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Abstract

:

Examining the effects of climate change on spring maize, and its suitability under dynamic cultivation patterns, will aid strategic decision-making for future agricultural adaptation. This paper investigates the climate suitability of spring maize, based on daily data from 50 meteorological stations, and statistics on maize yield and area at the county level in Jilin Province, China, between 1986 and 2015. Based on a significant correlation between the cultivation patterns indicator ≥10 °C accumulated temperature (AAT10) and the average yield (R2 = 0.503), the yield data are used to determine suitable thresholds for meteorological factors under the dynamic cultivation pattern, and a fuzzy fitness approach is used to evaluate the climate suitability. The results showed a good agreement between suitability estimates and scaled observed yields (average d = 0.705). Moreover, good consistency between cultivation patterns, climate suitability and yield show that the late-maturing varieties of maize have gradually moved northward and eastward, and the areas of high suitability and high yield have gradually expanded eastward. In addition, drought and chilling hazard factors limit the suitability of climate resources, especially in the eastern and western regions.
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1. Introduction


Climate change is expected to affect both regional and global food production, through changes in overall agro-climatic conditions [1], which will directly affect yields and crop climate suitability. Research has indicated that climate change, including warming, might induce tremendous decreases in crop yield. Since 1989, the crop yield of the United States has decreased by 17% [2], the primary productivity of Europe has decreased by 30% [3], and there has been a negative impact of 12% on China’s maize crop [4]. However, it has been confirmed that crop production might benefit from future warming if suitable adaptations are implemented for crop cultivation [5,6], especially in the middle and high latitude areas [7]. Jilin Province, China, known as the “golden corn belt,” is also located in middle latitudes of an area most vulnerable to climate change. In 2017, the total maize production in Jilin Province was 32,570,800 tons, accounting for 15% of the national maize production. Maize production in Jilin Province directly influences the national maize production [8]. As a crucial food crop in China, maize production must increase to meet the needs of the Chinese population, which expected to peak at 1.5 billion in 2033 [9]. With the prolonged growing season and expanded potential cropping area for spring maize in middle and high latitude areas, farmers have blindly shifted the cultivated area northward and expanded it eastward to pursue higher yields, and late-maturing varieties have gradually replaced early-maturing ones, causing certain losses [10,11]. Therefore, it is critically important to understand how climate change has been affecting agricultural production, to ensure regional food security and to inform adaptation decisions [12,13,14]. To address these issues, a large variety of approaches have been developed and applied over recent decades, to scope out agro-climatic potentials and constraints, and to explore possible shifts in suitability with climate change.



A widely applied approach to quantifying the spatial response of crops to climate change is simulation modeling [15,16], including niche models, species distribution models, and spatial crop models. The potential geographic distribution of a species is predicted based on the interactive relationship between its known geographic locations and environmental variables [17,18,19]. However, the correlation models are highly influenced by species biology and ecology, as well as data quality, resolution, model algorithms, and model parameters. Therefore, the accuracy of these models needs to be continuously improved [20,21]. Based on the above limitations, expertise-based approaches are often used to assess climate or land suitability. Multiple indicators, such as temperature, precipitation, drought, and soil variables have been considered when quantifying suitability though expert questionnaire surveys and literature reviews. For example, Yin et al., [22] determined multiple indicators by an expert questionnaire, including temperature, precipitation, drought, etc., and provided a comprehensive analysis of suitable cropping systems for various crops in the northeastern agricultural areas. Based on factors of temperature, precipitation and sunshine, Zhao et al., [23] evaluated the suitability of different varieties of maize. These expert-based approaches have the advantage of being simple and flexible. However, due to their strong subjectivity and uncertainty of local application, the introduction of statistical methods provides a more scientific basis for the formulation of suitability indicators, especially for specific regions.



Yield is the basic input for production analysis and impact assessment, as well as vulnerabilities and adaptation estimation [24]. As the direct receptor of climate factor fluctuation, the high-stability of crop yield will effectively reflect the potential climate suitability [8]. Zhao [8,25] assesses potential climate suitability based on a comprehensive consideration of high-stability yield potential; however, this is a crop model simulation method which requires a large experimental dataset, and lacks universal applicability. Holzkamper et al., [26] attempted to improve suitability assessments for maize in Switzerland by using the observed yields and received a good response. Meanwhile, Chinese scholars [4,27,28] used observed statistics to separate the effects of climate contributions and crop management factors, confirming that the meteorological yield in Northeast China is significantly affected by climate variables. Therefore, considering the high-stability production performance of meteorological yield provides a new method for evaluating climate suitability, especially for crops on a regional basis.



In this study, we introduce the concept of meteorological yield to improve the approach to meteorological factors based on traditional knowledge. Based on the dynamic cultivation patterns caused by climate change, we attempt to evaluate the changes in climate suitability and limiting factors for maize production in Jinlin Province, China. The objectives of the present study are to: (1) determine the spatial and temporal relationships between planting pattern and yield; (2) propose a threshold division method for meteorological factors, based on dynamic cultivation patterns, and verify it; (3) investigate the climate suitability of spring maize in Jilin Province from 1986 to 2015, and quantify the relationship between areas of particular cultivation patterns, yield area, and area of climate suitability. Finally, the meteorological limitations of stations with poor quantitative evaluation results are analyzed.




2. Materials and Methods


2.1. Study Area


Jilin Province is located in northeastern China, between 40°52′–46°18′ N and 121°38′–131°19′ E, with a total area of 18.74 × 104 km2. This area has a monsoonal climate with four clearly distinct seasons. The annual mean temperature is 2–6 °C and the frost-free period lasts for 100–160 days. Annual sunshine is 2259–3016 h, and annual precipitation is 400–600 mm. The altitude is generally high in the southeast and low in the northwest. The western region is known as the “golden corn belt.”




2.2. Data


Long-term daily climate data, gathered from 50 meteorological stations in Jilin Province, China, from 1986 to 2015, were obtained from the National Meteorological Information Center. These data were organized in a database containing variables such as average temperature, minimum temperature, maximum temperature, precipitation, and sunshine hours. Statistics including corn yield and acreage data for 50 counties, from 1986 to 2015, were obtained from the Jilin Provincial Bureau of Statistics.



To relate climate data to yield data, the meteorological data from each station were matched to the statistical data of its county-level administrative region, and the dataset thus obtained included the corn yield, area, and climate data of 50 stations for 30 years. We used 75% of the dataset to calibrate the suitability threshold for meteorological factors, and 25% were independently verified [29]. The calibration and verified sites are shown in Figure 1.




2.3. Evaluation Approach


The dynamic maize evaluation approach was based on agro-climatic indices that were calculated on an annual basis for relevant phenological phases of continuously changing cultivation patterns. These climate indices are referred to as factors, and suitability functions were specified to relate factor values to factor suitability scores, ranging from 0 to 1. The factor suitability functions were initially used to identify the climate indices affected by cultivation patterns of different maturities, and in the second step were refined by climate yield data based on scientific literature and expert knowledge. Rules were used to aggregate factor suitability and to derive dynamic maize suitability.



2.3.1. Maize Cultivation Patterns and Climate Indices


As a thermophilic plant, maize requires a certain accumulated temperature to complete its growth and development process [23]. However, different values of ≥10 °C accumulated temperature (AAT10) during the growing season are required for different mature varieties (Table 1) (generally late maturity > medium maturity > early maturity). Regions with high heat conditions are more suitable for mid-late maturing varieties, while areas with low heat conditions are only suitable for early maturing varieties, or may not be suitable at all. Hotter areas mean relatively high climate productivity; thus, the yield of a mid-late maturing variety is generally higher than that of an early maturing one. With rising temperature, the climate-limited production potential in areas with insufficient heat increases, and early maturing varieties tend to be replaced by mid-late maturing ones [10]. Additionally, maize is a mesophyte, and its water consumption varies significantly at different stages of growth, basically following the rule of “less early, more in the middle, and less late.” Maize is also a short-day crop, and late-maturing varieties are sensitive to long-term sunshine. As a C4 plant, maize requires more photosynthetic products to achieve a high yield, especially in the tasseling-milking stage.



To quantify the effects of climate change on crop growth, a series of climatic indices in areas of different maturity were selected for suitability evaluation. Three indices (average temperature, precipitation, and sunshine hours) were chosen to quantify the basic crop requirements of temperature, light, and water, based on expert knowledge and literature on crop suitability [23,26,30]. The phenological phases of spring maize are usually divided into four stages, based on valid data from agricultural meteorological observatories: period 1 from germination to jointing (early May to mid-June), period 2 from jointing to tasseling (late June to mid-July), period 3 from tasseling to milking (late July to late August), and period 4 from milking to maturity (September). Suitability functions were synthesized from climate factors in the relevant phenological phases of various maize cultivations.




2.3.2. Meteorological Yield


Generally speaking, crop yield can be expressed as the sum of climate contributions, management factors, and random error [27,31]. Crop yield caused by climate fluctuation is called meteorological yield, which mainly reflects the short-term yield fluctuation caused by the changing of meteorological factors. Crop management-induced crop yield is mainly determined by the development level of long-term productivity (based on the available science and technology), and is also known as the trend yield. Since the effect of random error on the actual yield is small, it is usually ignored. Therefore, crop yields consist of long-term trend yields and short-term fluctuations from meteorological yields. To separate the trend yield sequence from the actual yield, an HP filtering method [32,33] was used to fit the trend yield:


y=yt+yw+Δy



(1)




where y is the crop yield; yt and yw are the trend yield and meteorological yield, respectively; and Δy is random noise.




2.3.3. Yield-Based Refinement of Factor Suitability


To refine the factor suitability within knowledge-based bounds [30,34], we referred to Holzkamper et al., [26] and used yield data to refine the meteorological suitability thresholds of differently maturing varieties. The smallest enclosing disk approximation algorithm (DPs) [35] was selected to capture the corresponding optimal threshold of the climatic factor based on the high-stability yield range. Referring to the cumulative frequency distribution [8], when the number of sites greater than the negative stable yield value accounts for 80% of the total number of sites, the corresponding meteorological factor value is the optimal threshold, and 95% is the sub-suitability threshold. The refinement of factor suitability was conducted as follows (Figure 2):



1. Scatter plot construction. The climate factors and meteorological yields for each site are the abscissa and the ordinate, respectively. We found that a 4% fluctuation in climate yield corresponded to the stable yield range of maize, according to the assessment method of the agricultural meteorological production forecasting business [36].



2. Calculation of the projection interval [min X, max X] of all points on the X-axis, and calculation of the maximum distance d1 from all points to the first point.



3. The dual decision. It is constructed with r = 3d1/4 as the initial radius and the search interval [Max X-r, min X+r], and the iterative solution employs (Max x-min x)/400 as the step length.



4. Finally, the minimum threshold of sites larger than the stable yield line, accounting for 80% of the total sites, is the optimal threshold [Xa, Xb], and the number of sites accounting for 95% of the total site is the sub-optimal threshold [Xc, Xd].




2.3.4. Definition of the Evaluation Function


The factor suitability function should be calculated by specific rules to obtain the climate suitability scores for the regional maize. The ideal degree of climatic resource elements that satisfy the growth of maize was defined as an appropriate range of climate factors, as well as the fuzzy subset of intervals [0,1] [37]. When the fuzzy subordinate function is used for conversion quantization, the most suitable value is 1, while the most unsuitable value is 0, and the rest is the continuous excessive state. It is defined as:


S=ST×SP×SS3



(2)




subject to


F(si)=∑j=1nAij•Sij



(3)






Aij=Rj∑j=1nRj



(4)






Rj=rj−rminrmax−rmin



(5)






Sij={0S<xc or S>xdS−xcxa−xcxc≤S≤xa1    xa<S<xbxd−Sxd−xbxb<S<xd



(6)




where regional climate suitability S is determined by multi-factor suitability, including temperature suitability T, precipitation suitability P, and sunshine suitability S. F(si) (weighted by the suitability of each stage j) is the climate suitability factor i for the whole growth period, and in this case the factor i includes average temperature, precipitation and sunshine hours for the four phenological phases j. Aij is the weight coefficient of the climate suitability factor i for the j-th growth stage (n = 4), calculated from the ratio of the normalized correlation coefficient Rj of the j-th stage to the sum of the correlation coefficients of the entire growth period. rj is the correlation coefficient; rmax is the maximum correlation coefficient, while rmin is the minimum correlation coefficient. Sij is the climate suitability factor i in phenological phase j; χa, χb, χc, χd are the optimal range and upper and lower limits of the climate factor, respectively.



In this study, climate suitability was divided into four grades [8,38]: low (0–0.25), general (0.25–0.75), medium (0.75–0.95), and high suitability (0.95–1). Correspondingly, we have classified the plant heights of corn milk maturity, from low to high, for nearly 30 years, and selected the top 25%, 75%, and 95% values as the low, normal, medium, and high evaluation indicators, respectively.




2.3.5. Validation of the Suitability Evaluation


To evaluate the suitability assessment performance and accuracy, Willmott’s index of agreement (d value) [39] was computed from observed meteorological yield and simulated climate suitability. Willmott’s d value is a good indicator of model performance, particularly relative to the 1:1 line. When d is closer to 1, the effect of the observation is better; when it is closer to 0, the correlation between the simulated value and the observed value is less:


d=1−∑j=1N(Sj−Oj)2∑j=1N(|Sj−O¯|+|Oj−O¯|)2



(7)




where Sj is the suitability estimate; Oj is the scaled yield, which is obtained from the normalization of the meteorological yield [26]; and O¯ is the mean value of the scaled yield.





2.4. Analysis of the Climatic Limiting Factors


To further explore the limiting factors on climate suitability, we analyzed climatic factors and hazard factors in areas with limited suitability (S < 0.8). We conducted a gray correlation analysis between climate suitability, climate factors (average temperature, precipitation, and sunshine hours) and typical hazard factors (drought in the west, chilly damage in the east), and the degree of correlation of the climatic limiting factors at each stage is discussed. The western part of Jilin Province was seriously affected by drought, and the water deficit index was used as a factor to quantify the degree of drought [40]. Chilling damage occurred in the eastern region, and here the chilling injury index was used as the quantitative factor [41].



The gray correlation degree is calculated as the degree of similarity between the sequence curve of climate suitability and the geometric shape of each factor. The greater the degree of association, the more restricted the sub-suitable area. There are n sites, each with m-year data. The normalized data is X1,X2,…,Xm. Xi=[xi(1),xi(2),…xi(n)],i=1,2,…,m. x0 is the climate suitability, and the correlation coefficient between x0 and xi in the k-th year is:


ξi(k)=Δmin+ρΔmaxΔi(k)+ρΔmax,i=1,2,…,n;k=1,2,…,m



(8)




where Δmin=mini[mink(|x0(k)−xi(k)|)]; Δmax=maxi[maxk(|x0(k)−xi(k)|)]; ρ is the resolution coefficient; the value area is [0,1]; and the optimum is 0.5.





3. Results


3.1. Temporal and Spatial Changes in Cultivation Patterns and Yield


There were significant changes found in the cultivation patterns of differently maturing spring maize varieties in Jilin Province from 1986 to 2015 (Figure 3a–d). The distribution of cultivation patterns, from the northwest to the southeast, was: late maturity, medium maturity, early maturity, and unsuitable for planting. The early, medium, and late maturing planting areas were each approximately 1/3 of the province in the first 10 years (1986–1995); then, in the middle 10 years (1996–2005) the late maturity area increased rapidly to 1/2, with the early maturity and unsuitable areas reducing correspondingly. The weak temperature fluctuations in the last 10 years (2006–2015) have led to relatively few changes in cultivation patterns.



Figure 3e–h shows the variations of average yield per county for the three decades. Overall, the central regions of Jilin Province had the highest yields, while the western and eastern regions had general yields, and the northeast and part of the west had low yields. The middle and high yield areas in the last 20 years (1996–2015) moved significantly northward and eastward compared to the previous 10 years (1986–1995). In particular, the area of high yield expanded from 1/10 to 2/5 of the province, and the area of middle and low yields decreased by 1/10, while the area of general yield demonstrated little change.



Comparing the cultivation pattern indicator (AAT10) and average yield in the past 30 years (Figure 4), both showed a significant increasing trend. The fluctuations in the average yield were highly consistent with the AAT10 curve, and there was a significant positive correlation between the mean yield and AAT10 (R2 = 0.537, p < 0.1). As a result, we concluded that AAT10 and its characterized cultivation patterns were a key factor for maize yield formation. The change of maize varieties in terms of maturing transformation had a favorable effect in increasing the yield, where the thermal resource was originally insufficient. However, regional yields of late-maturing maize may be reduced, as in the west. Therefore, besides differently maturing varieties, maize yield is also likely to be determined by other factors, such as temperature, precipitation, and sunshine. Furthermore, a more accurate suitability assessment will be obtained by classifying the suitability of climate resources for differently maturing varieties based on yield.




3.2. Climatic Suitability of Maize


3.2.1. Yield-Based Refinement of Factor Suitability and Validation


Figure 5 shows the suitability thresholds of different meteorological factors based on the 30-year meteorological yield data. From the temperature suitability of different stages: Because a temperature of above 10–12 °C is required for germination, and the temperature in Jilin province was generally lower than 20 °C during this period, the suitable temperature was set at 12.2–19.0 °C; The growth rate of jointing-harvesting maize is proportional to the temperature within the range of 18.5–24.8 °C [42]; The average temperature during the tasseling-milking period in Jilin province is about 21 °C, which is suitable for the temperature of 19.2–23.3 °C; The temperature gradually decreasing during the maturity period is beneficial to the accumulation of dry matter, and too low or too high a temperature may reduce enzyme activity and decrease the yield. In addition, the water consumption during the emergence-jointing period accounts for 20% of the total water consumption, the joint-milk ripening period accounts for 50%, and the milk-maturing-mature period consumes less water, at 10–30%. The average monthly precipitation in the fastest growing stage is about 90–110 mm, and the threshold is roughly consistent with the actual water requirement of maize. The sunshine suitability of maize in different growth stages was also basically consistent with existing studies [26], especially the relatively high requirement in the tasseling-milking stage. From the above analysis, yield-based refinement of factor suitability generally conforms to expert knowledge and crop growth requirement, but the results are more regionally targeted.



The automatic calibration runs converged on average after 400 iterations, reaching a good agreement between long-term suitability estimations and average normalized meteorological yields at most stations (average d = 0.705 ± (0.12SD)). Figure 6 shows a comparison of station mean meteorological yield and station mean suitability, with stations of the calibration dataset and the validation dataset indicated by different signs. The results clearly distinguish the simulated levels of climate suitability obtained from meteorological yields at different stations. Most stations of both the calibration and validation data sets are very close to the 1:1 line. Some of the sites show a mismatch between climate suitability and meteorological yields, including ZL, TY in the west and BS, LJ, CB in the east.




3.2.2. Temporal and Spatial Changes in Climate Suitability


The results for differently maturing maize varieties (Figure 7) from 1985 to 2015 showed that the order of suitability was: early maturing > medium maturing > late maturing. From the time series of the average values, the suitability of early maturing varieties gradually decreased, while the suitability of mid-late maturing varieties gradually increased. The climatic suitability of the three mature varieties declined from 1985 to 1995. From 1996 to 2005, the suitability of the early maturing varieties decreased significantly, and the suitability of mid-late maturing varieties increased significantly; this is consistent with the trend that the mid-late ripening varieties gradually replaced the early-maturing varieties under the temperature increase around 2000. This trend has slowed down since 2005.



The spatial distributions of the climate suitability in Jilin Province are shown in Figure 8. From 1986 to 2015, the central regions mainly had high suitability, with the middle suitability concentrated in the western and east-central regions. Nevertheless, the suitability of the eastern Changbai high-altitude area and the northeastern high-latitude area was low. In the first 10 years, the thermal conditions were relatively poor, and the suitability of the eastern region (about 1/3 of the province) was not high, while the west was also classified as having general suitability. In 1996-2005, the suitable area moved northward and eastward, and the low suitability area decreased significantly, with middle or high suitability in most of the province. From 2006 to 2015, most of the province’s climate resources essentially meet the conditions required for growth of maize. With the advance of time, the improvement of climate resources and maize suitability evaluation were basically consistent with the increase in the province’s yield.





3.3. The Relationship between Cultivation Patterns, Yield, and Climate Suitability


The trends in the areas of cultivar patterns, yields and climate suitability are basically the same (Figure 9). The positive correlation between the three variables reveals that the cultivation area of late-maturing maize is larger, and the high-yield area is larger, and the area with high suitability is also larger. In the past 30 years, the percentage of late-maturing maize in the province has increased by 18.8%, while the high-yield area has increased by 33.5%, and the high-suitability area has increased by 32%. When the cultivation area variation of late-maturing maize was small, the area of early maturing maize increased by 5%, while the middle-yield area increased by 7.7%, and the middle-suitability area increased by 21%. With the gradual increase of temperature, mid-late-maturing maize cultivation is expanding, and the climate suitability is improved, which is more conducive to corn growth and yield formation.




3.4. Analysis of Factors Limiting Climate Suitability


Figure 10 shows the gray correlation between climatic suitability and meteorological factors, and typical regional disaster factors, which are drought in the west (ZL, TY) and chilling damage in the east (BS, CB, LJ). The results showed that suitability is mostly affected by the hazard factors. The climatic suitability of the eastern part during period 1–2 was greatly affected by the chilling factors, which was most significantly related to the temperature limitation during the jointing stage. However, the increase in temperature in the subsequent periods has an accumulated temperature compensation effect on corn growth, and reduces losses. Interestingly, the influence of altitude on suitability is considered in the interpolation process. Therefore, the low altitude climate suitability of CB, LJ and BS are more in line with the actual characteristics. Moreover, for the western region, the suitability and drought factors are moderately correlated throughout the full growth period, resulting in increased losses. However, the occurrence of drought is mainly concentrated in individual years [43]. Therefore, the assessment of suitability can capture the average climate resource status of the region. Additionally, the eastern region is more affected by sunshine in September, mainly because the rainy season makes the period of sunshine relatively short. The western region is strongly influenced by the number of sunshine hours, mainly because the mid-late maturing varieties planted in the western region are relatively sensitive to sunshine conditions.





4. Discussion


4.1. Improvement of the Climate Suitability Assessment Approach


In this paper, we present a yield-based approach for evaluating the climate suitability of accumulated temperature-induced maize cultivation patterns. Like the process-based crop model approach, our study can also capture single-year or long-term suitability changes, and the method is relatively simple and straightforward. Previous studies on land suitability have taken agroclimatic indices into account, but have not considered the climate suitability for each phenological period. For example, Golnaz Badr et al., [44] assessed the spatial suitability of vineyards using agroclimatic indices, and quantified only the general effects of climate suitability on land-use evaluation. In contrast, this study evaluates the climate suitability of maize for each phenological period, allowing for more detailed and accurate monitoring of process-based climate impacts, which is more common in agroclimate studies. Dimitris [45] combined the precipitation and effective precipitation of each month in the crop growing season to analyze the characteristics of agricultural drought. Thuan et al., [46] evaluated the temperature and precipitation suitability of maize and wheat in different months. Similarly, Holzkämper [26] proposed a rule-based approach to evaluate crop-specific suitability for phenophase-specific climate indices, but that study did not consider varieties that mature differently. Our approach can be applied to the dynamic assessment of the climate suitability of maize varieties with different maturation characteristics, based on changes in accumulated temperature. Previous studies have focused on climate resources, cropping systems, yield, and natural disaster risks in changing areas of different maturity cultivation patterns [8,10,47], but there are few studies on climate suitability assessment combined with changes in crop varieties [23]. Moreover, traditional methods of evaluating agricultural climatic suitability have relied mainly on meteorological data, and have used surveys and existing studies to set the lower and upper thresholds of the acceptable and optimal meteorological indicators. For example, Zhao et al., [48] and Qiu et al., [30] used the threshold of meteorological factor suitability, based on expert knowledge, to evaluate the climatic suitability of potato and corn, respectively. Our studies used high-stability of meteorological yield to improve the traditional methods for the more statistically significant climate indicators, and it is more meaningful to capture the impact of climate change on crops in specific regions. Comparing the research results for maize suitability, based on the MaxEnt model in China [49], it is found that the climate suitability in Jilin Province is basically consistent with our study. However, combined with the actual maize yield data (Figure 3h), the result of Ye et al., is relatively high in the western region, and our study is closer to the actual maize production in Jilin Province. Moreover, our analysis of the limiting factors for individual points with poor evaluation results found that extreme meteorological disasters in individual years have a certain impact on the suitability evaluation, so it is necessary to include meteorological disaster factors into the suitability assessment in future research.




4.2. The Influence of Climate Change on the Climate Suitability Of Maize


Climate warming has increased maize production (where other resources are not restricted) and the 1980s and 1990s show a maize yield increase of 17.98% and 26.78%, respectively [12]. Studies [50,51] have confirmed that the yield gradually increases with the temperature up to 30 °C, but decreases rapidly at higher temperatures, which indicates that there is a complex nonlinear relationship between temperature and crop yield. As the temperature rises, corn growth conditions in northern countries have improved significantly, especially in Eastern Europe and Denmark, and areas suitable for growing are expected to extend to the north [52,53]. The rate of temperature increase in Northeastern China accelerated in 1980 and rose sharply during the 1990s, then rose slowly in the 21st century [54]. Previous research [10,30] has confirmed that the northern boundary of corn growth in Northeast China has moved significantly northward and eastward, and the average resource suitability index gradually expanded from southwest to northeast in the 1961-2010 period, which was conducive to the growth and yield formation of maize. Accordingly, our study reveals that the maize cultivation pattern in Jilin Province has undergone significant displacement around 1990, and the late-maturing variety has shifted significantly eastward, which leads directly to the displacement of the climatically suitable and high yield area to the central and eastern regions. When the temperature changed slowly after 2006, the change in climate suitability and yield was relatively small, based on the small change in cultivation patterns. A study [10] has confirmed that the northernmost boundary of maize growth in northeast China occurred in 2001–2007. Liu argued that the maize yield of Jilin Province should be increased by about 25%, when the early-middle maturing varieties were replaced by the late maturing variety. In our study, if the late-maturing variety in the province replaced 18.8% of the early-maturing varieties, the high-suitability and high-yield areas increased by 32% and 33.5%, respectively. Moreover, the choice of cultivars gradually changed to mid-late maturing within a certain temperature range, and the climatic resources in high latitudes were also more conducive to crop growth, which led to increased yield, supporting the theory of the northward spatiotemporal expansion of maize cultivation [53]. Finally, an in-depth study of the limiting factors in the individual regions found that cold damage and drought have significant effects, and late-maturing varieties are greatly affected by sunlight, which can support the improvement of corn climate suitability. In conclusion, adaptation strategies are needed, such as changing the planting pattern, replacing relatively high-yielding mature varieties, and improving the climate resources of the restricted areas to achieve higher production efficiency under global warming.





5. Conclusions


Our approach for evaluating the climate suitability of maize allows for a specific suitability classification to evaluate agro-climatic potentials and constraints. A particular strength of our approach is its use of both traditional knowledge and statistical approaches to yield data, which better captures the spatiotemporal variability in the climate suitability and yield of maize. This article takes maize in Jilin Province as an example, and the results show that the method has good performance in climate suitability evaluation, with Willmott’s index reaching 0.705, and the suitability of most sites being well matched to their meteorological yields.



(1) The accumulated temperature of the maize growing season in Jilin Province from 1986 to 2015 showed a positive correlation with yield (R2 = 0.537, p < 0.1). After 1995, the accumulated temperature increased significantly, and the early-maturing varieties in the central and eastern regions were replaced by mid-late maturing varieties. Accordingly, the high-yield areas expanded significantly from the central region. The changes in the decade after 2005 were relatively small.



(2) The climate suitability of differently maturing maize varieties was evaluated based on their yield data. The suitability of early maturing varieties decreased, and the suitability of mid-late maturing varieties increased, which matched the trend of the earlier varieties being replaced by mid-late maturing ones. The high climate-suitability areas gradually expanded from the central region to the western and eastern regions. However, the instability of high-latitude and high-altitude regions affects the climate suitability assessment.



(3) The cultivar pattern, corn yield and climate suitability are all positively correlated. In the past 30 years, with the gradual increase of temperature, the late-maturing area increased by 18.8%, high-yield areas increased by 33.5%, and high-suitability areas increased by 32%. The increase in temperature promotes the replacement of varieties, which in turn increases the yield, and the climate resources are conducive to the growth of maize.



In summary, these results can provide useful insights when attempting to develop effective and adaptive strategies of agricultural development at a regional scale. Additionally, other varying factors, such as agricultural disasters, weather events, and farm practices, should be considered in a complete evaluation of climatic suitability for maize production.
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Figure 1. The location of the study area in China. 
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Figure 2. Factor suitability threshold ([Xa, Xb] is the optimal threshold. [Xc, Xa] and (Xb, Xd] are suboptimal; (−∞, Xc) and (Xd,+∞) are unfavorable). 
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Figure 3. Spatial distribution of cultivation patterns (a–d) and yield (e–h). 
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Figure 4. Temporal changes of ≥10 °C accumulated temperature (AAT10) and yield. 
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Figure 5. Yield-based refinement of factor suitability (period 1 from germination to jointing, period 2 from jointing to tasseling, period 3 from tasseling to milking, period 4 from milking to maturity; EM: early maturity, MM: middle maturity, LM: late maturity). 
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Figure 6. Comparison of scaled station mean meteorological yield and station mean suitability (calibration stations: gray dot; validation stations: red triangle; d < 0.6: blue circle; dotted line indicates 1:1 relationship). 
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Figure 7. Temporal trends of mean suitability of differently maturing varieties (a–c represent early maturity, middle maturity, and late maturity, respectively). 
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Figure 8. Spatial distribution of climate suitability (a–d). 






Figure 8. Spatial distribution of climate suitability (a–d).



[image: Atmosphere 10 00305 g008]







[image: Atmosphere 10 00305 g009 550]





Figure 9. Area change for cultivar patterns (a), crop yields (b), and climate suitability (c). 
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Figure 10. Suitability limitations in the east (a) and the west (b). Taverage: average temperature, Pre: precipitation, Sun: sunshine hours, Chi: the chilling injury index, Dro: the water deficit index. 
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Table 1. Indicators for maize cultivation.






Table 1. Indicators for maize cultivation.





	Cultivation Area
	≥10 °C Accumulated Temperature (°C·d) (AAT10)





	Unsuitable for planting (UP)
	<2100



	Early maturity (EM)
	2100–2500



	Medium maturity (MM)
	2500–2850



	Late maturity (LM)
	>2850
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