established a judgment matrix for these evaluation indicators. Pairwise comparison was used for obtaining 219 

the relative importance score between different indicators. The consistency of pairwise importance scales is one of the 220 

important measurements for successful decision-making by AHP, which could be checked using consistency ratio (CR). 221 

If CR < 0.10, the degree of consistency is satisfactory. Otherwise, CR > 0.10 indicates an inconsistency60,66 (Table 1). 222 

 223 

Table 1. Weights of all criteria used for estimating suitability of potato cultivation in the study area 224 

Goal Main criteria Weight CRa Sub-criteriab Weight CRa 

 

 

 

 

 

 

 

Suitability 

of 

potato 

cultivation 

 

 

 

 

Climate 

 

 

 

0.53 

0.001 AAT (℃d) 0.37 0.007 

DIF (℃) 0.24 

ATJ (℃) 0.17 

ADT (℃) 0.10 

SD (h) 0.07 

PP (mm) 0.05 

Soil mechanical 

composition 

 

0.18 

Sand (%) 0.59 0.005 

Silt (%) 0.28 

Clay (%) 0.13 

Soil  

physico-

chemical 

 

 

0.18 

PH 0.27 0.001 

OM (g/kg) 0.36 

QAK (mg/kg) 0.17 

AN (mg/kg) 0.12 
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properties AP (mg/kg) 0.08 

 

Topography 

 

0.11 

Altitude (m) 0.58 0.07 

Slope (°) 0.22 

Aspect (°) 0.10 

Hill shade 0.10 

a CR (consistency ratio) < 0.1 means that the pairwise comparison matrix has an acceptable consistency. 225 

b ADT: average daily temperature during the growth period (℃); AAT: sum of active accumulated temperature ≥ 10℃ 226 

(℃d); PP: total precipitation during the growth period (mm); SD: total sunshine duration during the growth period (h); 227 

ATJ: average temperature in July (℃); DIF: the day/night temperature difference from July to August (℃); OM: soil 228 

organic matter (g/kg); QAK: soil quick-acting potassium (mg/kg); AN: soil available nitrogen (mg/kg); AP: soil 229 

available phosphorus (mg/kg). 230 

 231 

• Classification and mapping for suitability of potato cultivation  232 

In this paper, the natural breakpoint method in ArcGIS was employed to classify lands of the study area in terms of 233 

cultivation suitability. The study area was delineated into 4 zones: zone 1 (Not suitable), zone 2 (Sub-suitable), zone 3 234 

(Suitable), and zone 4 (Most suitable) (Table 2). 235 

After normalizing all indicators, the cultivation suitability index was established as follows: 236 𝐼 = ∑ 𝑊𝑖𝑛𝑖 𝑋𝑖                                        (3) 237 

where I is the suitability index for comprehensive evaluation, 𝑊𝑖 is the weight of the indicator, 𝑋𝑖 is the value 238 

after dimensionless treatment of the indicator, i is the comprehensive evaluation value of topography, climatic conditions, 239 

and soil environments. During the calculation, the larger the topography value, the greater the negative impact on 240 

cultivation suitability; it was converted into a negative value for the calculation. Meanwhile, the greater the pH value 241 

is, the more unfavorable the comprehensive evaluation of soil will be; the PH value was therefore inversed for the 242 

calculation. 243 

 244 

Table 2. Dimensionless grading of evaluation values of potato cultivation suitability 245 

Cultivation suitability Not suitable Sub-suitable Suitable Most suitable 

Evaluation value I < 0.54 0.54 - 0.78 0.78 - 0.88 > 0.88 

 246 

Trends and fluctuations in changes of climatic factors and suitable areas  247 

The fluctuations of various climatic factors over the past 58 years were analyzed by coefficient of variation (CV), which 248 

was calculated as CV = (standard deviation/mean) × 100%. Temporal trends in changes of climatic factors and suitable 249 

areas were calculated using ordinary least squares linear regression on annual data from 1961 to 2018. Among them, the 250 

trend in suitable area changes was calculated based on each grid. The significance of trends was estimated following a 251 

method that considers the temporal autocorrelation by reducing the effective sample size of the time series67. And the 252 

significance of temporal trends was tested at P < 0.168.  253 

 254 

Results  255 

Inter-annual variation of climatic factors 256 

From 1961 to 2018 (April to September), various climatic factors showed a certain change over time in Jilin Province. 257 

Within this period, AAT (mean = 2,891.90 ℃d) ranged from 2,550 ℃d to 3,150 ℃d, showing a large fluctuation range 258 

(CV1 = 3.45%) and an obvious rising trend (P < 0.1) at an increasing rate of 49.27 ℃d decade−1 (R2 = 0.70, P < 0.01). 259 

ADT (mean = 16.81 ℃) was between 15.30 ℃ and 18.10 ℃ and with a small fluctuation range (CV2 = 2.67%), 260 
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exhibiting a significant upward trend (P < 0.1), with an increasing rate of 0.22 ℃ decade−1 (R2 = 0.68, P < 0.01). ATJ 261 

(mean = 22.42 ℃) was between 20.50 ℃ to 24.50 ℃, with a relatively small fluctuation range (CV3 = 2.33%); DIF 262 

(mean = 9.77 ℃) ranged from 8 ℃ to 11 ℃, with a large fluctuation range (CV4 = 3.85%); however, neither of them 263 

showed a significant trend (P > 0.1). PP (mean = 507.37 mm) was between 380 mm and 620 mm, which fluctuated 264 

greatly (CV5 = 7.32%) but no significance was observed in the change trend (P > 0.1). SD (mean = 1,376.52 h) ranged 265 

from 1140 h to 1540 h, with a large fluctuation (CV6 = 3.81%) and a significant decrease (P < 0.1) at a rate of 25.31 h 266 

decade−1 (R2 = 0.66, P < 0.01) (Fig.2). It can be seen that the fluctuation range of precipitation was far greater than that 267 

of temperature and sunshine (CV5 > CV6 > CV4 > CV1 > CV2 > CV3). 268 

The comprehensive evaluation value (mean = 0.43) of climatic suitability for potato cultivation in Jilin Province 269 

fluctuated greatly (CV = 37.05%). Splitting the period of 1961-2018 into three distinct intervals was achieved by 270 

inspecting the linear trend of comprehensive values. It was found that the value of climatic suitability fluctuated slightly 271 

from 1961 to 1989 (CV = 24.06%) and showed no significance in change trend (P > 0.1). From 1990 to 2001, it 272 

fluctuated greatly (CV = 49.04%) and presented a steep upward trend (P < 0.05). From 2002 to 2018, the fluctuation 273 

was small (CV = 16.68%), which decreased slowly at first and then increased (Fig.2). 274 

 275 

 276 

Figure 2. Inter-annual variation trends of climatic factors and evaluation values in the study area from 1961 to 2018. 277 

ADT: average daily temperature during the growth period (℃); AAT: sum of active accumulated temperature ≥ 10℃ 278 

(℃d); PP: total precipitation during the growth period (mm); SD: total sunshine duration during the growth period (h); 279 

ATJ: average temperature in July (℃); DIF: the day/night temperature difference from July to August (℃). 280 

 281 
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Climate inclination rates varied across the study area 282 

During the period of 1961-2018, within Jilin Province, the values of both sunshine and temperature were greater in the 283 

western plains than in the eastern mountainous regions while the precipitation gradually decreased from the southeast 284 

to the northwest. AAT ranged from 910 to 3,390 ℃d in the study area, which showed an overall increasing trend, with 285 

the tendency rate gradually decreased from the west to the east (Fig.3a). The area of regions with an AAT tendency rate 286 

between 75.71-95.34, 59.71-75.71, and 26.30-59.71 ℃d decade−1 accounted for 44.54%, 40.68%, and 14.78% of the 287 

total area, respectively. There were 96.96% area of Jilin Province passed the significance test (P < 0.1; Fig.S1a). ADT 288 

was between 6.5-24.5 ℃, showing an increasing trend and accounting for 93.36% of the total area (Fig.3b). The 289 

tendency rate of ADT was greater in the northwest than in the southeast. The area of regions with an ADT tendency rate 290 

between 0-0.18, 0.18-0.46, and -0.14-0 ℃ decade−1 accounted for 52.85%, 40.50%, and 6.64% of the total area, 291 

respectively. There were 50.99% area of Jilin Province passed the significance test (P < 0.1; Fig.S1b). DIF was between 292 

7.0-16.0 ℃ in Jilin Province, which showed a decreasing trend in 88.71% of the regions, with a climate trend slope 293 

range of -0.45-0 ℃ decade−1. The rest of the study area possessed a DIF tendency rate of 0-0.17 ℃ decade−1 (Fig.3c). 294 

There were 20.25% area of the study area passed the significance test (P < 0.1; Fig.S1c). SD was in the range of 1035-295 

1725 h, showing a significant downward trend in most of the study area (Fig.3d). The area of regions with a SD tendency 296 

rate between -34.03-0 and -(61.13-34.03) h decade−1 accounted for 77.77% and 21.76% of the total area. There were 297 

76.04% area of Jilin Province passed the significance test (P < 0.1; Fig.S1e). However, ATJ was between 14.5-25.5 ℃ 298 

and PP was between 350-1,020 mm. The tendency rates of both ATJ and PP showed no significance in inter-annual 299 

changes (P > 0.1; Fig.S1d, f) during 1961-2018. 300 

 301 

 302 

Figure 3. Maps for spatial distribution of climate inclination rates varied across Jilin Province from 1961 to 2018. (a) 303 

The active accumulated temperature of ≥ 10℃. (b) Average daily temperature during the growth period. (c) The average 304 

day/night temperature difference from July to August. (d) Sunshine durations. 305 

 306 

Trends in climate-driven suitability zonation varied across the study area 307 

From 1961 to 1988, evident changes were observed in the suitable areas for potato cultivation, of which approximately 308 

80.99% showed significance (Fig.4a). The results showed that 1.21% area of Jilin Province suitable for potato 309 



 

10 

 

cultivation were mainly distributed in the marginal zone to the southeast, with a negative growth trend (-3.94%-0 310 

decade−1, P < 0.1). The 28.52% area of Jilin Province suitable for potato cultivation were mainly located in the central 311 

and eastern parts, showing a slow growth trend (0-2% decade−1, P < 0.1). The 51.27% area of Jilin Province suitable for 312 

potato cultivation occurred mainly in the northwestern regions, exhibiting a significant increasing trend (2%-4.86% 313 

decade−1, P < 0.01). 314 

From 1988 to 2018, the degree of changes in suitable areas was relatively small, and 34.26% of the areas passed 315 

the significance test (Fig.4b). Our results show that 7.36% area of Jilin Province suitable for potato cultivation were 316 

mainly distributed in the southeastern marginal zone, showing a slow negative growth trend (-2.05%-0 decade−1, P < 317 

0.1). The 26.90% area of Jilin Province showing a slow increasing trend (0-1.77% decade−1, P < 0.1) were distributed 318 

in the northwest. 319 

During the period of 1961-2018, the suitable areas for potato cultivation in Jilin Province changed significantly. 320 

About 72.36% of the areas passed the significance test (Fig.4c). We found that 9.78% area of Jilin Province suitable for 321 

potato cultivation were mainly distributed in the marginal zone to the southeast, showing a slow negative growth trend 322 

(-1.35%-0 decade−1, P < 0.1). The 30.63% area of Jilin Province suitable for potato cultivation were mainly located in 323 

the central and eastern regions, with a slow growth trend (0-1% decade−1, P < 0.1). The potato cultivation suitability 324 

showing a relatively rapid growth trend in 31.95% (1-2% decade−1, P < 0.01) and 0.03% (2-4.86% decade−1, P < 0.01) 325 

area of Jilin Province, respectively, mainly occurred in the northwestern regions. 326 

 327 

 328 

Figure 4. Maps for trends in climate-driven suitability zonation across Jilin Province from 1957 to 2018. (a) 1961-329 
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1988; (b) 1988- 2018; (c) 1961- 2018. The grey shades in (a–c) indicate the regions where trends in area change of 330 

suitability zonation failed the significance test (P > 0.1).  331 

 332 

Temporal and spatial distributions of suitable areas for potato cultivation 333 

From the perspective of spatial distribution, the “Most suitable” and “Suitable” areas exhibited a trend towards 334 

northwest, while the “Sub-suitable” area tended to shrink to the eastern mountainous areas. According to Fig.2, the 335 

comprehensive evaluation value in 1988 was the lowest during the past 60 years. Therefore, the three periods, including 336 

1961-2018, 1961-1988, and 1988-2018, were selected to compare the changes in the suitable areas. The area of “Most 337 

suitable” areas increased by 25.40 × 1,000 km² from 1961 to 1988 (Fig.5a,b) and by 2.11 × 1,000 km² from 1988 to 338 

2018 (Fig.5b,c), with a 12.42% decrease in the percentage increase in area. The area of “Suitable” areas increased by 339 

16.17 × 1,000 km² from 1961 to 1988 (Fig.5a,b) and by 1.10 × 1,000 km² from 1988 to 2018 (Fig.5b,c), with a 8.04% 340 

decrease in the percentage increase in area. The area of “Sub-suitable” areas decreased by 41.65 × 1,000 km² from 1961 341 

to 1988 (Fig.5a,b) and by 1.77 × 1,000 km² from 1988 to 2018 (Fig.5b,c), with a 21.28% decreased in the area ratio. 342 

The area of “Not suitable” areas increased by 0.08 × 1,000 km² from 1961 to 1988 (Fig.5a,b) and decreased by 1.43 × 343 

1,000 km² from 1988 to 2018 (Fig.5b,c), with little change in the study area. 344 

In general, from 1961 to 2018 (Fig.5a-c), the “Most suitable” areas are mainly distributed in the mountainous areas 345 

of the central and eastern regions of Jilin Province, where the climatic conditions (see Fig.S2-S4) are conducive to 346 

potato tuber growth and starch accumulation. The “Suitable” areas are mainly distributed in the central and western 347 

plains, where the climatic conditions are suitable for potato cultivation and growth. The “Sub-suitable” areas are mainly 348 

distributed in low-altitude mountainous areas in the east, where precipitation conditions (see Fig.S2f, S3f, S4f) are 349 

favorable for potato tuber enlargement, and the overall climatic conditions are suitable for potato growth. The “Not 350 

suitable” areas are located in the eastern high altitudes, where the distributions of water, heat, and light resources are 351 

uneven and the heat is insufficient; the overall climatic conditions are not suitable for potato tuber growth. 352 

 353 
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 354 

Figure 5. Maps for spatio-temporal changes in the distribution of suitability zonation for potato cultivation in Jilin 355 

Province. (a) In 1961, the areas of “Not suitable”, “Sub-suitable”, “Suitable”, and “Most suitable” areas were 9.08 × 356 

103, 93.76 × 103, 67.25 × 103, and 17.31 × 103 km2, respectively. (b) In 1988, the areas of “Not suitable”, “Sub-suitable”, 357 

“Suitable”, and “Most suitable” areas were 9.15 × 103, 52.11 × 103, 83.42 × 103, and 42.71 × 103 km2, respectively. (c) 358 

In 2018, the areas of “Not suitable”, “Sub-suitable”, “Suitable”, and “Most suitable” areas were 7.72 × 103, 50.33 × 103, 359 

84.53 × 103, and 44.82 × 103 km2, respectively. 360 

 361 

Variation in the area of suitability zonation for potato cultivation 362 

The suitable areas for potato cultivation in Jilin Province from 1961 to 2018 were analyzed annually, and the annual 363 

change of suitable areas was obtained (Fig.6).  364 

We found that the maximum area of “Most suitable” areas was 49.94 × 1,000 km² in 2015, and the minimum was 365 

16.50 × 1,000 km² in 1962. The area of “Most suitable” areas increased significantly (P < 0.01), with an increasing rate 366 

of 0.37 × 1,000 km² decade−1 (R2 = 0.58) during the past 60 years. From the 1960s to the late 1970s, the area of “Most 367 

suitable” areas increased significantly (P < 0.0001), with an increasing rate of 0.85 × 1,000 km² decade−1 (R2 = 0.76). 368 

From the early 1980s to the mid-1990s, the area exhibited a significant downward trend (P < 0.001), with a decreasing 369 

rate of 0.54 × 1,000 km² decade−1 (R2 = 0.51). From the late 1990s to 2018, the area of “Most suitable” areas increased 370 

slowly (P < 0.05), with an increasing rate of 0.40 × 1,000 km² decade−1 (R2 = 0.26). 371 

The area of “Suitable” areas showed a significant increasing trend (P < 0.1), with a maximum value of 90.00 × 372 

1,000 km² in 1982, a minimum value of 64.05 × 1,000 km² in 1964, and an increasing rate over the past 60 years of 0.20 373 
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× 1,000 km² decade−1 (R2 = 0.28). From the 1960s to the late 1970s, the area of “Suitable” areas increased significantly 374 

(P < 0.05), with an increasing rate of 0.92 × 1,000 km² decade−1 (R2 = 0.66). From the early 1980s to the mid-1990s, 375 

the area of “Sub-suitable” areas showed a sharp downward trend (P < 0.0001) at a rate of 0.92 × 1,000 km² decade−1 376 

(R2 = 0.61). From the late 1990s to 2018, there was no significant change in the area of “Suitable” areas (P > 0.1). 377 

The area of “Sub-suitable” areas showed a significant decline (P < 0.05) at a rate of 0.58 × 1,000 km² decade−1 (R2 
378 

= 0.53) in the past 60 years. Its maximum value was 97.17 × 1,000 km² in 1962, and minimum value was 45.13 × 1,000 379 

km² in 1982. From the 1960s to the late 1970s, there was a significant increase in the area of “Sub-suitable” areas (P < 380 

0.01), with an increasing rate of 1.77 × 1,000 km² decade−1 (R2 = 0.83). From the early 1980s to the mid-1990s, the area 381 

of “Sub-suitable” areas in Jilin Province increased significantly (P < 0.01), with an increasing rate of 1.45 × 1,000 km² 382 

decade−1 (R2 = 0.62); while from the late 1990s to 2018, it slowly decreased (P < 0.1) at a rate of 0.43 × 1,000 km² 383 

decade−1 (R2 = 0.22).  384 

There was no significant change in the area of “Not suitable” areas. The maximum was 12.43 × 1,000 km² in 2015, 385 

and the minimum was 7.44 × 1,000 km² in 1962 (P > 0.1). 386 

Overall, the proportion of the suitable areas for potato cultivation in Jilin Province from 1961 to 2018 was “Suitable” 387 

areas > “Sub-suitable” areas > “Most suitable” areas > “Not suitable” areas. Among them, the average values of “Most 388 

suitable”, “Suitable”, “Sub-suitable”, and “Not suitable” areas were 35.42 × 1,000, 79.91×1,000, 63.10 × 1,000, and 389 

8.97 × 1,000 km², respectively. In the past 58 years, the area of “Most suitable” areas for potato cultivation has increased 390 

more sharply than that of “Suitable” areas, and both of them showed a significant decline from the early 1980s to the 391 

1990s, with a more significant decrease observed in the area of “Suitable” areas. However, the change in the area of 392 

“Sub-suitable” areas showed an opposite trend to that of the aforementioned two. 393 

 394 

 395 

Figure 6. Changes of suitable areas for potato cultivation in Jilin Province. 396 

 397 

Discussion and conclusion 398 

Discussion 399 

Results obtained from this study show that the increase in the suitability of potato cultivation is more significant in the 400 

plains of northwestern Jilin Province than in the mountainous areas of the eastern part. From the perspective of time 401 

series comparison, the speed of northward migration and expansion of suitable areas in the later period (1961-1990) 402 

was significantly slower than that in the earlier period (1991-2018) (Fig.4). The significant increase in temperature of 403 
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semi-arid regions of the northern low-altitude plains has a great impact on the increase in the suitability of potato 404 

cultivation, whereas the influence of warm temperature on the suitability of potato cultivation was relatively small in 405 

the eastern mountainous areas near the sea (Fig.5). We found that climate change has expanded the extent of suitable 406 

areas for potato cultivation. During the potato growth period (April to September) of 1961-2018 in Jilin Province, AAT 407 

showed a significant upward trend, SD showed a downward trend, and PP fluctuated to a large extent without showing 408 

an obvious trend. Under the influence of global climate change, the suitable areas for potato cultivation in Jilin Province 409 

have been expanding, indicating that the increase in temperature has had a positive impact on the suitability of potato 410 

cultivation in Jilin Province over the years, which is consistent with the trend of climatic suitability for potato 411 

cultivation40,69. 412 

Through the comparative analysis of the distribution of suitable areas for potato cultivation and the dominant potato 413 

production areas50 in Jilin Province, we found that the current main potato production areas in Jilin Province are mainly 414 

included in the “Most suitable” areas, distributed in the center of Jilin Province. This suggests that, more accurate results 415 

of suitability zoning were obtained from the current research compared with previous studies on climatic suitability40,53 
416 

due to the addition of soil factors. The result generated using the evaluation method in this paper, to some extent, can 417 

reflect the distribution of suitable areas for potato cultivation. 418 

In addition, it is worth mentioning that not only climate change but also the potato variety, soil fertility, farming 419 

system, and production technology5, 21 can influence potato growth and development. Further research should consider 420 

possible climate change scenarios in the future, in combination with field conditions, irrigation technologies, and other 421 

modern measures, to provide a more comprehensive reference for potato cultivation management in Jilin Province. 422 

Since potatoes have certain tolerance to temperature and rainfall, as the temperature gets closer and closer to the 423 

threshold, the suitability of potato cultivation decreases. When the temperature exceeds the suitable temperate range for 424 

potato growth, potato cultivation may be negatively affected by climate change. 425 

From the perspective of geographical distribution, the suitable areas gradually expand to the plains in the 426 

northwestern Jilin Province: (i) the sandy soil of the northern region is conducive to the cultivation and production of 427 

commercial potatoes; (ii) the mature drip irrigation technology is beneficial to resist adverse effects of increased 428 

evaporation caused by future temperature increase; (iii) the transportation condition is convenient and advantageous to 429 

the commodity potato transport. Therefore, it is recommended that the future potato industry chain be situated in the 430 

northern region of Jilin Province to form a large-scale potato industrial cluster. 431 

 432 

Conclusion 433 

In the current study, the impact of climate change on the spatial distribution of suitable areas for potato cultivation was 434 

analyzed, and the temporal and spatial variations of this distribution from 1961 to 2018 were explored. The suitability 435 

of potato cultivation in Jilin Province was assessed on the basis of a comprehensive set of criteria associated with the 436 

multi-criterion, decision-based AHP-PCA approach. Our results show that the average values of AAT, PP, and SD 437 

changed greatly, leading to a change in the climatic suitability of potato production in Jilin Province. Suitable areas for 438 

potato cultivation changed little in the middle- and high-altitude mountainous areas in the east, but significant changes 439 

in suitable areas were observed in the low-altitude plains in the central and western regions.  440 

From the perspective of spatial distribution, the “Most suitable” areas for potato cultivation are concentrated in the 441 

central region of Jilin Province, the “Suitable” areas are distributed in the plains in the northwestern part, the “Sub-442 

suitable” areas are mainly located in the eastern mountainous areas, and the “Not suitable” areas occur in the eastern 443 

high altitudes. From the perspective of spatio-temporal changes, the impact of key climatic factors on potato cultivation 444 

has changed from 1961 to 2018: (i) the climatic suitability of potato cultivation moved northward; (ii) the “Most suitable” 445 

and “Suitable” areas for potato cultivation expanded, but the distribution of “Sub-suitable” areas narrowed down.  446 

The area of “Most suitable” areas expanded by 27.51 × 1,000 km², and that of “Suitable” areas expanded by 17.27 447 
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× 1,000 km², suggesting that climate change has had a favorable impact on potato cultivation in Jilin Province in the 448 

past decades. This research conducted an in-depth analysis of the climate change-induced regional changes in suitable 449 

areas for potato production in Jilin Province from a spatio-temporal perspective and provided solid support for potato 450 

cultivation to adapt to the new climatic conditions.  451 

 452 
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Figures

Figure 1

Spatial distribution of 51 meteorological stations and soil sampling sites in the study area. Soil data were
divided into two categories. Soil samples (I): soil mechanical compositions, involving 81 sampling points;
soil samples (II): soil physico-chemical properties, involving 79 sampling points. Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 2

Inter-annual variation trends of climatic factors and evaluation values in the study area from 1961 to
2018. ADT: average daily temperature during the growth period (); AAT: sum of active accumulated
temperature ≥ 10 (d); PP: total precipitation during the growth period (mm); SD: total sunshine duration
during the growth period (h); ATJ: average temperature in July (); DIF: the day/night temperature
difference from July to August ().



Figure 3

Maps for spatial distribution of climate inclination rates varied across Jilin Province from 1961 to 2018.
(a) The active accumulated temperature of ≥ 10. (b) Average daily temperature during the growth period.
(c) The average day/night temperature difference from July to August. (d) Sunshine durations. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 4

Maps for trends in climate-driven suitability zonation across Jilin Province from 1957 to 2018. (a) 1961-
1988; (b) 1988- 2018; (c) 1961- 2018. The grey shades in (a–c) indicate the regions where trends in area
change of suitability zonation failed the signi�cance test (P > 0.1). Note: The designations employed and
the presentation of the material on this map do not imply the expression of any opinion whatsoever on
the part of Research Square concerning the legal status of any country, territory, city or area or of its



authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.

Figure 5

Maps for spatio-temporal changes in the distribution of suitability zonation for potato cultivation in Jilin
Province. (a) In 1961, the areas of “Not suitable”, “Sub-suitable”, “Suitable”, and “Most suitable” areas
were 9.08 × 103, 93.76 × 103, 67.25 × 103, and 17.31 × 103 km2, respectively. (b) In 1988, the areas of



“Not suitable”, “Sub-suitable”, “Suitable”, and “Most suitable” areas were 9.15 × 103, 52.11 × 103, 83.42 ×
103, and 42.71 × 103 km2, respectively. (c) In 2018, the areas of “Not suitable”, “Sub-suitable”, “Suitable”,
and “Most suitable” areas were 7.72 × 103, 50.33 × 103, 84.53 × 103, and 44.82 × 103 km2, Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors. respectively.

Figure 6

Changes of suitable areas for potato cultivation in Jilin Province.
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