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Abstract

:

Li-Xia-river Wetlands make up the biggest freshwater marsh in East China. Over the last decades, social and economic developments have dramatically altered the natural wetlands landscape. Mitigating land use conflict is beneficial to protect wetlands, maintain ecosystem services, and coordinate local socioeconomic development. This study employed multi-source data and GIS-based approaches to construct a composite index model with the purpose of quantitatively evaluating the intensity of land use conflict in Li-Xia-river Wetlands from 1978 to 2018. The results showed that the percentage of the wetlands’ area declined from 20.3% to 15.6%, with an overall reduction rate of 23.2%. The mean index of land use conflict increased from 0.15 to 0.35, which suggests that the conflict intensity changed from “no conflict” to “mild conflict.” The number of severe conflict units increased by about 25 times. A conspicuous spatial variation of land use conflict was observed across different periods, although taking land for agricultural activities was the overriding reason for wetlands reduction. However, in recent years, urban sprawl has posed the greatest threat to Li-Xia-river Wetlands. Coordinating land use conflict and formulating a practical strategy are the initial imperative steps to mitigate the threat to wetlands.
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1. Introduction


Wetlands play a pivotal role in the global ecosystem, especially in biodiversity protection [1,2,3]. Although wetlands account for less than 3% of the earth’s total land surface, they contribute about 40% of the global ecological service value [4]. Acting as the most important carbon pool [5,6,7], wetlands are also playing the following important roles: reducing flood threats [8], regulating regional microclimates [9,10], facilitating nutrient cycles [11,12], mitigating water environment pollution [13,14], and improving water quality [15,16]. However, wetland ecosystems are now facing much more serious threats than other ecological types [17]. The recession of coastal mangroves in tropical regions [18] and disappearance of mid-latitude plateau lakes [19] and high-latitude peatlands [20] are all part of the emblematic picture of global wetland loss.



Food demand and urban sprawl have always come at the expense of natural landscape in the past 100 years. Consequently, the natural ecological process has been drastically changed, and the loss of biodiversity is shocking [21,22,23]. This occurrence is regarded as land use conflict, manifested as the spatial scarcity of land resources and spatial externality [24,25,26,27,28]. Human activities are considered the main reason for wetland recession [29,30,31,32]. More intensive human activities often result in more pronounced manifestations and more complex forming mechanisms of land use conflict [33,34,35]. Since the 1980s, remote sensing technology has become a powerful tool for wetland monitoring and assessment [36,37,38,39]. The Conventions on Wetlands provide classifications for global wetlands [40]. The list of important wetlands together with their area, soil types, and vegetation are included in the global wetland database [41] and the first global wetland map has been recently published [42]. Although these efforts contribute to global wetland protection, the recession is ongoing [43,44,45].



China has been greatly compromised by land use conflict caused by the fast-growing population and urbanization. China’s population has increased from 963 million in 1978 to 1.37 billion in 2015, with the expansion of urban built-up area about 10 times greater [46]. Jiangsu Province, as a region of abundant wetland resources, is one of the most economically developed provinces in China. In order to meet food demand, coastal beaches with 200,100 ha of area have been reclaimed from 1949 to 1998 in Jiangsu Province [47]. Land acquired for urban development and agricultural production, pollution from industrial wastewater, encroachment by aquiculture industries, and reallocation of water resources for irrigation have increasingly endangered the wetlands [48,49,50,51]. Wetland landscape changes are hard to characterize with a certain driver, but these changes often gather to form spatial hot spots [52,53,54]. A quantitative assessment of land use conflict can grant an understanding of wetland change drivers. Li-Xia-river Wetlands, as the largest freshwater marsh in East China, has been severely impacted by human activities [55,56,57,58] but, until now, only limited attention has been given to their critical state [59,60,61]. In this study, a database of Li-Xia-river Wetlands covering three time periods (1978, 1998, and 2018) was built to provide a quantitative assessment of land use conflict between wetland and other competing land uses. The hot spots of land use conflict were identified to provide a guide for wetland protection planning and ecosystem services maintenance.




2. Methodology and Data


2.1. Study Area


Li-Xia-river Wetlands (E119°03′–120°07′, N32°36′–33°93′) is located in Central Jiangsu, a coastal region in East China (Figure 1a). Belonging to a subtropical monsoon climate, average annual temperature is 14.3 °C, with an annual average precipitation of 1010.3 mm. The precipitation of the flood season (June to August) accounts for about 70.5% of the total annual rainfall [62]. Li-Xia-river Wetlands (shaded area) covers a total area of about 11,300 km2, which is surrounded by Xia River in the east, Han River in the south, Li River in the west, and Huai River in the north. Li-Xia-river Wetlands is especially vulnerable to flooding associated with topographic features (Figure 1b). Therefore, people rely on the surrounding river embankments and sluice gates to prevent the transit water from flowing into a low-lying terrain, otherwise the whole Li-Xia-river area will become a water body which will seriously affect the livelihood of 11.3 million people. Li-Xia-river Wetland covers the whole area around the Paleo-Sheyang Lake, which evolved from the lagoon. Historically, the Yellow River crossed the course of Huai River several times, and the rich yellow silt it carried facilitated the disappearance of the Paleo-Sheyang Lake. After the Ming Dynasty, the Paleo-Sheyang Lake began to diminish and morph into several lakes of varying sizes, which later evolved into the marshes seen today [63] (Figure 1c).




2.2. Research Methods


2.2.1. Analytical Framework of Land Use Conflict


Land use conflict is generally spatial competition at a certain location, such as wetland, agriculture, and urban development. The contradictions between different land use purposes are aggravated by spatial externalities which, in turn, prompt the occurrence and development of land use conflict. Hence, land use conflicts lead to encroachment, occupation, transformation, or pollution. Rapid urban expansion and food demand have increased the intensity of people’s utilization of space resources, thus changing the structure and function of the regional ecosystem and affecting regional ecological security. Ecological risks are generally thought to consist of sources, victims, and risk effects [64,65]. The sources of risk were characterized by the external pressure factor related to land use intensity. The victims of risk were characterized by the level of risk exposure related to resource vulnerability (spatial vulnerability). The risk effects were characterized by the stability of spatial units. The greater the external pressure imposed on the spatial units, the higher the risk exposure and the lower the internal stability and hence the greater the possibility of ecological risk. This also meant a greater disturbance to the wetland ecosystem and a more intense land use conflict. From the perspective of ecological security, the smaller the negative effect (or positive effect) of spatial pattern change on regional ecosystem function, indicating the smaller the spatial ecological risk caused by land use, the lower the level of regional spatial conflict (Figure 2).




2.2.2. A Composite Index Model of Land Use Conflict


The essence of space conflict is the game between the conflicting parties on the occupation of space resources. Space conflict is bound to accompany the process of land development and utilization, which will inevitably lead to changes in regional spatial pattern and spatial functions and then change the regional material cycle and ecosystem structure effect by affecting the original regional hydrological process, geomorphic process, and ecological process. Once the ecological threshold is broken, various negative aspects of space conflict will be highlighted, such as soil erosion, water pollution, air pollution, solid waste pollution, habitat fragmentation, biodiversity reduction, etc., thus endangering the ecological security of the whole region. Therefore, we believe that the spatial conflict of land use can be characterized by the impact of spatial pattern change on regional ecological security.



The conceptual model of relative ecological risk assessment is a composite index model of land use conflict based on ecological risks from three dimensions, namely, sources of risk, victims of risk, and effects of risk at the evaluation endpoint [64,65]. According to the above analytical framework for land use conflict in Li-Xia-river Wetlands, a composite index model is developed to reveal land use conflict. The intensity of land use conflict (LC) of an evaluation unit (EU) was calculated using the following equation [12,66,67]:
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where Pij is the perimeter of the j-th patch type in the i-th patch type; aij is the area of the j-th patch type in the i-th patch type; Ai is the total area of the i-th landscape type; m is equal to 3, representing 3 landscape types (i.e., wetlands, agricultural land, built-up land); and n is the number of patches undergoing the transformation. The value of the area-weighted mean patch fractal dimension ranges between 1 and 2, where 1 represents a square or circular patch and 2 represents a patch with a more complicated perimeter [54]. Lwc is the total length of boundaries between wetland and built-up land in the EU; Lwa is the total length of boundaries between wetland and agriculture in the EU; Lc is the total perimeter length of the patches of built-up land in the EU; Lw is the total perimeter length of the patches of wetlands in the EU; La is the total perimeter length of the patches of agriculture in the EU; α is the coefficient of the influence from the built-up land on the wetlands (the value is recommended as 1); and β is the coefficient of the influence from agriculture on wetlands (the value is recommended as 0.5). Fi is the landscape vulnerability index of the type-i landscape (the values of wetland, agricultural land, and built-up land were recommended as 0.1, 0.4, and 1.0, respectively); ai is the area of type-i landscape; S is the total area of the EU. PDi is the landscape fragmentation index of the i-th EU; ni is the number of patches in the i-th EU; and A is the area of the EU. PDmax and PDmin are the maximum and minimum patch density index in the EU, respectively [57].



Then, calculate the relevant landscape ecological indexes such as external pressure, spatial exposure, and spatial stability of each EU, respectively, and then substitute it into Formula (7). The specific formula is as follows [66]:


LC = P + E − S



(7)




where LC represents the intensity of land use conflict; P represents external pressure; E represents risk exposure; S represents the internal stability of EUs. The calculation results are standardized to the range of (0, 1), and the spatial conflict level value of each EU is obtained. The values of LC were divided into different intervals by frequency natural breaking point. Based on the inverted U-shaped trajectory of evolution of spatial conflict and correlation analysis [66,68,69,70], the intervals represent no conflict, mild conflict, moderate conflict, and severe conflict, respectively.





2.3. Data Synthesis and Processing


Landsat TM images (NASA, Washington, DC, USA) were collected (Table 1). Radiometric enhancements were performed on the Landsat TM images, geometric correction, image mosaic, projection transformation, followed by supervised classification and artificial visual interpretation. The procedures of the interpretation were described by Niu et al. [47]. The fall images ensured an accurate interpretation of water bodies such as the wetlands, but the floodplain wetlands were hard to distinguish in summer. The land use maps of 1999 and 2019 were compared and revised. Finally, the following simplified landscape types were identified according to the regulations of the third national land and resources survey in 2018: built-up zone (high-density built-up land, low-density built-up land, and linear transport site), agricultural zone (farmland, shelterbelt and sporadic forest land, and sporadically-distributed bare land), and wetlands (water bodies, marshes, aquaculture areas, and floodplain wetlands) with a Kapper coefficient of 0.82, 0.85, and 0.86 in 1978, 1998, and 2018, respectively.



A vector database was built using ArcGIS 10.2 software (ESRI, Sacramento, CA, USA). A grid measuring 1000 m × 1000 m was chosen for the division of the spatial units based on considerations for scale, data types, patch status, and resolution [47]. With this, a total of 11,363 evaluation units (EUs) were obtained according to the land use type with the largest area in each unit. Next, the perimeter and area of the EUs were estimated with Patch Analyst, an extension of the ArcGIS 10.2 software. The composite index of spatial conflict within each EU was calculated using Region Analyst, which met the precision requirements of the analysis of land use spatial conflict. A digital elevation model was automatically generated from the 1:50,000 topographic map of 1974 and compared against the data provided by the geospatial data cloud (http://www.gscloud.cn/ accessed date 1 September 2021). Meteorological data, such as precipitation, were obtained from 13 local weather stations. The socioeconomic statistics of population and GDP were obtained from Bureau of Statistics of Jiangsu Province [71].





3. Results


3.1. Dynamic Changes of Landscape Pattern in Li-Xia-River Wetlands over the Last 40 Years


The wetlands accounted for as much as 20.3% of the study area in 1978, after which the wetland area declined (Figure 3). Fortunately, the rate of decline has slowed in the past 20 years due to greater efforts for wetland protection. The wetland area has decreased by 14.3% over the last 40 years. As the leading cause, agriculture accounts for 82.8% of wetland loss. Unrestrained agricultural development was responsible for the fastest reduction of wetlands, which occurred in the period between 1978 and 1998. To solve food shortages in the 1970s, large-scale land reclamation from the lake area and new land reclamation for crop planting wielded considerable effects. At the same time, the process of transforming the uplands into paddy fields was devastating to the wetlands. In recent years, a portion of the agricultural land has been converted back to wetlands under the land use policy of returning farmland to lakes. The built-up land continued to expand from 1978 (Figure 3a) to 2018 (Figure 3c). In the period between 1998 (Figure 3b) and 2018, built-up land increased by 268.5%. In fact, more worrying is the change of the internal structure of the wetland. The natural wetland decreased from 20.3% to 8.8%. At the same time, the artificial wetland (aquaculture areas) increased by 8.6% (Figure 4).




3.2. Characteristic Changes of Land Use Conflict from 1978 to 2018


According to Formula 7, the value of the composite index of EU was calculated and then divided into the following four intervals by frequency natural breaking point method: (0, 0.30), [0.30, 0.60), [0.60, 0.85), and [0.85, 1.0). In 1978, 1998, and 2018, the composite index is 0.15, 0.26, and 0.35, respectively. Along with the area’s rapid economic growth, the intensity of the spatial conflict continuously increases, even today. As shown in Table 2, Li-Xia-river Wetlands had essentially no conflict based on the average value of the composite index in 1978. In 2018, it was upgraded to mild conflict. The number of EUs with no conflict (0–0.30) declined over the years, from 88.34% in 1978 to 71.90% in 2018. No-conflict EUs provide major resilience to the relentless encroachment of wetlands amidst the land use conflict. Put another way, about 30% of the Li-Xia-river Wetlands suffer from ecological risks. The number of EUs with severe conflict has increased significantly, from 0.15% in 1978 to 3.78% in 2018. The percentages of EUs with mild and moderate levels of conflict also increased in varying degrees.




3.3. Spatial Variation of Characteristics of Land Use Conflict


Compared with 1978, land use spatial conflict in 1998 and 2018 is more intense. Only a few conflict hotspots were randomly distributed throughout the region in 1978, as can be seen in Figure 5a. However, in 1998, land use spatial conflict areas became concentrated and showed as a ring around the Paleo-Sheyang Lake. These hotspots are mainly attributed to the land use conflict formed by reclaiming land from wetlands in the 1990s (Figure 5b). In 2018, a multi-center distribution pattern of land use spatial conflict hot spots was observed; the conflict intensity displayed a more scattered distribution with many more hotspots appearing. These hot spots were mainly EUs around the built-up land and where the wetlands were sporadically located. From 1998 to 2018, the hot spots showed a more complex distribution pattern, which evolved from a single-center pattern to a multi-center pattern. This revealed that direct occupation of the wetlands had given way to gradual penetration (Figure 5c).



In order to visualize spatial variations of the land use spatial conflict, the characteristics of the distance between the hot spots of the land use spatial conflict to wetlands, built-up land, and agricultural land were assessed. As shown in Figure 6, as the distance increased the composite index of land use spatial conflict decreased and an apparent edge effect was discovered. The land use spatial conflict mainly occurred in the areas where different landscape types overlapped; within the region of homogeneous landscape, conflict was nearly non-existent. In 1978, the composite index was extremely low within a distance of 100 m, which indicated a no-conflict zone (Figure 6a). However, in 1998, the composite index within a distance of 100 m increased considerably. The conflict reached a moderate level, the most significant, at the margins between the wetlands and the agricultural land. The average composite index in the EUs closest to the built-up land was the highest and the pressure exerted by the expansion of the built-up land on other landscape types began to manifest (Figure 6b). The average composite index in the EUs within a distance of 100 m reached the highest level in 2018 when it was severe (Figure 6c). While construction activities became the primary cause of land use spatial conflict, the contradiction between agricultural production and wetland projects was eased.





4. Discussion


4.1. Situation of Wetland Loss in Li-Xia-River Region in the Past 40 Years


Land use conflict is a widespread problem in the man–land relationship, which results from competition for the limited land resources or the imbalance of land allocation [24,72]. A composite index model of LC considering the factors of external pressure, risk exposure, and internal stability of the landscape was built to estimate the intensity of land use spatial conflict over the years. This model provided an objective depiction of the evolution of land use patterns from 1978 to 2018. In terms of temporal and spatial characteristics, conflict evolved from a balanced distribution pattern with a single source of risk to a more diffuse distribution with multiple sources of risks. Although it was difficult to reproduce LC in history, remote sensing images provided a realistic record of what happened by checking them against identified hot spots of land use spatial conflict (Figure 7). High-level conflict has frequently been attributed to an invasion of a different landscape or dramatic change of land use types. This fact proved the reliability of the composite index model proposed in this study. Land use spatial conflict is a very complex issue that is profoundly impacted by institutional, social, and cultural factors [25,73]. How to use the proposed composite index model to quantitatively account for the complexity of the land use spatial conflict represents an important future topic of research.



An existing study showed that from 1978 to 2008, China’s natural wetlands decreased by 49.3% [47]. In Jiangsu Province alone, the coastal wetlands shrunk by as much as 75.5% [42]. Li-Xia-river Wetlands is located in the center of Jiangsu Province, which is one of the most economically developed areas in China. The land use spatial conflict and ecological risks of Li-Xia-river Wetlands are sometimes staggeringly high in the context of China’s rapid economic development. Although showing a below-average reduction in wetlands compared with other parts of China, 14.3% of Li-Xia-river Wetlands was lost between 1978 and 2018. At the same time, natural wetlands have decreased by 56.7% over the past 40 years. Analysis of the land use spatial conflict can enhance an understanding of the driving forces behind the wetland loss as well as propel the formulation of scientific wetland management strategies.




4.2. Complex Influencing Factors of Land Use Spatial Conflict in Li-Xia-River Wetland


The changes seen in Li-Xia-river Wetlands are resulting from complex interactions between socioeconomic, topographic, climate, and policy factors. As shown in Figure 4 and Figure 5, occupation for agricultural and aquaculture purposes is the main driver of natural wetland loss. As of 2018, the population density of Li-Xia-river Wetlands was 788 people per square kilometer, comparable to the level of a large international metropolis [74]. Constant population growth incurs huge food demands. Under the land use policy that placed food demand as the top concern in the 1980s, extensive areas of land were reclaimed from the wetlands for agricultural production. In the 1980s, the uplands were transformed into paddy fields in a project that was premised upon the diversion of water from the wetlands. The household responsibility contract system provided a solid guarantee of food security. When food shortage was no longer a major concern, national development priorities shifted toward industrialization. Since household-based agricultural producers could not afford the project of reclaiming land from the lakes, the encroachment of wetlands was greatly eased. However, the occurrence of taking water from the wetlands for agricultural production continued and was accompanied by wetland pollution from industrial discharge. Beginning in 1996, China began to implement a socialist market economy. To pursue higher economic benefits, some natural wetlands were transformed into aquaculture areas and artificial wetlands were exploited for lotus plants. These changes aggravated the risk of swamp formation in Li-Xia-river Wetlands [59]. As previously mentioned, land occupation for construction purposes became the leading cause of land use spatial conflict with the trend of industrialization and urbanization. However, after the year 2000, land consolidation projects were fervently carried out. Some water bodies were filled over to form farmland and wetland loss was inevitable [75].



Precipitation is the most important climate factor affecting Li-Xia-river Wetlands. Based on the precipitation records from 13 weather stations during the years of 1978 to 2018, there was a mild decline of precipitation (Figure 8). However, in the past 20 years, the drop in precipitation has become more significant compared with 20 years ago, and global climate change is directly responsible for the precipitation variation. Excessive land reclamation from the lakes has led to their shrinkage and impairment to the regulation and storage capacity of the wetlands. Industrialization and urbanization have altered the properties of the underlying surfaces and amplified the risk of flooding. The construction of sluice gates and dams is likely to cause river channel sedimentation and reduction of the waterlogging drainage capacity. Floods and droughts create greater risks for wetland protection and regional economic development.




4.3. Uncertainty Analysis of Land Use Spatial Conflict and Expectation


Although many landscape indexes have been developed previously, it is difficult to directly reflect the spatial conflict of land use [64,66,67]. In this study, the spatial conflict is summarized as external pressure + spatial exposure—spatial stability, and the ecological risk assessment and landscape ecological index method are introduced into the land use spatial conflict estimation model. This not only increases the objectivity and repeatability of the evaluation results, but also makes them more rapid, visual, and less effort. However, the model needs long time series and high-precision land use data, which limits its applicability to a certain extent. Remote sensing images can help it play a role in large-scale land use planning and ecological protection.



In addition, a wetlands protection policy is the most important non-technical means to reduce land use conflict. The Ministry of Environmental Protection formulated the China National Wetland Conservation Action Plan in 2000, along with 18 regulations and laws involving natural resource protection. In June 2004, the General Office of the State Council issued the Notice on Strengthening the Management of Wetland Protection. These efforts collectively contribute to wetland conservation. A comprehensive ecological conservation plan for Li-Xia-river Wetlands is currently under discussion in response to our suggestion in 2021. The next steps towards implementation for sustainable wetland management and protection is to change the existing planting structure, boost efforts to return marshes to lakes, flush away the silt by means of diversion of the Yangtze River, and build an effective management system for the river ecosystem. The new conservation strategy is expected to serve as a feasibility plan for landscape protection and regional sustainable development of Li-Xia-river Wetlands.





5. Conclusions


Li-Xia-river Wetlands are the most important freshwater marsh in East China and serves as an overwintering site for migrant birds from the north. With a population of 11 million people, the Li-Xia-river Wetlands is not only important for biodiversity conservation but also for ensuring the welfare of residents and future sustainable development. A composite index model of land use spatial conflict for Li-Xia-river Wetlands was constructed using a conceptual model of risk assessment, which was based on the sources, victims, and effects of the risk. This model successfully assessed the level of land use spatial conflict in Li-Xia-river Wetlands for the years 1978 to 2018 and accurately traced the hot spots of spatial conflict for the past 40 years. These research findings can provide support for formulating wetland protection strategies and to ensure regional sustainable development in this region in the future.
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Figure 1. Location map (a), topographic characteristics (b), and river system (c) of the study area. 
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Figure 2. Analytical framework for land use conflict in Li-Xia-river Wetlands. 
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Figure 3. Landscape types of Li-Xia-river Wetlands in 1978 (a), 1998 (b), and 2018 (c). 
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Figure 4. Chord plot of the landscape changes matrix in Li-Xia-river Wetlands from 1978 to 2018. Note: AL represents agricultural land, BL represents built-up land, WL represents wetland, and – represents land use conversion. 
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Figure 5. Changes of land use spatial conflict index in 1978 (a), 1998 (b), and 2018 (c). 
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Figure 6. Changes of composite index of spatial conflict in 1978 (a), 1998 (b), and 2018 (c). 
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Figure 7. Comparison of representative hotspots of land use conflict against remote sensing images. 
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Figure 8. The mean precipitation change of 13 weather stations in Li-Xia-river Wetlands. 
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Table 1. Information of Landsat images.






Table 1. Information of Landsat images.





	Date of Imaging
	Stripe Number (Path/Row)
	Sensor Type
	Resolution (m)





	1978-07-05, 1978-09-16
	128/37, 129/37
	Landsat MSS
	79



	1998-05-30, 1998-07-26
	120/37, 119/37
	Landsat TM
	30



	2018-08-02, 2018-10-12
	119/37, 120/37
	Landsat OLI
	30
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Table 2. The index of land use conflict in Li-Xia-river Wetlands from 1978 to 2018.
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Value Range of EUs

	
1978

	
1998

	
2018

	
Level of Conflict




	
Number

	
%

	
Number

	
%

	
Number

	
%






	
0–0.30

	
10,038

	
88.34

	
8532

	
73.52

	
8170

	
71.90

	
No conflict




	
0.30–0.60

	
1161

	
10.22

	
1339

	
15.50

	
1593

	
14.02

	
Mild conflict




	
0.60–0.85

	
147

	
1.29

	
1144

	
9.30

	
1170

	
10.30

	
Moderate conflict




	
0.85–1.0

	
17

	
0.15

	
348

	
1.68

	
430

	
3.78

	
Severe conflict




	
Average

	
0.15

	
0.26

	
0.35

	




	
Sum

	
11,363

	
100

	
11,363

	
100

	
11,363

	
100
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