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Evaluation of Cropland System Resilience to Climate Change at Municipal Scale Through Robustness, Adaptability, and Transformability: A Case Study of Hubei Province, China
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A cropland system is one of the most sensitive socio-ecological systems to climate change, such as drought and flood. Facing frequent extreme weather events worldwide, how to improve cropland system resilience to climate change (CSRCC) and thus ensure food production has been concerned. Although a small number of studies have attempted to evaluate CSRCC through single or multiple indicators, few studies have considered the perspective of the three basic capacities of resilience (i.e., robustness, adaptability, and transformability), which could ignore the dynamic characteristics of cropland system resilience against shocks within a certain period. Therefore, this study first constructs an evaluation index system from the three capacities of system resilience. Then, taking Hubei province, China, as a case and comprehensively using the methods of Delphi, AHP, and TOPSIS to assess the spatio-temporal characteristics of CSRCC at the municipal scale from 2011 to 2018. On this basis, the regional disparities of CSRCC are analyzed by using the Theil coefficient. The results show that the CSRCC of Hubei province fluctuates on a downward trend, with the lowest in 2017 and the highest in 2013. Most municipalities have witnessed a pattern of fluctuated decline, except for a few ones in the plains, such as Wuhan and Jingmen. Generally, municipalities in the plains have greater scores, while some municipalities in the southern and eastern hilly regions show higher adaptability and transformability. In addition, adaptability contributes the least to the CSRCC at the municipal scale. At last, indicator selection against different research objects, influencing mechanism of CSRCC, and policy implications are discussed. This study is expected to provide a reference for the practice in sustainable management and utilization of cropland systems.
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INTRODUCTION

A cropland system is a socio-ecological system formed by the coupling interaction of cropland resources and human activities. Globally, the cropland system has been facing a series of environmental (Wang C. et al., 2021), socio-economic (Ullah and Uddin, 2021), and institutional (Niedertscheider et al., 2014) disturbances and shocks. For example, plant diseases (Gokulnath and Devi, 2021), insect pests (Gaur and Mogalapu, 2018), changes in market access (e.g., trade war and policy barriers) (He et al., 2019), land-use policies, and management measures (Mittenzwei and Øygarden, 2019) constantly affect agricultural production of the cropland system. Especially, extreme weather (such as drought, flood, and frost) caused by climate change has the most extensive and severe impacts on the cropland system (Kotzee and Reyers, 2016; Rey et al., 2017; Bombi, 2018; Yu and Wu, 2018). Between 1961 and 2010, two-thirds of the world’s cropland systems were significantly affected by at least one large-scale climate oscillation (Heino et al., 2018). The measures taken on the cropland system to address these problems may exacerbate or buffer the impact of these challenges. The ability of the cropland system to cope with risks and maintain its stability during various disturbances and shocks is considered as cropland system resilience, which reflects the complex interaction between cropland resources and their utilizers in a specific socio-geographical environment.

Resilience emphasizes the variation, uncertainty, and ability of a system to adapt to the environment (Gunderson and Holling, 2002). The concept is multifaceted and should not be determined by a single indicator or by only observing the properties of a single system (Meuwissen et al., 2019). Previous studies indicate that the concept of robustness, adaptability, and transformability are the three core capacities of system resilience, which is more composite than other similar concepts, such as vulnerability, flexibility, or adaption (Buitenhuis et al., 2020). For a specific cropland system, its resilience to climate change should involve any or all of the following (Figure 1): Robustness is the capacity to withstand the transient shock to furthest maintain the original productivity (Urruty et al., 2016); adaptability is the capacity to make full use of the existing resources to restore the original productivity after the shock, without changing the internal structure and mechanism of the cropland system (Buitenhuis et al., 2020); and transformability is the capacity of a cropland system to improve itself to cope with climate change through structural and institutional changes, or collapse due to the failure to make changes in time (Meuwissen et al., 2019). It should be emphasized that among the three capacities of CSRCC, robustness can play a role in a short period, while adaptability and transformability may only be fully manifested for a long period after a disaster occurs.
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FIGURE 1. Schematic diagram of the three capabilities of cropland system resilience. (Cropland system A has superior resilience, due to the less impact on the phases of robustness and adaptability and even higher output in the phase of transformability than the original level. Cropland system B has medium resilience, due to more significantly fluctuated output after the shock and longer recovery time than the original level. Cropland system C has the lowest resilience due to the collapse after the shock).


Previous research studies on the evaluation of socio-ecological resilience mainly focus on the urban system (Bush and Doyon, 2019; Cariolet et al., 2019; Datola et al., 2022; Potapova et al., 2022; Wang et al., 2022), agricultural system (Gil et al., 2017), or food system (Tendall et al., 2015; Jacobi et al., 2018). Few studied CSRCC, which mainly centralized on the qualitative analysis of the definitions (Meyer, 2020) or connotations (Tendall et al., 2015). These studies discussed potential influential factors of CSRCC and how policies or measures can be developed to improve CSRCC (Egli et al., 2021; Javadinejad et al., 2021). Although less attention has been paid to the evaluation of CSRCC, we can refer to research on similar socio-ecological system resilience, such as farming system resilience and agricultural system resilience. Some evaluated socio-ecological resilience through a single indicator (Zampieri et al., 2021), fuzzy assessment based on an index system (Mutabazi et al., 2015; Zampieri et al., 2020), and decision behavior modeling (Badillo-Márquez et al., 2021; Herrera et al., 2022). Other studies attempted to innovate the theoretical framework for the evaluation (Altieri et al., 2015). For example, a recent study by Lyu et al. (2021) proposed an assessment framework based on cropland resource resilience, ecological resilience, production resilience, and scale structural resilience. Generally, previous research studies have evaluated cropland system resilience from various socio-ecological dimensions. However, few studies have considered the three capacities of system resilience, namely, robustness, adaptability, and transformability.

Climate change has substantially increased the frequency of extreme weather events, and it is considered one of the most serious threats to the cropland system around the world. In this context, improving CSRCC is crucial to realize the sustainable utilization of cropland, high-quality agricultural development, and regional food security. This study takes the Hubei province of China as an example and constructs the evaluation index system based on robustness, adaptability, and transformability. Methods of Delphi, AHP, and TOPSIS are used to measure the spatio-temporal characteristics of CSRCC in each municipality of Hubei province from 2011 to 2018. The regional disparities are analyzed by using the Theil coefficient.



METHODS AND DATA


Study Area

Hubei is located in central China and the middle reaches of the Yangtze River, between north latitude 29° 01′ 53 ″–33° 6′ 47″ and east longitude 108° 21′ 42 ″–116° 07′ 50″, which is roughly surrounded by mountains on three sides (east, west, and north) and is low and flat in the middle (Figure 2). Currently, Hubei has jurisdictions over 12 prefecture-level municipalities and three provincial governing county-level municipalities, with a total area of 1.86 × 105 km2. It is rich in natural endowments and is an important agricultural commodity base of China. By the end of 2019, the cropland area of Hubei reached 4.77 × 104 km2, which was mainly distributed in the central plain. Cropland with a slope above 25° accounted for 2.31% of the total cropland area. Among them, the sloping cultivated land in mountainous areas accounted for more than 85%. Meanwhile, drastic climate change has caused constant disasters of drought and flood in Hubei.
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FIGURE 2. Study area.




Methods


Evaluation Index System of Cropland System Resilience to Climate Change

Climate change, such as drought and flood, has been affecting Chinese cropland use and food production dramatically for a long time. To evaluate CSRCC, this study fully considers the impacts of droughts and floods caused by climate change on the cropland system, as well as the human–land coupling relation; takes the three capacities of socio-economic system resilience, namely, the robustness, adaptability, and transformability, as the criterion layer; and selects indicators that are directly or indirectly related to cropland system resilience against drought and flood (Figure 3).
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FIGURE 3. Evaluation index system of cropland system resilience.


Robustness is measured by four indicators: the proportion of irrigated land area, cropland area loss rate, proportion of the valid irrigation area, and proportion of sloping cropland. Specifically, (1) irrigated land refers to the cropland with water sources and irrigation facilities to protect against drought. Thus, when dealing with droughts, irrigated land can alleviate the disaster more quickly than other croplands (Meza et al., 2020). Crops can be irrigated in time, thereby ensuring the survival rate and growing environment (Ray et al., 2018). For a certain cropland system of an administration unit, the higher the proportion of irrigated land, the higher the robustness. (2) Cropland area loss will directly lead to a decline in the agricultural output regionally and a decrease in the production function of the cropland system (Chen et al., 2019). Cropland area loss caused by construction land occupation, abandonment, or non-plantation use results in local cropland system collapse (Deng et al., 2020; Vallés-Planells et al., 2020), thereby reducing the whole CSRCC. (3) The valid irrigation area is a relatively flat cropland area with certain water sources and supporting irrigation facilities (Liu et al., 2020), which provide cropland with the possibility of resisting drought. (4) Sloping cropland indicates the croplands with a slope above 25 degrees. Those lands are not conducive to soil growth, and the soil layer is weak. Moreover, soil erosion caused by disasters, such as flood, can easily damage the sloping cropland (Tuo et al., 2018; Peng et al., 2019). Thus, the higher the proportion of sloping cropland, the lower the robustness.

Adaptability is measured by considering water pumps per unit cropland area, the proportion of electromechanical irrigation area, the growth of per capita disposable income of rural residents, and the average cropland patch size. Specifically, (1) a water pump is an agricultural machine that increases the efficiency of drainage or irrigation. When floods or droughts occur, a cropland system with more pumps per unit area of cropland can restore production more quickly and the system can recover agricultural production rapidly, so the adaptability will be stronger (Amaranto et al., 2018). (2) The proportion of electromechanical irrigation area indicates the cropland irrigated by using diesel engines, gasoline engines, electric motors, or other power machinery in the effective irrigation area. Electromechanical irrigation, rather than traditional irrigation, can improve irrigation efficiency and relieve water stress in case of drought (Liu et al., 2021). (3) The growth of per capita disposable income of rural residents has a direct relation to fast production recovery after disasters. Increased income indicates more capital that can be reinvested in the restoration of agricultural production (Borychowski et al., 2020; Dixon et al.,2021), thereby increasing adaptability. (4) Average cropland patch size is related to the patch area and the number of patches. In large patches, cropland is more concentrated and generally flat, which is conducive to mechanical operation, labor force saving, and the speed of cropland recovery (Wang T. et al., 2021). A large number of plaques in a certain area will be unfavorable for large-scale mechanized farming.

Transformability is measured by the growth of road area, number of agricultural machinery service institutions per unit of cropland area, rural labor loss, and dispersion of cropland patch. Specifically, (1) the road area includes both urban and rural roads. The role of roads in enhancing the cropland system resilience is promoting the exchange of urban and rural means of production, including labor, agricultural facilities, and technology (Vishnu et al., 2021). From this point of view, the increase in the road area is conducive to the introduction of elements that can renew the cropland system after a disaster (Kasmalkar et al., 2020). (2) Mechanized service organizations can provide technical guidance to farmers. The improvement of agricultural production technology will be beneficial to the adjustment of cropland system structure, the improvement of production efficiency, and the guidance on disaster management, thereby maintaining or even improving the production capacity of the cropland system (Van Loon et al., 2020; Batung et al., 2022). (3) Rural labor loss could directly lead to the cropland abandonment and the reduction of the input of the cropland system. The shortage of rural labor will seriously affect the allocation of labor and reduce the efficiency of disaster relief (Zhou et al., 2021). Therefore, the greater the rural labor loss, the weaker the transformability of the cropland system. (4) Dispersion of cropland patch measures the discreteness of cropland by calculating the weighted distance between the central points of each patch. The smaller the patch dispersion, the more the cropland conducive to the mechanical and human communication between the cropland patches and the higher the disaster relief efficiency and the transformability of the cropland system (Frei et al., 2020).



Index Weight Determination

The Delphi method is essentially a feedback anonymous inquiry method. Through repeated consultation with experts, a consensus is finally reached. The analytic hierarchy process (AHP) is a decision analysis method that combines qualitative and quantitative attributes. In this study, two methods are used comprehensively for the determination of index weights. Experts with relevant disciplinary backgrounds are invited to judge the importance of the criterion layer and the index layer and finally weighted. Thus, the thinking process is simple and clear, and the decision-making process is organized and more scientific.

In order to determine the weights of 12 indexes corresponding to robustness, adaptability, and transformability in the evaluation system of CSRCC, 16 experts in land resource management, environmental geography, public administration, and landscape ecology were invited for this study. In the case of no communication with each other, experts compared and scored the importance of each index relative to the higher level index to which it belongs. According to the pairwise judgment matrix constructed by expert scoring, the geometric mean is calculated and normalized. Through repeated scoring by experts, the matrix passes the consistency test, and finally, the weights of the primary and secondary indicators are obtained. The formula is as follows:
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where A is the judgment matrix that passes the consistency test and n is the index number. Finally, the weights of each item in the criterion layer and the index layer are calculated (Table 1).


TABLE 1. Weights of each index of cropland system resilience.

[image: Table 1]


Calculation of Cropland System Resilience to Climate Change Based on TOPSIS

The Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) is a method that sorts evaluation objects by detecting the distance between the ideal solution and the anti-ideal solution. It can achieve the goal of replacing the optimal solution with a satisfactory solution by eliminating the poor solution and selecting a satisfactory solution (Wa̧tróbski et al., 2022). For example, the evaluation object that is closest to the ideal solution is considered the ideal solution.

(1) Standardize panel data:

The standardized calculation formulas for the positive index and the negative index are as given as follows:
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where xmax(j) and xmin(j) are the maximum and minimum values of the jth evaluation index, respectively, and i is the ith evaluation unit.

(2) Build a standardized decision matrix:

The X matrix is normalized to obtain the normalized matrix Y. The weight matrix W is obtained from the weight calculation result of the evaluation index. The normalization matrix Y and the weight matrix W calculate the weight normalization matrix V, namely, the comprehensive value of the resilience level of the cropland system. There are N municipalities, and each city has M evaluation indicators. The xij represents the jth index value of ith municipality. The initial decision matrix X, normalized matrix Y, weight matrix W, and decision value matrix V are expressed, respectively, as follows:
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(3) Calculate the ideal solutions and the anti-ideal solutions:

The ideal solution A+ and the anti-ideal solution A are determined by the weight normalization value of vij:

[image: image]

(4) Calculate the distance scale:
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where S+ is the distance from the target to the ideal solution A+; S− is the distance to the anti-ideal solution A−; V+ and V− represent the distance between the jth target and the ideal solution and the anti-ideal solution, respectively; vij represents the normalized value of the ith target and the jth target; and S+ indicates the proximity between the evaluation target and the optimal target; the smaller the S+value, the better the results.

(5) Determine the ideal closeness:
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In this way, the CSRCC and three capacities in Hubei province are obtained, respectively. By averaging the scores of each municipality for the same year, the overall resilience of Hubei province from 2011 to 2018 can be obtained.



Regional Disparity Analysis Based on Thiel Coefficient

The Thiel coefficient is mainly used to measure the level of regional disparities, including inter-group disparities and intra-group disparities, and it is able to decompose regional differences to clarify the source situation of the disparities. The calculation formula is as follows:
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where T is the Theil coefficient; Tω and Tβ are Theil coefficients of inter-group and intra-group disparities in mountain, hilly, and plain areas, respectively; k is the terrain area (k = 1, 2, 3 indicate mountain, hilly, and plain areas, respectively); yi is the resilience value of the ith municipality; [image: image] is the average of all the municipality resilience values; yk and [image: image] express the sum and average of the resilience values of the municipalities in the terrain area; and Tk is the Theil coefficient of the terrain area. The larger the Tvalue, the greater the resilience disparities between the three terrain areas.




Data Source

The study data are the panel data of 16 prefecture-level municipalities of Hubei province (except for Shennongjia) from 2011 to 2018. The data of cropland, irrigated, and road areas (including urban roads and rural roads) are obtained from the Second National Land Resource Investigation of China. The data from land use and land cover change (LUCC) 30 m annual land cover datasets were obtained from Yang and Huang (2021), and then the data were processed using Fragstats 4.2 to obtain the number of patches, patch areas, patch dispersion degrees. We use DEM data from the Shuttle Radar Topography Mission (SRTM) to obtain the area of sloping cropland by ArcGIS. The data of other indexes are derived from the Hubei Rural Statistical Yearbook.




RESULTS


Evaluation of Three Capacities of Cropland System Resilience to Climate Change in Hubei Province


Robustness

From 2011 to 2018, the robustness of the cropland system in Hubei province has changed from 0.513 to 0.502, showing a fluctuating downward trend. The robustness value of each city mainly fluctuated around 0.5, and the fluctuation range did not exceed 0.2. The maximum robustness was 0.684 in Wuhan in 2011, which is much larger than that of other cities. The main reason is that the proportion of sloping cropland in Wuhan was extremely low, only 0.007% of the cropland area, and the comprehensive scores of other indicators were high. The robustness of most municipal scales declined in 2013 and returned to their original level in 2014, with Ezhou and Jingzhou having the largest fluctuations, and Ezhou reaching the lowest value of 0.392. The robustness of municipal scales, such as Wuhan, has undergone similar changes in the following year. Municipal scales, such as Ezhou, Jingzhou, and Shiyan, increased their robustness in 2016 and returned to their original levels in 2017. Wuhan is still producing similar changes a year later. Figures 4A–C reflect the spatial distribution of cropland system robustness in Hubei province in 2011, 2015, and 2018. It can be found that high robustness is mainly located in central and southern Hubei province, such as Wuhan, while northern Hubei province has low robustness, such as Xiangyang. By observing the spatial distribution of the cropland system robustness change in Hubei from 2011 to 2018 (Figure 4D), we found that from 2011 to 2018, the robustness of only five municipal scales decreased slightly, such as Wuhan (−0.185) and Huanggang (−0.042), while most municipalities showed an upward trend and the largest increase is Shiyan (0.243). In general, the robustness of the entire cropland system in Hubei province is not very different, and the inter-annual variation is relatively small.


[image: image]

FIGURE 4. Robustness level of CSRCC in Hubei Province (A) Robustness of CSRCC in 2011, (B) Robustness of CSRCC in 2015, (C) Robustness of CSRCC in 2018, (D) Changes of Robustness between 2011 and 2018.




Adaptability

From 2011 to 2018, the cropland system adaptability of Hubei province has changed from 0.241 to 0.173, showing a downward trend of fluctuation. During the study period, the regional disparities of the adaptability level of Hubei province were between 0.1 and 0.5. The cropland system adaptability of most municipal scales increased in 2011–2013 and then declined. Before 2014, the value of each municipal scale fluctuated considerably, and the change in adaptability was relatively stable from 2014 to 2018. Figures 5A–C show the spatial distribution of the cropland system adaptability of Hubei province in 2011, 2015, and 2018. It shows that high adaptability is mainly found in southern and eastern Hubei, such as Jingzhou, Wuhan, Ezhou, and Tianmen, and western and northern Hubei showed generally low adaptability, such as Enshi, Shiyan, and Suizhou. Moreover, most municipalities in Hubei province showed a downward trend (Figure 5D), among which Xiaogan, Yichang, Xiantao, and Huanggang decreased by 0.232, 0.157, 0.133, and 0.117, respectively. Only Huangshi in the southeast of Hubei province showed a fluctuating upward trend, whose adaptability improved by 0.003.


[image: image]

FIGURE 5. Adaptability level of CSRCC in Hubei Province (A) Adaptability of CSRCC in 2011, (B) Adaptability of CSRCC in 2015, (C) Adaptability of CSRCC in 2018, (D) Changes of Adaptability between 2011 and 2018.




Transformability

From 2011 to 2018, the cropland system transformability in Hubei province fluctuated between 0.494 and 0.506 but remained at 0.500 in 2011 and 2018. The values of all municipal scales were also around 0.500, and the fluctuation range did not exceed 0.095. The maximum value was 0.542 in Wuhan in 2017, and the minimum value was 0.448 in Huanggang in 2016. Figures 6A–C shows the spatial distribution of the cropland system transformability of Hubei province in 2011, 2015, and 2018, and it can be found that high transformability is mainly found in the southern and eastern Hubei province, such as Wuhan and Jingzhou, while Xiaogan in central Hubei, Xiangyang in northern Hubei, and Huanggang in eastern Hubei have generally low cropland system transformability. In addition, most municipalities in Hubei province showed a downward trend (Figure 6D), which mainly concentrated in the southeast, north, and southwest Hubei province. The value of Xiaogan has been reduced the most (−0.023). On the contrary, other municipalities showed an increase, but not by much. Except for Jingzhou, which increased by 0.37, all other municipalities showed an increase by no more than 0.001.
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FIGURE 6. Transformability level of CSRCC in Hubei Province (A) Transformability of CSRCC in 2011, (B) Transformability of CSRCC in 2015, (C) Transformability of CSRCC in 2018, (D) Changes of Transformability between 2011 and 2018.





Overall Evaluation of Cropland System Resilience to Climate Change in Hubei Province

The calculation results of the cropland system resilience in Hubei province from 2011 to 2018 are shown in Table 2. From 2011 to 2018, the cropland system resilience level in Hubei province generally showed a fluctuating downward trend, decreasing from 0.340 to 0.320. During the study period, the cropland system resilience levels in most municipalities of Hubei province were concentrated at 0.2–0.4. The maximum value was 0.552 in Wuhan in 2013, and the minimum value was 0.226 in Jingmen in 2016. The fluctuations in each municipality from 2011 to 2018 were also small, not exceeding 0.057, and the inter-annual variation did not exceed 0.178. We obtained the spatial distribution of the cropland system resilience level of Hubei province for 2011, 2015, and 2018 (Figures 7A–C). Among them, the high resilience level was mainly concentrated in central and southern Hubei province, such as Wuhan, Jingzhou, and Ezhou. The low resilience level was mainly concentrated in the northwest Hubei province, such as Enshi and Shiyan. Moreover, during the study period, the cropland system resilience in Jingmen, Wuhan, and Jingzhou showed an upward trend, which increased by 0.006, 0.005, and 0.003, respectively, while other municipalities all showed a downward trend (Figure 7D). The performance of cropland system resilience in Xiantao was similar to its cropland system robustness, which indicate Xiantao’s cropland system robustness has a greater impact on its cropland system resilience.


TABLE 2. CSRCC of each municipality in Hubei province from 2011 to 2018.
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FIGURE 7. Resilience level of CSRCC in Hubei Province (A) Resilience of CSRCC in 2011, (B) Resilience of CSRCC in 2015, (C) Resilience of CSRCC in 2018, (D) Changes of Resilience between 2011 and 2018.




Regional Disparities of Cropland System Resilience to Climate Change

We measured the regional disparities and influence factors of the cropland system resilience in Hubei province. Figure 8 shows the changes of resilience levels in different terrain areas in Hubei province during the study period. It can be found that from 2011 to 2018, the resilience values were highest in the plain area and lowest in the mountain area. The resilience change trends of the cropland system in three terrain areas were similar. The regional disparities increased first, then decreased to a minimum in 2017, eventually returned to the original gap level.
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FIGURE 8. Cropland system resilience in three terrain areas.


Table 3 indicates the Thiel coefficients and their decomposition of the resilience disparities in three terrain areas of Hubei province. Judging from the changing trend of the Theil coefficients in Hubei province, there were regional differences in the cropland system resilience in Hubei province during the study period, and the differences increased in an unstable manner. The Thiel coefficients of inter-group differences increased from 2011 to 2013 and reached a maximum of 11.418 in 2013, after which the volatility decreased. Coefficients of the intra-group difference fluctuated to a greater extent, but they returned to the original level in 2018. The Theil coefficients of the inter-group differences in Hubei province were much larger than those of the intra-group differences, indicating that the elastic differences within the three topographic regions were smaller than the elastic differences among the three topographic regions. The differences in the cropland system resilience in Hubei province were mainly due to inter-group differences, indicating that the differences in the resilience of cropland systems in Hubei province were mainly due to topographic differences.


TABLE 3. Thiel coefficient and decomposition.

[image: Table 3]
From 2011 to 2018, the cropland system resilience in three areas generally decreased slightly. The Thiel coefficients in plain areas were relatively high, especially in 2015 (0.036), and showed an upward trend. The Thiel coefficients fluctuated considerably in the mountain area but returned to the original level. The Theil coefficients in the hilly regions decreased slightly, indicating that the regional disparities of cropland system resilience in hilly areas increased and decreased in plain areas. In addition, except for 2017, the Thiel coefficients in plain areas were always greater than those of hilly and mountain areas during the study period, indicating that the regional disparities of cropland system resilience in plain areas were more significant than those in hilly and mountain areas.




DISCUSSION


Index System for Evaluating Cropland System Resilience to Climate Change

Since the disturbances and shocks are from various aspects of social and environmental change, an undirected evaluation index system might have limited references for agricultural practice. A single indicator, such as grain output (Di Falco and Chavas, 2008; Birthal et al., 2015) or agricultural GDP (Hsiang and Jina, 2014), has been applied to indirectly reflect the resilience change. In addition, multi-dimension index systems are also constructed by previous studies (Allison and Hobbs, 2004; Tambo, 2016; Lyu et al., 2021; Nasr et al., 2021). However, few studies have focused on a specific disturbance or shock external to the system, which would be difficult to form a unified evaluation system or acknowledged indicators.

Moreover, the indicator selection may also differ considerably between the research objects. It is difficult to unify the evaluation system for both the household unit and the administrative unit. For example, research on the farmers usually considers the individual or family characteristics, the specific conditions of household cropland, and the intensity of utilization and management of cropland (Nyong et al., 2020; Thorsøe et al., 2020; Dixon et al., 2021), while research on administrative units focuses more on the regional cropland resource endowment and governance level (Meyer, 2020). Therefore, different research objects lead to differences in indicator selections. According to previous studies on the theoretical framework of social-ecological system resilience, we suggest that robustness, adaptability, and transformability could reasonably describe the dynamic characteristics of system resilience changing with time after the disturbance. Therefore, this article proposes a new evaluation index system of CSRCC based on the impacts of climate change on the cropland system, the natural endowments, and utilization characteristics of the cropland system from the three dimensions of system resilience.



Influencing Mechanism of Cropland System Resilience to Climate Change

Since the cropland system is a socio-ecological system, the factors influencing CSRCC can be roughly divided into two categories: natural environmental factors and socio-economic factors. Natural environmental factors include climatic conditions, water resource distribution, topographic and geomorphic characteristics, soil properties, and landscape features. For example, Di Falco and Chavas (2008) argued that greater landscape heterogeneity supports higher species diversity and thus makes the agricultural system more resilient to future climate change. Lyu et al. (2021) believed that nature reserve area is an important factor affecting CSRCC because the establishment of nature reserves would hinder the large-scale sustainable management of cropland. In addition, geomorphic characteristics also deeply impact CSRCC because of weaker robustness to natural hazards and enormous difficulty in implementing agricultural mechanization in mountain or hilly areas (Li et al., 2018). In this study, natural endowment (cropland area loss rate) and topographic (sloping cropland proportion) and landscape (average cropland patch size, dispersion of cropland patch) features are considered to have important influences on CSRCC.

From the perspective of socio-economic influences, farming profitability, labor force characteristics, regional economic development levels, agricultural market variation, cropland infrastructure, etc. could impact CSRCC distinctly. Holling (2001) noted that profitability simultaneously increases the resilience potential of the cropland system. Some argued that global market trade tends to decrease, rather than enhance, the adaptability of the cropland system (Milestad and Darnhofer, 2003; Cabell and Oelofse, 2012). In addition, regional economic development has weak adaptability of cropland (Yang et al., 2021). This study also suggests that agricultural technology and innovation could also be favorable to the improvement of CSRCC.



Implications for Chinese Cropland Protection Policies

Improving CSRCC is critical to averting large-scale future shortages and to ensuring food security, as well as good nutrition. China is a developing country with a large population but less available land. To ensure food security, the central government has proposed strict cropland protection policies to realize the “trinity” protection of quantity, quality, and ecology of cropland (Liang et al., 2015; Liu et al., 2017; Wu et al., 2017). In addition, China has also implemented “high-standard farmland construction” to improve cropland quality, agricultural infrastructure, and ecological maintenance, thus ensuring stable crop yields, despite various uncertain external disturbances. The implementation of the policies has objectively improved CSRCC but has not directly incorporated the resilience into the institutional system. Moreover, the weak agricultural infrastructure and risk resistance of the cropland system have not been fundamentally changed in China (Qin and Wu, 2021; Yu et al., 2022). This study suggests that the resilience-oriented policies should be proposed to cope with a range of future disturbances and shocks from environment and socio-economic changes. (1) Giving full play to the production advantages of different regions to optimize configuration of the cropland system; (2) effectively coordinating the resources of land, water, labor force, finance, etc., to improve the agricultural infrastructure to climate change, for increasing the robustness of the cropland system; (3) promoting agricultural diversity to improve the adaptability of the cropland system to climate change; and (4) increasing investment in agricultural technology innovation and cultivating agricultural talents to continuously strengthen the transformability of the cropland system are required.



Limitations and Prospect

This study constructed an evaluation index system of CSRCC at the municipal scale on the basis of the connotations of socio-ecological system resilience and used both of social statistic data and spatial data to explore the spatio-temporal characteristics of CSRCC. The research results could provide a reference for comprehensively regulating the CSRCC and improving regional sustainable agricultural development. However, there are still some limitations: the robustness, adaptability, and transformability of CSRCC constitute a continuous process, and the order in which they occur is fixed. The interactions and conceptual boundaries are still blurry, which makes indicator selection confusing. Some important indicators have two or three attributes of the three capacities of CSRCC at the same time (Manevska-Tasevska et al., 2021; Nicholas-Davies et al., 2021). In our evaluation index system, for example, the cropland area loss rate is negative to the robustness and adaptability. The loss of rural labor force not only is not conducive to the transformation of the cropland system but also has a negative impact on the recovery of the cropland system after the disasters. The indicator selection is not specific enough and needs to be verified and continuously explored with mechanism analysis. Meanwhile, the accessibility and accuracy of data also limited the indicator selection. Specifically, cropland biodiversity, soil property, cropland infrastructure, etc. are the potential indicators of CSRCC, which are inaccessible.

On this basis, this study puts forward the following questions worthy of further research: (1) How to construct a systematic and integrated evaluation system for multi-scale CSRCC? (2) How to choose evaluation indicators by coupling the macro-level of socio-economic factors and the micro-level of natural environmental factors? (3) What are the important influence factors driving the regional disparity of CSRCC? (4) How do existing polices affect CSRCC, and how can specific policies be developed to improve CSRCC?




CONCLUSION

Based on the connotations of socio-ecological system resilience, we propose a new evaluation index system from robustness, adaptability, and transformability. Delphi, AHP, and TOPSIS methods are used to measure the CSRCC from 2011 to 2018 at the municipal scale in Hubei province, China. The regional disparities of CSRCC are analyzed by using the Theil coefficient. The results show that the CSRCC in Hubei province is generally low. There are a few municipalities whose CSRCC has been improved, while most have decreased. The cropland system resilience in Hubei province shows an increasing trend in the central south and a decreasing trend in the west. Specifically, CSRCC in the central and southern Hubei plains is high, such as Wuhan, Jingzhou, and Ezhou, while that in the western and northern Hubei mountain regions is low, such as Enshi and Shiyan. The construction of an evaluation index system at multi-scale, the influence mechanism of CSRCC change, and the policy implications are discussed. As a prospect, we aim to improve the evaluation system on the basis of the verification of the interactions between the three capacities of cropland system resilience, clarify the macro- and micro-mechanisms which affect CSRCC, and propose more practical policies in further studies.
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