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Abstract

:

Climate change has had a significant impact on agricultural production. It is important to evaluate the vulnerability of agricultural production to climate change. The previous methods for evaluating vulnerability are inconsiderate and unrealistic. This paper proposes an improved vulnerability assessment method, introduces the Agricultural Production System Simulator (APSIM)-wheat model to evaluate vulnerability, and uses spring wheat, in Inner Mongolia, China, as an example for evaluating the vulnerability of spring wheat under climate change. The results show that, from 1996 to 2015, the adaptability to climate change of spring wheat production, in Inner Mongolia, increased, and its sensitivity to climate change decreased. That is to say, that climatic conditions have a negative impact on spring wheat, and adaptation measures have a positive impact on spring wheat. From 1996 to 2009, the vulnerability of spring wheat production in Inner Mongolia showed a very significant increasing trend, while showing a significant downward trend during 2009–2015, which is consistent with the actual situation. The improved vulnerability assessment method can reflect the actual impact of climatic conditions on agricultural production. We expect that the new vulnerability assessment method can provide a theoretical basis for studying the impact of climate change on agricultural production.
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1. Introduction


Based on the existing research results, the probability of a negative impact of climate change on the production of spring wheat is extremely high—both in the current climate context, and in the predicted future climate scenario [1,2,3]. As agricultural production is affected by many factors, including economic, social, climatic factors, and so on, the study of the impacts of climate change is very difficult, although many studies have not considered the impact of economic and social factors [4,5,6]. Integrated considerations of multi-factor impacts are required to assess the impact of climate change. A vulnerability assessment can make up for these shortcomings [4,7,8].



The vulnerability assessment includes a sensitivity assessment and an adaptability assessment [9,10]. A sensitivity assessment refers to the response of a system, after being stimulated in the context of climate change, including adverse and beneficial effects. The properties of the system assessed are fully considered. An adaptability assessment refers to the response ability of a system in the context of climate change after adaptation, exercise, and structural adjustment. The evaluation of adaptation includes many external environments, such as human influence and socio-economic conditions [11,12,13,14]. External properties are fully considered. Vulnerability assessment of the system can not only reveal the reasons for the impact of climate change on the system, but also propose adaptation or mitigation measures based on these reasons [15,16]. The interpretation of vulnerability refers to the degree of difficulty in attacking the system, the difficulty of injury, and the difficulty of being damaged.



At the end of the 1960s, the word of vulnerability emerged in the research on natural disasters [7,17,18]. In the early 1980s, the geologist Timmerman first proposed the concept of vulnerability [15,16]. Since then, the 1995 IPCC (Intergovernmental Panel on Climate Change) [19] Second Assessment Report and the 2001 IPCC Third Assessment Report [20] have defined and qualitatively analyzed the concept of vulnerability. In 2007 and 2013 [21,22], the IPCC Fourth Assessment Report and Fifth Assessment Report quantified vulnerability as a function of the system’s risk, sensitivity, and adaptive capacity, and the concept of vulnerability was further elaborated. Vulnerability refers to the extent to which a system is adversely affected by climate change and the extent to which it is incapable of responding to adverse effects [7,23,24]. Vulnerability varies with the rate, characteristics, magnitude, etc., of climate change and variability faced by the system studied, and varies with the sensitivity of the system and its adaptive capacity [17,25,26,27,28].



Based on previous studies, this paper introduces the crop model—the Agricultural Production System Simulator (APSIM)—and proposes an improved vulnerability assessment method. APSIM was developed by the Australian Federal Institute of Science and Technology and the Queensland Government’s Agricultural Production Research Collaborative Group to simulate the mechanism of the major components of a dry farming system [29,30,31,32]. Its applicability has been recognized around the world, including for crop management, cropping system changes, crop breeding, land-use change, climate change, and regional water balance. Currently, the APSIM model is primarily used to study the effects of climate change on crop yields [33,34,35,36].



Research shows that the APSIM model has good applicability to different crops, different climates, and different soils [32,34,35,37]. In Inner Mongolia, there are many types of crops, climate types (four climatic zones across humid, semi-humid, semi-arid, and arid), and soil types. This model is used to solve this problem. Currently, the APSIM model is primarily used to study the effects of climate change on crop yields. Research on applying this model to vulnerability assessment is still relatively scarce. Therefore, this paper attempts to introduce the APSIM model to vulnerability assessment in order to develop a new vulnerability assessment method.




2. Theory and Method


2.1. The Original Vulnerability Assessment Method


In 2014, Pan et al. [25] proposed the evaluation method of vulnerability for the first time. In 2016, Zheng et al. [18] further elaborated the method in the “200 questions on climate change adaptation”. The original vulnerability assessment method [18,25] was:


  U V I = −   Y  c i  − Y  c 0    Y  a i  − Y  a 0     








where   Y  c i    represents the climatic output in year i,   Y  c 0    represents the average climatic output in the reference period,   Y  a i    represents the adaptation output of year i, and   Y  a 0    represents the average adaptation output in the reference period.



The specific discussion of the vulnerability formula is as follows (Table 1):



When the climatic output is less than the average value of the baseline climate output, and the adaptation output is less than the average value of the baseline adaptation output, then the system is fragile, the actual value of the vulnerability is positive, but the formula value is negative. The formula does not meet the actual situation.



When the climatic output is less than the average value of the baseline climate output, and the adaptation output is greater than the average value of the baseline adaptation output, if the absolute value of [climatic yield–the average value of the baseline climatic output] is greater than the absolute value of [adaptation output–the average value of the baseline adaptation output], the system is fragile, the actual value of vulnerability is positive, the formula value is positive, the formula is in line with the actual situation; if the absolute value of [climatic yield–the average value of the baseline climatic output] is less than the absolute value of [adaptation output–the average value of the baseline adaptation output], the system is not fragile, the actual value of the vulnerability is negative, but the formula value is positive, the formula does not conform to the actual situation.



When the climatic output is greater than the average value of the baseline climate output and the adaptation output is greater than the average value of the baseline adaptation output, then the system is not vulnerable, the actual value of the vulnerability is negative, and the formula value is negative. The formula is in line with the actual situation.



When the climatic output is greater than the average value of the baseline climate output, the adaptation output is less than the average value of the baseline adaptation output, if the absolute value of [climatic yield–the average value of the baseline climatic output] is greater than the absolute value of [adaptation output–the average value of the baseline adaptation output], the system is not fragile, the actual value of vulnerability is negative, but the formula value is positive, the formula does not meet the actual situation; if the absolute value of [climatic yield–the average value of the baseline climatic output] is less than the absolute value of [adaptation output–the average value of the baseline adaptation output]. The system is fragile, the actual value of the vulnerability is positive, and the formula value is positive. The formula is in line with the actual situation.



Here, we can see that in some cases the evaluation method of this vulnerability is feasible and in line with the actual situation, but in other cases the evaluation method of this vulnerability is not feasible and does not conform to the actual situation. The original vulnerability assessment method considers vulnerability as the ratio of sensitivity to adaptability. This also does not reflect the actual situations. This study considers vulnerability as the sum of the sensitivity and the adaptability.



Based on the analysis above, an improved method is developed as follows.




2.2. An Improved Vulnerability Assessment Method


According to IPCC assessment reports, vulnerability is a function of sensitivity, adaptability, and exposure [19,20,21,22]. Therefore, we quantify these three parameters and build a functional model based on previous studies [7,16,17,18,25].



2.2.1. Sensitivity Assessment


Sensitivity characterizes the extent to which agricultural production systems are affected by climate change. Sensitivity can be described by the sensitive production, which is the output under climate conditions. The impact of climate change on wheat production is manifold, including the growth period, the water demand, etc. Apparently, the ultimate impact of climate change on agricultural production is reflected in the agricultural yields. Therefore, the change in crop yields is used to assess the response of agricultural production to climate change. It is important to note that the crop yield is also impacted by other factors. Sensitivity, i.e., sensitive production, is the climate output in the context of climate change. Sensitivity can be expressed as the ratio of the difference between the annual sensitive yield (climate yield) and the base period sensitive yield, and the baseline period sensitive yield average, and can be expressed as follows:


  S  I i  =   Y  c i  − Y  c 0    Y  c 0     



(1)




where   S  I i    represents the sensitivity,   Y  c 1    represents the climatic output in year i, and   Y  c 0    is the average climatic output in the reference period. The sensitivity index is positive, indicating that the climatic conditions during the study period had a positive effect on wheat production relative to the base period, resulting in an increase in wheat yield; a negative sensitivity index indicates that the climate in the study period is more detrimental to crop growth than the reference period climate. The larger the positive value or negative value, the more obvious the effect of increasing production or decreasing production, respectively.




2.2.2. Adaptability Assessment


The adaptive characterization of agricultural production systems is affected by factors other than climate change. These other factors include species renewal, the improvement of agronomic practices, and the development of agricultural mechanization, i.e., adaptation production is the total production minus the sensitive production. Adaptive quantification (adaptability) is represented by the ratio of the annual adaptation yield minus the base-period adaptation yield, to the base-period average adaptation yield, as follows:


  Y  a i  = T o t a l   p r o d u c t i o n − S ensitive p r o d u c t i o n  



(2)






  A  I i  =   Y  a i  − Y  a 0    Y  a 0     



(3)




where   A  I i    represents adaptability,   Y  a i    represents the adaptation output of year i, and   Y  a 0    represents the average adaptation output in the reference period. The larger the   A  I i    value, the stronger the adaptability, and vice versa. Adaptability may be positive or negative. When adaptability in the research period is stronger than the baseline period, adaptability is positive. There may be situations when the effect of improved varieties is not good, or the improvement of agronomic practices is inappropriate, the adaptive capacity would be damaged, and the adaptability would be negative.




2.2.3. Exposure Degree Assessment


Exposure is quantified by the exposure index (EI), which is expressed by the ratio of the crop area of a certain year to the average area planted in the base period, which reflects the extent to which agricultural production is affected by climate change. The equation is as follows:


  E  I i  =   h  a i    h  a 0     



(4)




where   E  I i    represents the degree of exposure,   h  a i    represents the area sown in the year i, and   h  a 0    is the average sown area during the reference period. When the unit vulnerability of agricultural production is large, the increase in exposure will exacerbate the fragility of agricultural production and the reduction in exposure will reduce the fragility of agricultural production. When the agricultural production system is less brittle, the increase in exposure will be beneficial to the agricultural production and the decrease in exposure will adversely affect agricultural production.




2.2.4. Vulnerability Assessment


The main factors contributing to the agricultural production system includes the unit yield and the planting area of the crop. The product of these two factors is the total output of the agricultural production system. When evaluating the vulnerability of the agricultural production system, a unit vulnerability index (UVI) and a regional vulnerability index (VI) are established to measure the vulnerability degree and scope of the agricultural system. The unit vulnerability can be calculated as follows:


  U V I = −  (    Y  c i  − Y  c 0    Y  c 0    +   Y  a i  − Y  a 0    Y  a 0     )   



(5)







The equation for calculating the regional vulnerability is as follows:


  V I = −   h  a i    h  a 0    ×  (    Y  c i  − Y  c 0    Y  c 0    +   Y  a i  − Y  a 0    Y  a 0     )   



(6)







Based on Equations (5) and (6), the changes in the vulnerability of a system will take place in the following scenarios (Table 2):



When the adaptation output is less than the average value of the baseline adaptation output, the climatic output is less than the average value of the baseline climate output, the system changes in a fragile direction, the actual value of vulnerability is positive, and the formula value is positive. The formula is in line with the actual situation.



When the adaptation output is greater than the average value of the baseline adaptation output, the climatic output is less than the average value of the baseline climatic output, if the absolute value of [the adaptation output–the average value of the baseline adaptation output] is less than the absolute value of [climatic yield–the average value of the baseline climatic output], the system becomes fragile, the actual value of the vulnerability is a positive value, the formula value is a positive value, and the formula is in line with the actual situation; if the absolute value of [the adaptation output–the average value of the baseline adaptation output] is greater than the absolute value of [climatic yield–the average value of the baseline climatic output], the system is not vulnerable, the actual value of the vulnerability is negative, and the value of the formula is negative. This formula is in line with the actual situation.



When the adaptation output is greater than the average value of the baseline adaptation output, then the climatic output is greater than the average value of the baseline climate output, the system is not vulnerable, the actual value of vulnerability is negative, and the formula value is negative and is in line with the actual situation.



When the adaptation output is less than the average value of the baseline adaptation output, the climatic output is greater than the average value of the baseline climatic output, if the absolute value of [the adaptation output–the average value of the baseline adaptation output] is less than the absolute value of [the climatic yield–the average value of the baseline climatic output], the system is not vulnerable, the actual value of the vulnerability is negative, the formula value is negative, the formula is in line with the actual situation; if the absolute value of [the adaptation output–the average value of the baseline adaptation output] is greater than the absolute value of [the climatic yield–the average value of the baseline climatic output], the system is fragile, the actual value of the vulnerability is a positive value, and the formula value is a positive value, which is in line with the actual situation.



The analysis above shows that the quantitative assessment method of vulnerability is feasible. Next, this study used the improved vulnerability assessment method to assess the vulnerability of wheat production in Inner Mongolia, China.





2.3. Climate Yield Calculation Based on the APSIM-Wheat Model


The APSIM model has great similarity to other models in crop yield assessment. Unlike other models, its core aim is to highlight soil rather than crops. It can predict crop growth process and yield.



In this study, the climate yield and the adaptation yield are obtained using the APSIM model. First, the APSIM model is driven only by weather conditions, and the climate yield, i.e., the sensitive yield could be obtained. Then, tillage measures, including technical measures, such as irrigation and fertilization, are added to the model, and the output simulated by superimposed climatic conditions is the total output. The total yield minus the sensitive yield was the adaptation yield. The vulnerability index is calculated by substituting the sensitive yield and the adaption yield into the above-determined formula for the vulnerability.




2.4. Research Area Overview


In this study, Inner Mongolia is chosen as an example to demonstrate the availability of the improved method for evaluation of the vulnerability of agricultural production to climate change. Inner Mongolia is located in Northern China at approximately 97°10′–126°29′ E longitude, 37°30′–53°20′ N latitude; it measures 2400 km from east to west and 1700 km from north to south, and has a total area of 118.3 × 106 hectares, of which 5.5 × 106 hectares of arable land can be used. Inner Mongolia is an important ecological barrier in northern China. This region has an arid and semi-arid climate. The area of effective irrigation is 3.0 × 106 hectares, the majority of which is water-saving irrigation, such as drip tubes, pipe irrigation, and channel lining.




2.5. Data Sources


The meteorological data were obtained from the China Meteorological Data Network (http://data.cma.cn/), a daily dataset of China’s surface climate data, including average temperature, average wind speed, sunshine hours, average station pressure, average vapor pressure, daily maximum temperature, daily minimum temperature, average relative humidity, and precipitation. It was mainly used to analyze the climate change characteristics of Inner Mongolia and the data input of the APSIM model from 1981 to 2015.



The crop data used in this article were obtained from the National Meteorological Information Center and the Inner Mongolia Ecological and Agricultural Meteorological Center; the data included the spring wheat development period, sown density, yield structure, and main fieldwork records from the Agricultural Meteorological Station of Inner Mongolia from 1981 to 2015. These were mainly used for the verification of the parameters of the APISM model and the calculation of sensitivity and adaptability. The planting area was obtained from the Inner Mongolia Economic and Social Survey Yearbook and the Plant Management Division of the Ministry of Agriculture.





3. Results


3.1. Climate Change Characteristics and Determination of Base Period in Inner Mongolia


The change trends of temperature and precipitation in Inner Mongolia are shown in Figure 1. From 1981 to 1995, the average daily temperature in Inner Mongolia was 5.68 °C and the average annual precipitation was 345.5 mm. From 1996 to 2015, the daily average temperature in Inner Mongolia was 6.39 °C and the average annual precipitation was 320.1 mm. Based on the Mann–Kendall method, the average temperature in Inner Mongolia mutated in 1996. Based on this, the period from 1981 to 1995 was used as the base period and 1996–2015 was used as the study period.




3.2. Parametric Verification and Simulation of the APSIM Model


The experimental data of spring wheat varieties from six typical agro-meteorological experimental stations in Inner Mongolia were selected (Table 3) for debugging and validation of the model parameters. Zhalantun represents the eastern region of Inner Mongolia, Taipusi Banner and Chayouzhong Banner represent the central region of Inner Mongolia, and Tumote Left Banner, Guyang, and Linhe represent the western region of Inner Mongolia. The “trial and error method” was applied to debug the parameters of all representative varieties and the parameters of the representative varieties of each site were finally determined (Table 3). The spring chemical sensitivity photoperiod sensitivity and grouting temperature were used to adjust the growth period of spring wheat. The number of grains per unit stalk was used to adjust the biomass and yield of the aboveground part of spring wheat.



Table 3 shows the crop parameters of 10 spring wheat cultivars at six representative sites in Inner Mongolia. From this table, it can be seen that vernalization sensitivity was between 1.7 and 2.4, photoperiod sensitivity was between 2.0 and 3.7, the accumulated temperature from grouting to mature was between 420 and 620 °C·d, and the grain number per stem was between 18.0 and 33.0. These parameter values are within reasonable limits [35].



Table 4 shows that in the 10 simulated spring wheat varieties, the root mean square error (RMSE) of the observed days and the measured days of from sowing to emergence, from sowing to flowering, and from sowing to maturity were 0–1.7 d, 0.8–4.1 d, and 1.0–2.8 d, respectively. The normalized root mean square error (NRMSE) of partial biomass simulation and measurement was 12–24%, and the NRMSE of yield was 2–26%. The difference between the simulated value and the measured value was within a reasonable range [36], indicating that the APSIM model can better simulate the aboveground biomass and yield of spring wheat.



In summary, the APSIM-wheat model has a good adaptability in Inner Mongolia and can be applied to simulate the spring wheat production in Inner Mongolia.



Based on this, we can use the model to simulate the sensitive yields and total yields of spring wheat in the study area. Through simulation, the sensitive production of the research site from 1996 to 2015 was obtained (Figure 2). When agronomic measures (also known as adaptation measures) were added to the model, the total output of climate and adaptation measures were obtained (Figure 3). The total output minus the sensitive production yields the adaptation output, which is calculated separately to obtain the components in the vulnerability assessment.




3.3. Vulnerability Assessment


We conducted vulnerability assessments for three sites in Inner Mongolia: Zhalantun, representing the eastern part, Chayouzhong Banner and Taipusi Banner, representing the central region, and Guyang, Tumote Left Banner, and Linhe, representing the western area.



The vulnerability of the eastern region is shown in Figure 4. From 1996 to 2015, the average sensitivity in the eastern region was 0.03, showing a significant downward trend (P < 0.001); the trend rate was 0.23/10a, indicating that the climatic conditions were increasingly detrimental to the yield of spring wheat. The sensitivity is positive, indicating that the impact of climate change on the yield per unit area of spring wheat is positive, but the degree of favorableness decreased. After 2006, the sensitivity was negative, and the impact of climate change on wheat yield began to show an increasingly negative effect. The average adaptability was 0.50 from 1996 to 2015; all are positive, showing a significant upward trend (P < 0.001) of 0.33/10a, indicating that during the study period the adaptation output increased compared with the reference period. The unit vulnerability first showed an increasing trend and then a decreasing trend. From 1996 to 2009, the average vulnerability of the unit vulnerability was −0.44, showing a significant upward trend (P < 0.001). From 2009–2015 the trend rate was 0.29/10a. The average unit vulnerability was −0.68, showing a significant decreasing trend (P < 0.05) of 0.72/10a. Regional vulnerability was the same as the unit vulnerability. From 1996 to 2009, regional vulnerability showed a significant upward trend (P < 0.001) of 0.63/10a. From 2009 to 2015, unit vulnerability significantly reduced (P < 0.05); the trend rate was 0.52/10a.



The vulnerability in the central region is shown in Figure 5. From 1996 to 2015, the average sensitivity of the central region was −0.22, with no obvious change trend. As a whole, the impact of climate change on the unit yield of spring wheat was negative. The average adaptability was 0.53, showing a significant increasing trend (P < 0.001) of 0.67/10a. The adaptation yields during 1997–2001 and in 2005 were lower than in the base period. In the remaining years, the adaptation yields were higher than in the base period, and the adaptability was positive. Overall, the adaptability during the research period was higher than during the base period, and significantly increased. The average unit vulnerability was −0.30, showing a significant decreasing trend (P < 0.05) of 0.55/10a. The average regional vulnerability was −0.08, showing a significant decreasing trend (P < 0.05) of 0.13/10a.



The vulnerability of the western region is shown in Figure 6. From 1996 to 2015, the average sensitivity of the western region was 0.28, showing a significant downward trend (P < 0.001) of −0.23/10a, which means that climate change was increasingly detrimental to the yield of spring wheat. The average adaptability was 0.27, and the trend of change was not significant. The average unit vulnerability was −0.30, and the trend of change was not significant. The average regional vulnerability was −0.23, showing a significant increasing trend (P < 0.01).





4. Discussion


The above analysis shows:



In the eastern region of Inner Mongolia, the vulnerability showed a significant increase during 1996–2008, but a significant downward trend during 2009–2015, mainly due to the fact that during 1996–2008 the absolute value of sensitivity was higher than the adaptability, which means that the negative impact of climate on spring wheat was greater than the positive impact of adaptation measures. In 2009–2015, the absolute value of sensitivity was lower than that of adaptability, which means that the positive impact of adaptation measures on spring wheat was greater than the negative impact of climate on spring wheat. This result is consistent with the actual.



In the central region, the vulnerability showed a significant downward trend from 1996 to 2015, mainly because the adaptability was greater than the absolute value of sensitivity, which means that the positive impact of adaptation measures on spring wheat was greater than the negative impact of climate change.



In the western region, the vulnerability showed a significant increasing trend, mainly due to the low adaptability and the high absolute value of sensitivity. In general, the negative impact of climate on spring wheat was greater than the positive impact of adaptation measures on spring wheat.



Comparing the eastern, central, and western regions of Inner Mongolia, we found that the sensitivity of the western region was greatest, followed by the eastern region and the central region; this indicates that the climate was most favorable for spring wheat production in the western region, followed by the eastern region, and that the central region was the most disadvantageous for spring wheat production. Studies have shown that in recent years the rainfall in the eastern and western regions has gradually increased, while the rainfall in the central region has gradually decreased. This may be one of the reasons for the research results. The adaptability of the central region was the highest, followed by the eastern region and western region; this indicates that, comparing with the adaptability in the base period, the improving degree of adaptation abilities in the central and eastern regions were higher than that in the western regions, which is consistent with real situation of Inner Mongolia’s economic development [38,39]. It is known that, in general, the better the economy, the better the farmland water conservancy and the agricultural disaster prevention and mitigation, so the adaptability is better in the vulnerability evaluation [39,40,41]. The vulnerabilities of the central and western regions are close to each other, and are both larger than that of the eastern region; this indicates that the agricultural production of spring wheat in the central and western regions is more fragile, both in terms of climate and of non-climatic factors. If the agricultural production is to be expanded in the central and western regions in the future, the government should pay more attention to overcoming the adverse effects of climate on agriculture, and increase investment in the economy.



Through the evaluation of the improved vulnerability assessment method, and using the improved method to evaluate the vulnerability of spring wheat in Inner Mongolia, we found that the improved vulnerability assessment method makes up for the disadvantage of the original vulnerability assessment method and can more scientifically and reasonably reflect the vulnerability of spring wheat production in Inner Mongolia under the background of climate change. This paper creatively introduces the APSIM crop model as an important tool in the vulnerability assessment method which can distinguish the climate yield and the adaptation yield more simply, scientifically, and reasonably. The research results also show the superiority of the crop model. However, there are still some problems with the improved vulnerability assessment method. For example, the functional representation of sensitivity and adaptability may not have a simple linear relationship, but may have a more complex trajectory. Therefore, determining how to more accurately quantify sensitivity and adaptability remains a subject for major research in the future.




5. Conclusions


This study modifies the framework of vulnerability assessment and considers vulnerability to be the sum of sensitivity and adaptability. Most of the current vulnerability studies are functional models or statistical methods. This study attempts to use crop models for vulnerability assessment. Additionally, we take the spring wheat of Inner Mongolia, China, as a case study for vulnerability assessment. The results show that the adaptability of three regions in Inner Mongolia has been increasing. Among them, the adaptability of the eastern and central regions increased significantly during the study period. This shows that agronomic measures have played a positive role in the vulnerability of wheat production. The sensitivity of the three regions has been decreasing, with the sensitivity of the eastern and western regions significantly decreasing. This shows that climatic conditions have a negative effect on the vulnerability of wheat production. The fragility of the eastern region first increased and then decreased, turning around in 2009. From 1996 to 2009, because the percentage of adaptive growth was less than the percentage of sensitivity reduction, the vulnerability of spring wheat production in Inner Mongolia showed a highly significant increase. From 2009 to 2015, the percentage of adaptive growth was greater than the decrease in sensitivity; the percentage showed a significant decrease. From 1996 to 2015, the vulnerability of spring wheat production in the central region showed a significant downward trend. From 1996 to 2015, due to the significant decrease in sensitivity and the lack of adaptability, the unit vulnerability of the western region increased. With the increase in exposure, the regional vulnerability showed a significant increase.



This method is more scientifically constructed to establish a relationship between sensitivity and adaptability. The above results are consistent with the actual situation, indicating that this method is feasible and more practical than previous methods. Based on the results, this method can play a positive role in assessing the quantitative impact of climate change on agricultural production. The impact of climate change is very complex. For dry land agriculture, not only do climatic factors have an important impact on crop production, but human activities also occupy an important position in production. Determining how to distinguish climatic elements from human activities is one of the most important, yet most difficult, points for vulnerability research. This study uses crop models to separate the two, and can effectively distinguish the impact of climatic factors and human activities on agricultural production. At the same time, this paper also hopes to reveal the theoretical basis of the impact of climate change on agriculture.
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Figure 1. The trend of annual temperature and precipitation in Inner Mongolia from 1980 to 2015. 
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Figure 2. The sensitive yield of spring wheat in different regions of Inner Mongolia during 1996–2015. 
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Figure 3. The simulated total spring wheat yield in different regions of Inner Mongolia during 1996–2015. 
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Figure 4. The interannual variability of sensitivity, adaptability, unit vulnerability, and regional vulnerability of spring wheat production in the eastern regions of Inner Mongolia during 1996–2015. 
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Figure 5. The interannual variability of sensitivity, adaptability, unit vulnerability, and regional vulnerability of spring wheat production in the central regions of Inner Mongolia during 1996–2015. 
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Figure 6. The interannual variability of sensitivity, adaptability, unit vulnerability, and regional vulnerability of spring wheat production in the western regions of Inner Mongolia during 1996–2015. 
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Table 1. Discussion of the original vulnerability formula.
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IF

	
And IF

	
And IF

	
Actual Value

	
Formula Value

	
Whether It Matches






	
  Y  c i    <   Y  c 0   

	
  Y  a i    <   Y  a 0   

	

	
Positive value

	
Negative value

	
No




	
  Y  c i    <   Y  c 0   

	
  Y  a i    >   Y  a 0   

	
  | Y  c i  − Y  c 0  |   >   | Y  a i  − Y  a 0  |  

	
Positive value

	
Positive value

	
Yes




	
  | Y  c i  − Y  c 0  |   <   | Y  a i  − Y  a 0  |  

	
Negative value

	
Positive value

	
No




	
  Y  c i    >   Y  c 0   

	
  Y  a i    >   Y  a 0   

	

	
Negative value

	
Negative value

	
Yes




	
  Y  c i    >   Y  c 0   

	
  Y  a i    <   Y  a 0   

	
  | Y  c i  − Y  c 0  |   >   | Y  a i  − Y  a 0  |  

	
Negative value

	
Positive value

	
No




	
  | Y  c i  − Y  c 0  |   <   | Y  a i  − Y  a 0  |  

	
Positive value

	
Positive value

	
Yes








The “actual value” represents the vulnerability in reality, and the “formula value” represents the vulnerability calculated by the formula.
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Table 2. The change scenarios of the vulnerability of a system based on the improved vulnerability formula.
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IF

	
And IF

	
And IF

	
Actual Value

	
Formula Value

	
Whether It Matches






	
  Y  c i    <   Y  c 0   

	
  Y  a i    <   Y  a 0   

	

	
Positive value

	
Positive value

	
Yes




	
  Y  c i    <   Y  c 0   

	
  Y  a i    >   Y  a 0   

	
  |   Y  c i  − Y  c 0    Y  c 0    |   >   |   Y  a i  − Y  a 0    Y  a 0    |  

	
Positive value

	
Positive value

	
Yes




	
  |   Y  c i  − Y  c 0    Y  c 0    |   <   |   Y  a i  − Y  a 0    Y  a 0    |  

	
Negative value

	
Negative value

	
Yes




	
  Y  c i    >   Y  c 0   

	
  Y  a i    >   Y  a 0   

	

	
Negative value

	
Negative value

	
Yes




	
  Y  c i    >   Y  c 0   

	
  Y  a i    <   Y  a 0   

	
  |   Y  c i  − Y  c 0    Y  c 0    |   >   |   Y  a i  − Y  a 0    Y  a 0    |  

	
Negative value

	
Negative value

	
Yes




	
  |   Y  c i  − Y  c 0    Y  c 0    |   <   |   Y  a i  − Y  a 0    Y  a 0    |  

	
Positive value

	
Positive value

	
Yes








The actual value represents the vulnerability in reality, and the formula value represents the vulnerability calculated by the formula.
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Table 3. Parameters for different varieties of spring wheat at six stations in the studied area.
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Station

	
Variety

	
Vernalization Sensitivity

	
Photoperiod Sensitivity

	
Thermal Time Required from Grain-Filling to Maturity (°C d)

	
Numbers of Grain per Stem






	
Zhalantun

	
Neimai 16

	
1.7

	
2.0

	
490

	
25.0




	
Linhe

	
Yongliang 4

	
2.0

	
3.1

	
550

	
33.0




	
Chayouzhong Banner

	
80hun2

	
1.9

	
3.2

	
620

	
18.0




	
Dunmai

	
2.2

	
3.0

	
520

	
24.0




	
Guyang

	
Xiaohongpi

	
1.7

	
3.0

	
450

	
20.0




	
Mengmai19

	
1.8

	
3.1

	
450

	
21.0




	
Taipusi Banner

	
315

	
2.1

	
3.5

	
650

	
30.0




	
Xinyulan

	
2.4

	
3.7

	
420

	
28.0




	
Tumote Left Banner

	
Yingchun 4

	
1.8

	
2.8

	
510

	
26.0




	
Ningchun 4

	
2.3

	
3.2

	
530

	
25.0
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Table 4. Validation results of the Agricultural Production System Simulator (APSIM)-wheat model at six stations in Inner Mongolia.
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Station

	
Variety

	
RMSE between Simulated and Observed Development Stage (d)

	
NRMSE between Simulated and Observed Aboveground Biomass and Yield (%)




	
Days from Sowing to Emergence

	
Days from Sowing to Flowering

	
Days from Sowing to Maturity

	
Above-

Ground Biomass

	
Yield






	
Zhalantun

	
Neimai 16

	
1.0

	
1.4

	
1.0

	
23%

	
12%




	
Linhe

	
Yongliang 4

	
0.8

	
0.8

	
1.4

	
12%

	
2%




	
Chayouzhong Banner

	
80hun2

	
1.0

	
1.7

	
2.1

	
13%

	
20%




	
Dunmai

	
1.7

	
2.0

	
2.1

	
14%

	
21%




	
Guyang

	
Xiaohongpi

	
1.6

	
2.4

	
2.8

	
20%

	
19%




	
19 Mengmai19

	
0.0

	
2.2

	
2.8

	
24%

	
19%




	
Taipusi Banner

	
315

	
1.2

	
4.1

	
2.0

	
21%

	
26%




	
Xinyulan

	
0.8

	
2.1

	
2.2

	
17%

	
8%




	
Tumote Left Banner

	
Yingchun 4

	
1.3

	
2.7

	
1.3

	
14%

	
7%




	
Ningchun 4

	
0.8

	
0.8

	
1.3

	
13%

	
15%
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