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Abstract

:

Cultivated Land Balance Policy (CLBP) has led to the “better land occupied and worse land supplemented” program. At the same time, the current field-scale cultivated land quality (CLQ) evaluation cannot meet the work requirements of the CLBP. To this end, this study selected 24 newly added farmland in Fuping County and performed eight different high quality farming layer construction experiments to improve the CLQ. A new comprehensive model was constructed on a field scale to evaluate the CLQ using different tests from multi-dimensional perspectives of soil fertility, engineering, environment, and ecology, and to determine the best test mode. The results showed that after the test, around 62% of the cultivated land improved by one level, and the average cultivated land quality level and quality index of the test area increased by 0.63 and 30.63, respectively. The treatment of “woody peat + rotten crop straw + biostimulation regulator II + conventional fertilization” had the best effect on the improvement of organic matter, soil aggregates, and soil microbial activity, and was the best treatment method. In general, application of soil amendments, such as woody peat when constructing high quality farmland, could quickly improve CLQ, and field-scale CLQ evaluation model constructed from a multi-dimensional perspective could accurately assess the true quality of farmland and allow managers to improve and manage arable land resources under CLBP.
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1. Introduction


Cultivated Land Balance Policy (CLBP) is a basic cultivated land protection policy established by China to maintain the dynamic balance of the total cultivated land [1], and is one of the core systems established by the “Land Management Law” [2]. This policy is a remedial measure for large-scale occupation of cultivated land by industrialization and urbanization, and plays an important role in ensuring the country’s food security [3,4]. The basic principle of CLBP is that the cultivated land approved for non-agricultural construction should be supplemented by land improvement and development with the amount and quality of cultivated land equivalent to that of the occupied cultivated land, i.e., “excellent and supplementary” [5]. However, the cultivated land supplemented by land improvement has serious quality problems that are prominently manifested in the lack of high-quality farming layers [6], leading to the balance policy of arable land occupancy compensation, which equalizes the existence of “predominantly superior and compensating inferiority”. The fertile farming layer, also called the high quality farming layer, is formed through long-term cultivation, and is characterized by obvious soil aggregate structure, high organic matter content and microbial activity, and strong feeding ability [7]. Timeliness indicates that newly reclaimed cultivated land cannot be replaced after many years of cultivation. In a previous study, Bing et al. revealed the main influencing factors that require long cultivation time by studying the characteristics of long-term cultivated high quality farming layers, and proposed the principle of rapid construction of high quality farming layers [6,8], i.e., soil organic matter-soil aggregates-synergistic mechanism of biological activity.



Construction of a high quality farming layer is essentially a soil improvement approach, and many studies on soil improvement have been conducted around the world. Although organic cultivation is an effective measure recommended globally [9], the process of organic fertilization is relatively lengthy, and long-term excessive use of organic manure from livestock and poultry can increase the heavy metals content in the soil and enhance the risk of heavy metals absorption and accumulation by crops [10]. In addition, with the development of the concept of “soil health”, many countries have promoted cover crops at a sweeping speed to increase the efficiency of soil nutrients cycling and improve soil physical and chemical properties [11,12]. This method mainly contributes to the easily decomposable part of the soil organic matter, which is difficult to accumulate [13,14]. In addition, the bio-improvement technology, which can enhance soil organic matter and fertility by identifying and domesticating soil microbial populations, is very cost-effective and efficient [15,16]. In recent years, woody peat has received widespread attention as a new type of improver. Woody peat is an intermediate product of the conversion of plant residues to coal. It is rich in humus [17,18,19], and is the main component of soil organic matter and a kind of biochar with high humic acid content [20]. In the present study, based on the principle of high-quality farming layer construction proposed in earlier reports, we selected four platforms in the experimental area of Fuping County, Hebei Province, China, as the research area. Rapid construction of high quality farming layer with natural organic materials as the core was accomplished by applying woody peat to increase the hard-to-decompose organic matter (humus) of the soil, adding decomposed straw to increase the easily decomposable (active) organic matter of the soil (similar to the principle of cover crops), and introducing biological stimulants to increase the diversity and abundance of soil microorganisms to activate woody peat (similar to the principle of biological improvement). In addition, we also designed experiments with different materials at diverse ratios in combination with traditional fertilizers, and further compared and studied the effects of high-quality farming layer construction with woody peat as the core.



According to CLBP, the occupied and supplemented arable land indicators are transferred based on cultivated land quality (CLQ) [4,5]. Therefore, we considered accurate evaluation of the improvement of CLQ after the construction of high-quality farming layers and determination of the best experimental mode as the key issues. The CLQ evaluation involved investigating national conditions and food security, which meant that it was an important study about natural resource management, and a crucial foundation for strengthening the red line protection of CLQ and the implementation of the CLBP [21]. The most common method used is to construct a comprehensive index system to quantitatively measure CLQ. The United States Department of Agriculture (USDA) developed the world’s first quantitative evaluation system for arable land quality in 1961, which was based on the Land Capability Classification (LCC) system [22]. Furthermore, the Food and Agriculture Organization of the United Nations (FAO) developed the first unified evaluation system, the Land Evaluation Framework, in 1976, which was based on the principles of arable land suitability [23]. They used it as a model to optimize and develop the Land Evaluation and Site Assessment (LESA) [24], land quality indicators (LQIs) [25], and the Sustainable Land Use Management Project [26]. In the 1980s, Canada proposed using a combined soil health quality and soil environmental quality assessment to evaluate cultivated land quality [27]. In China, different management departments evaluate CLQ according to different management objectives and different evaluation factors: The Ministry of Natural Resources comprehensively considers land use conditions [28], the Ministry of Agriculture and Rural Affairs emphasizes soil fertility and food security [29], and the Ministry of Ecology and Environment focuses on soil pollution [30]. However, to date, the existing CLQ evaluation system still ignores the general principle that different evaluation purposes employ diverse evaluation scales [31]. The “Soil and Water Quality at Different Scales” seminar held in Wageningen, the Netherlands, 1996, systematically discussed the scale issues of soil quality assessment for the first time. It reported that different spatial scales and objects laid particular stress on different criteria, and that the methods and effects of evaluation are significantly different depending on the scale that had been chosen [32,33,34]. The CLQ evaluation at the field scale has higher accuracy and greater diversity of indicators, and thus, can better detect the changes in CLQ factors [35], which is conducive to the fine and differentiated management of cultivated land and meets the work needs of CLBP. The recent indicator systems of CLQ evaluation at the field scale are generally based on the physical, chemical, and biological aspects of the land and are used to explore the input-output efficiency of the field [36], the soil nutrient dynamics [37], and cultivated land effects on crops [38]. However, this assessment system, which focuses on determining soil fertility, obviously lacks in-depth research on the constituent elements, operation processes, and functions of the cultivated land system, and cannot fully consider the natural, economic, and ecological conditions of the cultivated land [39]. Therefore, there is an urgent need to develop a field-scale farmland quality evaluation system from a multi-dimensional perspective.



Accordingly, the present study conducted high quality farming layer construction experiments with woody peat and other organic materials as the core, developed field-scale CLQ evaluation methods, evaluated the effects of CLQ verification experiments, and determined the best fertilization mode. In particular, this study mainly attempted to accomplish the following two goals: (1) construct a field-scale CLQ evaluation model from a multi-dimensional perspective and (2) determine the best quality farmland by evaluating and verifying the CLQ after the construction of high-quality farming layer and identifying the best fertilizer ratio, and applying the obtained data to CLBP. The results of this study linked CLBP with technical projects related to land reclamation and development to effectively improve the quality of arable land in barren mountainous areas. Besides, the findings will also help implement the national poverty alleviation policy, increase production and income, and have an important practical significance in achieving China’s food security and sustainable economic and social development.




2. Materials and Data Sources


2.1. Overview of the Test Area


In 2015, Fuping County, Hebei Province, China, was established as a pilot county for the development and utilization of unused land resources suitable for farming. The county develops and organizes damaged construction land and unused land with a slope of less than 25 degrees into cultivated land, and helps farmers to overcome poverty through improvement and development of barren hills and unused land. The study area (Figure 1) was located in Xiaoshifang Village, Fuping Town, in the middle and south of Fuping County. The coordinates are 114°15′11″–114°16′41″ east longitude, 38°48′26″–38°47′ north latitude 3″. It is a low mountain and hilly area with an altitude of 300–350 m; the average annual temperature is 12.6 °C and the accumulated temperature is 801.9 °C. The average annual rainfall is 550 mm, 80% of which occurs between June and August. The mountain is windy every afternoon and the frost-free period is 140–190 days. The soil is ochrepts, according to Soil Taxonomy. Weathering, gneiss movement, and nutrients and organic matter contents were regarded as the dominant limiting factors affecting agricultural production in the area.




2.2. Test Material and Design


The main test material was woody peat. The auxiliary test materials were decomposed crop straw, biological stimulation regulators I & II, composite fertilizer (N-P2O5-K2O: 25%-13%-8%, total nutrient ≥ 46%; Humic acid content (≥3%), and urea (N 46%). The test crop in this experiment was millet (Jigu No. 38), which is a high-quality, high-yielding, herbicide-resistant, lodging-resistant, disease-resistant variety that has been bred by the Millet Research Institute of Hebei Academy of Agriculture and Forestry Sciences. A total of eight treatments were set up with each treatment was repeated three times. The treatments were randomly distributed across 24 field units in the test area. The treatments were as follows:



A1: woody peat + decomposed crop straw + biological stimulation regulator I + conventional fertilizer (composite fertilizer + urea);



A2: woody peat + decomposed crop straw + biological stimulation regulator II + conventional fertilizer (composite fertilizer + urea);



B1: woody peat + decomposed crop straw + conventional fertilizer (composite fertilizer + urea);



B2: woody peat (reduction) + decomposed crop straw + conventional fertilization (composite fertilizer + urea);



B3: biochar + decomposed crop straw + conventional fertilizer (composite fertilizer + urea);



B4: organic fertilizer (livestock manure)+ decomposed crop straw + conventional fertilizer (composite fertilizer + urea);



B5: decomposed crop straw + conventional fertilizer (composite fertilizer + urea);



C1: conventional fertilizer (composite fertilizer + urea).



The experiment started on 5 June 2017. Different combinations of materials were applied to the different treatments and then rotary mixing was carried out. The rotary tillage depth was >20 cm. On 15 June, sowing, weeding, and water and fertilizer management were undertaken according to accepted millet cultivation techniques. In October, millet harvesting, yield measurement, and soil sampling were completed. The divisions and codings for the CLQ units are shown in Figure 1. The numbers 1, 2, and 3 were added after the group codes. For instance, field unit A22 indicates that this field is the second field unit and was subjected to the A2 treatment. The remaining six fields in the area did not contain any experimental treatments and acted as controls for the experiment.




2.3. Data Collection and Processing


The research data mainly included geospatial data, soil data, project data and arable land spatial data. The slope data were collected from the spatial distribution data of the China Digital Elevation Model (http://www.resdc.cn, accessed on 20 March 2019). The effective soil layer thickness and soil structure data were obtained from the second soil survey data of Hebei Province (1:50,000). We used the “five-point sampling method” or “snake sampling method” to collect soil samples from the 0–20 cm soil layer of each plot, and obtained other soil data through experimental analysis. In addition, the degree of irrigation assurance, drainage conditions, and water and soil conservation functions were determined with reference to the information on the irrigation, drainage, and water conservancy facility construction drawings and water and soil conservation facilities acceptance appraisal documents in the experimental area, along with field investigations. The spatial data of cultivated land were obtained from the survey data of land use change in Fuping County in 2017. The accessibility of field roads was determined by calculating the distance from the cultivated fields to field roads by using the distance analysis function in ArcGIS. The field uniformity was based on the plots of cultivated fields, and was characterized by the SHAPE value of the patch shape index in the landscape index.





3. Methodology


3.1. Theoretical Framework for the Evaluation System


Transforming natural environmental conditions affects socioeconomic development on cultivated land and changes population demands, but the CLQ concepts and connotations are still being developed. Initially, the United States Department of Agriculture proposed the Land Potential Classification System in 1961 [40]. The quality of cultivated land is mainly defined as the production potential of the cultivated land. The highest yields should be achieved when environmental and practical conditions, such as light, heat, water, and other climate resources, are optimized. In the 1980s, when the international community began to pay attention to soil and environmental health issues, Canada launched the “Soil Health” project [41], which included soil and environmental health when defining CLQ. In the 1990s, CLQ was principally defined in terms of productivity. By the early 21st century, the CLQ concept gradually embodied the ecological environment, ecological security, environmental quality, and sustainability. The CLQ definitions began to include suitability, production potential, actual productivity [42], ecology, and land bearing capacity [43]. Currently, CLQ is deemed to be a comprehensive concept with multiple levels. There are a number of quality dimensions that reflect the inherent elements of cultivated lands and their combined characteristics [44]. Previous studies suggested that the quality score for cultivated land should indicate its ability to maintain crop production, support modern agricultural production, meet safety requirements and the demands for healthy food, and maintain the sustainable use of cultivated land systems.



The cultivated land system is a natural geo-socio-economic complex composed of climate, soil, parent material, topography, hydrology, vegetation, and human activities [45]. The quality of the cultivated land is based on the many functions performed by cultivated land elements, and the operation of cultivated land systems requires various physical, chemical, and biological processes [46]. For example, the water cycle and thermal movement can promote the absorption and utilization of water and nutrients by crops; biological processes, including humification, nutrient cycling, and photosynthesis, increase the nutrient levels required for crop growth and fix carbon dioxide to release oxygen; and chemical processes, which include ion exchange, acid-base reactions, and redox reactions, affect soil stability and fertility. These processes all affect nutrient availability and contribute to the movement of substances in the soil [47]. The cultivated land system also carries out many functions that are closely related to human life, such as material production, water conservation, soil conservation, and carbon retention [48,49]. Objectively, the functions of cultivated land are subjugated to the needs of human beings at different levels, which suggests that in the initial stage of socio-economic development, the primary requirement of cultivated land is to guarantee high-yields and efficient food production [50].



As time progresses, frequent food safety issues lead to calls for improved food health and safety [51,52], and eventually, sustainable land use is requested by the population as laid out in the United Nations Sustainable Development Goals. When socioeconomic development reaches a certain level, cultivated land needs to offer multiple functions and meet other human demands, such as leisure activities. These are often met using modern engineering and technical tools, but the different functions can often interact with each other. Overall, the human requirements of the cultivated land system are primarily based on production, ecology, and health. These diverse human demands have affected the elements and functions of cultivated land. The quality of cultivated land has been transformed from a single natural attribute to one with multiple features, such as nature, economy, and society. These attributes are based on factors such as soil fertility, topography and landforms, farming conditions, health, and pollution. The biological characteristics of cultivated land have a coordinated effect on the quality of cultivated land. In the soil quality grading scheme from Muencheberg in Germany [53], soil quality was evaluated using two dimensions: a base item and a risk item. The Canadian Agricultural Environmental Assessment System used four major factors: soil quality, farmland management, water quality, and air quality, to evaluate agricultural production [54]. This study selected an indicator system based on geological characteristics, soil features, farming conditions, health conditions, and biological conditions, which were based on four dimensions: soil fertility, engineering, environment, and the ecology of the cultivated land. These were used to establish the theoretical framework of the farmland quality evaluation system at the field scale (Figure 2).




3.2. Construction of the Evaluation Index System


With reference to the soil health evaluation system of Cornell University, USA, the field-scale soil quality evaluation index system of the United States Department of Agriculture, and the relevant regulations of China’s CLQ evaluation, we selected a set of CLQ evaluation index systems applicable to the field scale (Table 1). In particular, our study was based on the theoretical framework of CLQ evaluation and an indicator system was constructed according to the principles of productivity, dominance, feasibility, and comprehensiveness. The study included four dimensions of soil fertility quality, engineering quality, environmental quality, and ecological quality; five first level indicators of topography, soil properties, farming conditions, pollution status, and biological characteristics; and several second-level indicators.




3.3. Methods Used to Evaluate CLQ


Evaluations of agricultural production capacity, cultivated land potential, sustainability, grading, etc., are commonly used to assess CLQ [55,56,57]. Although different evaluation factors affect the quality of cultivated land at the same time, it does not mean that the CLQ index is acquired by their simple addition because some factors have a limiting effect [44]. Most indicators of topographical characteristics and soil properties are relatively stable and are unlikely to change significantly over the short term. The infrastructure associated with cultivated land also tends to be stable, but the organisms or animals in a soil can indirectly restrict crop yields by changing the physical and chemical properties of the soil. Furthermore, although heavy metal elements do not reduce crop yields within a limited concentration range, they can have an impact on crop quality and harm human health [58], which would restrict the sustainable use of cultivated land. This study regarded relatively stable soil fertility as the core quality of the cultivated land in the experimental area, engineering quality as its basic quality, and environmental and ecological quality as its restrictive qualities. A comprehensive algorithm was utilized to make an integrated evaluation of CLQ. First, the topographical characteristics and soil property scores of each evaluation unit in the experimental area were calculated using the weighted sum method in order to obtain the soil fertility quality index. The engineering quality index was calculated using the weighted sum method and the farming condition scores and the “1 + X” cumulative model was used to obtain the environmental quality coefficient. Then, the ecological quality coefficient and the environmental quality coefficient were used to modify the sum of the soil fertility quality and the engineering quality index to obtain the final CLQ index. The specific calculation processes were as follows:



3.3.1. Soil Fertility Quality Index


The weighted summation method was adopted; that is, the evaluation indicator and its weight were index-integrated to determine the topographical characteristics and soil property scores. Then the two were added together to calculate the soil fertility quality index. The formulae are as follows:


   G i  =   ∑   j = 1  n   A  i j    B  i j    (  i , j = 1 , 2 , 3 …  )   



(1)






   S i  =   ∑   j = 1  n   M  i j    N  i j    (  i , j = 1 , 2 , 3 …  )   



(2)






   L i  =  G i   W G  +  S i   W S   



(3)




where Gi and Si are the topographic and soil property scores of the ith unit, respectively; Aij and Mij are the jth second-level indicators for the topographic and soil property scores for the ith unit, respectively; Bij and Nij are the indicator weights of the jth second-level topographic and soil property scores of the ith unit, respectively; n is the number of evaluation indicators; Li is the soil fertility quality index of the ith unit; WG is the top-level indicator weight for topography; and WS is the first-level indicator weight for soil property.




3.3.2. Engineering Quality Index


The weighted sum method was used to determine the score for farming conditions, which was then used to determine the engineering quality index. The formulae used were as follows:


   C i  =   ∑   j = 1  n   X  i j    Y  i j    (  i , j = 1 , 2 , 3 …  )   



(4)






   P i  =  C i   W C   



(5)




where Ci represents the farming condition score of the ith unit; Xij and Yij are the corresponding scores and weights of the jth second-level indicator for the farming condition elements in the ith unit, respectively; Pi is the engineering quality index for the ith unit; and WC is the weight of the first-level indicator for engineering quality.




3.3.3. Environmental Quality Factor


When CLQ is evaluated, the environmental quality coefficient adopts the accumulation model “1 + X”, and unpolluted cultivated land has a value of “1”, that is, the soil environmental quality coefficient = 1 + the pollution status score.




3.3.4. Ecological Quality Coefficient


The formula is as follows:


   B i  =  K i  / 100  (  i = 1 , 2 , 3 …  )   



(6)




where Ki is the comprehensive score for the biological characteristics of each field and Bi is the ecological quality coefficient of the ith unit.




3.3.5. CLQ Index


When the continuous product method is used, the sum of the soil fertility quality and engineering quality indexes is considered to be the natural quality of the cultivated land. Then, the environmental quality coefficient and ecological quality coefficient are used to revise the natural quality index to acquire the CLQ index.


   Q i  = (  L  i   +  P i  ) ×  H i  ×  B i   



(7)




where Qi is the CLQ index of the ith unit.





3.4. Indicator Grading and Weight


This study was based on the relevant technical standards in “Agricultural Land Quality Classification Regulations” (GB/T 28407-2012), “Agricultural Land Classification Regulations” (GB/T 28405-2012), and “Soil Environmental Quality Standards” (GB 15618-1995) to determine the level of the indicator. At the same time, we applied the analytic hierarchy process (AHP), and determined the final weights of the indicators based on the actual conditions of the test area, relevant literature values, and expert opinions (Table 1).




3.5. Classification of the CLQ Index


The equal spacing method divides the CLQ index into four classes: excellent (75–100), good (50–75), medium (25–50), and low (0–25), which correspond to level 1, level 2, level 3, and level 4, respectively.





4. Results


4.1. Comparison of the CLQ Evaluation Results before and after the Experimental Treatments


The above-mentioned evaluation indicators and evaluation methods were used to evaluate the quality of the cultivated land before and after applying the different high-quality cultivated layers in the experimental area. The average quality levels of the cultivated land in the experimental area after the experiment increased by 0.63 compared to before the experiment (Table 2) and the average index increased by 30.63. The CLQ improvement after the experiment is shown in Figure 3. A total of 10,720.38 m2 of cultivated land (62.95% of the total area) improved by one level. The four main indexes for the land generally advanced from level 3 to level 2 after the high-quality cultivation layers had been constructed. Although the quality of 10,547.61 m2 of cultivated land in the test area did not change after the different experimental treatments, its index significantly increased, which meant that the CLQ improved in the test area after the experiment. This showed that the construction of a high-quality tillage layer significantly improved CLQ.



Table 3 shows the evaluation results of various quality dimensions before and after the soil layer experiment. The average index score for soil fertility quality after the construction of the high-quality tillage layers increased by 5.16 compared to before the test, the average coefficient for ecological quality rose by 0.31, but the engineering quality index and the environmental quality coefficient did not change. Therefore, the CLQ before and after the experiment was mainly affected by soil fertility and ecological quality. The cultivated soil layer in the test area before the test was very thin, which meant that crop root growth and soil moisture storage capacity were low. The soil organic matter content and soil fertility were also very low. The alkali-hydrolyzed nitrogen was 16.71 mg/kg on average, the available phosphorus was 1.5 mg/kg, and the available potassium was 38.16 mg/kg. These data showed that the soils were classified as deficient according to the nutrient grading standard. The soil gravel content was high because the test area is located in a hilly area. A large amount of gravel remained after the soil layer treatments. Therefore, the land was prone to erosion, which would seriously affect the utilization and production characteristics of the cultivated land. Furthermore, the soil micro-aggregate levels were low, soil particle aggregation was poor, and soil micro-aggregate stability was weak. The pH of the soil was between 8.17 and 8.54, which is slightly alkaline.



The main reason for constructing the high-quality farming layers was to improve the soil. Therefore, the farming conditions were not affected. Furthermore, the engineering quality of the cultivated land in the experimental test area was high with an average engineering quality index of 30.39. The average score for farming conditions was 94.97 and 24% of the cultivated fields were relatively similar. Furthermore, 76% of the cultivated fields were rectangular in shape. Fields that are rectangular or close to rectangular are more easily managed. The field roads in the test area greatly improved after the implementation of the field road project. In addition, the sloping land was converted into terraces in the test area. This conversion included the construction of horizontal terraces, terraced drainage ditches, U-shaped canals, and cutoff ditches. Mortar-filled stone embankments were established beside the cultivated fields to protect the cultivated land from erosion, field ridges were constructed in the landslide areas of the lower fields, and reservoirs and rainwater collection ponds were created in areas with large water catchments. These prevented water and soil erosion, which improved the utilization of water and soil resources.



Although the high-quality cultivation layer experiment changed the heavy metal contents in the soil, the environmental quality of the cultivated land did not decrease because the environmental quality coefficient for the cultivated land before and after the test was still 1, i.e., there was no heavy metal pollution. Before the experiment, the average As, Cr, Cd, Pb, and Hg contents were 6.28 mg/kg, 120.97 mg/kg, 0.12 mg/kg, 15.19 mg/kg, and 0.06 mg/kg, respectively, whereas, after the experiment, the As, Cr, Cd, Pb, and Hg contents were 7.83 mg/kg, 84.72 mg/kg, 0.11 mg/kg, 20.44 mg/kg, and 0.03 mg/kg, respectively, which were lower than the secondary standard values given in the Environmental Quality Standard (GB 15618-1995). Before the experiment, the average coefficient of ecological quality for the cultivated land was 0.4, which can be classified as a low ecological quality level. The average soil microbial biomass carbon content was 18.23 mg/kg and ranged from 6.95 mg/kg to 29.46 mg/kg, which meant that the fields had a low soil microbial biomass carbon content and the soil had poor microbial characteristics. After the experiment, the average ecological quality coefficient of the cultivated land was 0.78, which is a relatively high ecological quality level. The average soil microbial biomass carbon content was 300.60 mg/kg and ranged from 243 mg/kg to 364 mg/kg. Furthermore, the area of land with values above 300 mg/kg accounted for 41.87% of the total area. After the experiment, the soil microbial characteristics of the cultivated land were relatively strong and the soil ecological environment was conducive to microbial growth. These improvements increased the effective transformation of soil nutrients.




4.2. Comparison of the CLQ Evaluation Results for the Different Experimental Treatments


The results for the different experimental treatments and the individual indexes are shown as weighted averages. These were then used to obtain the CLQ indexes and levels for the eight experimental treatments (Table 4). The index levels of the cultivated land after each treatment ranged between good and medium. The average levels for the A1 and A2 treatments were the highest and they were classified as good. The B1 treatment level averaged 2.31 and the lowest level for the C1 treatment (control) was medium. The B2, B3, B4, and B5 treatment levels were slightly lower than the B1 treatment but higher than C1 treatment with a ranking order of B5 > B3 > B4 > B2. The average index for the A2 treatment was the highest at 67.91 followed A1 at 64.72, but the average index for the C1 treatment was lowest at 48.77. The differences in the levels and indexes among the treatments were mainly due to the soil fertility and ecological quality dimensions. The A2 treatment had the highest soil fertility quality average index (51.48), followed by A1 at 47.24. The lowest was the B5 treatment at 41.38. The A1, A2, B1, and B5 treatments recorded the highest average ecological quality coefficients at 0.83. Furthermore, after the treatments, the soil microbial biomass carbon content was higher and the microbial characteristics were stronger than before the experiment.



The cultivated land quality index for each field in the experimental area under the different treatments is shown in Figure 4. It shows that each field plot had a different CLQ index and there were differences between fields that had been subjected to the same experimental treatment. Among them, field A22, which was subjected to the A2 treatment, had the highest quality index and was classified as the second-level cultivated land by the CLQ index. A21 was slightly lower than A22, but was also second-level cultivated land. The organic matter contents were highest in the fields subjected to the A2 treatment, with an average content of more than 2%. The organic matter content in the A22 field was 3.1%. In addition, the soil nutrient contents of the A2 treatment fields were higher than the average for the test area. They also had relatively small gravel contents, better soil agglomeration, and higher soil microbial biomass carbon contents. Therefore, the application of woody peat when constructing high-quality farming layers can significantly increase soil organic matter content and improve soil particle agglomeration, soil properties, and soil fertility. The results also showed that the A2 test treatment with woody peat and bio-stimulating regulator II effectively enhanced cultivated land quality to a greater extent than the other experimental treatments. After the experiment, the soil organic matter and nutrient contents soil particle agglomeration had significantly increased, which would indirectly boost CLQ.




4.3. Influence of the Different Experimental Treatments on Millet Yield


The average yield for each field was obtained by taking an average of the yields from the three plots in each field. The value was then converted into the millet yield per hectare. The average millet yields for the three replicates were used to obtain the millet yields for the eight test treatments. Figure 5 shows that the millet yield ranking after each experimental treatment was A2 > A1 > B1 > B5 > B3 > B2 > B4. The A1 and A2 yields were higher than those of the other groups, and the A2 yield was the highest at 2538.46 kg/ha. The yields increased significantly compared to the control group (C1), with an average increase of 57.96%. The B1, B2, B3, B4, and B5 crop yields were higher than C1. The B1 treatment showed the highest increase in output among the B treatments at 48.51%, B4 had the lowest increase in output, at 1.59%, and B2, B3, and B5, whose percentage increases were 4.07%, 10.09%, and 13.08%, respectively, showed no significant difference in output.



The results showed that woody peat is rich in humic acid, which can stimulate the growth and development of crops, especially root growth and elongation. The addition of woody peat along with conventional fertilizer can promote the growth and development of crop roots and aerial parts and improve crop yields. In this study, the application of woody peat improved the physical and chemical properties of the soil and the ecological and environmental quality indicators. A comparative analysis of the treatment crop yields showed that woody peat improved crop yields when combined with a biological excitation regulator. The experimental results showed that the A2 treatment had the best effect because its millet yield was the highest and the yield increase effect was good. It produced the most significant improvements in soil organic matter content, effective soil nutrients, and soil microbial biomass carbon. These results demonstrated that woody peat, as an organic soil improver, improved soil quality and crop yield over the short term, considerably shortened cultivation time, and could be used to rapidly construct high-quality cultivation layers that improve the quality of cultivated land.





5. Discussion


During the implementation of CLBP, the natural resource endowment of newly reclaimed arable land is far inferior to the highquality arable land that has been occupied [8,59]. At the same time, the existing CLQ evaluation indicators are not accurately linked within a consistent conceptual framework [60], and the field-scale evaluation system does not consider the multiplicity of CLQ. To this end, the present study employed woody peat and other organic materials as the core to perform different methods of high quality farming layer construction experiments to help improve the CLQ. Most importantly, by analyzing the constituent elements, operation process, and functions of the cultivated land system, combined with the public’s demand for cultivated land quality, we constructed a theoretical framework (Figure 1) and index system (Table 1). Moreover, by evaluating the impact of different test methods on the CLQ, the best test mode was determined. In particular, a CLQ evaluation system was established from the following four quality dimensions:



(1) The core component of a CLQ assessment is soil quality [39]. Field slope is the natural slope of cultivated land and its degree is closely related to the redistribution of materials, energy, and precipitation across cultivated land, and the degree of erosion and destruction [61]. These factors can reflect the soil and water conservation potential of cultivated land and maintain its ecological quality. Effective soil layer thickness, soil organic matter, soil pH, soil texture and land configuration are the basic evaluation indexes for cultivated land soil quality [62,63,64] and can reflect the most basic natural conditions of cultivated land. In addition to these commonly used indexes of soil physical and chemical properties, we also supplemented the model with indexes for soil nutrient elements, gravel content, and soil aggregates, etc. Soil nutrient elements are necessary for crop growth and reflect soil fertility [65]. After the restoration and development of unused land, a large amount of debris and gravel will often remain in the soil, which will affect subsequent crop growth [34]. Soil aggregation degree represents the aggregation state of the soil particles (including soil micro-aggregates) [66]. Therefore, it is an index that is commonly used to measure soil corrosion resistance because the higher the degree of aggregation, the stronger the soil corrosion resistance.



(2) The Land Evaluation and Site Analysis System (LESA) developed by the USDA emphasizes the influence of cultivated land use conditions on CLQ [67]. Besides irrigation and drainage conditions, we also selected indexes such as field uniformity, field road accessibility, and water and soil conservation function. Water is one of the key factors that support the growth of food crops. Good irrigation and drainage conditions can maintain the balance of water and soil in farmland [68], and the tidier a field is, the easier it is to cultivate and manage the land [69]. Road accessibility also has an impact on agricultural production, mechanical farming, material transportation and land-use efficiency [70]. In addition, water and soil conservation projects can prevent and control soil erosion [33].



(3) The secondary index for pollution status is the soil heavy metals content because it directly reflects the environmental pollution of cultivated land and affects the food safety of cultivated land production [44]. Studies have shown that heavy metals, such as lead and chromium, can lead to the degradation of cultivated land quality [71]. In addition, metal elements also influence microbial activity in soil [58] and soil organisms and their processes have important impacts on soil health [72].



(4) The secondary index for biological characteristics is soil microbial carbon content. Soil microorganisms are the most active component of soil and can regulate and participate in various biochemical reaction processes in soil [73]. They are closely related to the formation and development of soil [74]. Soil microbial carbon content is often used to express microbial activities and a high microbial carbon content indicates that the cultivated soil environment is conducive to microbial growth and sustainable production [75,76].



The evaluation results showed that the organic materials with woody peat as the core could significantly increase the content of soil organic matter, soil effective nutrients, and soil microbial biomass carbon, and improve the aggregation of soil particles, thereby improving the CLQ, when compared with traditional fertilization methods (Table 2 and Table 3). A2 (woody peat + decomposed crop straw + biological stimulation regulator II + conventional fertilization) presented the best test effect among the examined treatments, and produced significant improvement in the comprehensive CLQ index (Table 4). The evaluation results of CLQ were also effectively verified by crop yield data (Figure 5). It must be noted that woody peat is rich in humic acid. Humic acid contains a variety of functional groups and has high biochemical activity, which can decompose minerals and fix soil nutrients [77]. Besides, woody peat also contains high humus and nutrients content. Upon incorporation into the soil, woody peat can quickly increase the total soil organic matter and nutrients contents, and provide sufficient nutrients for soil microbial activities [78]. In addition, woody peat has a good pore structure, which can improve soil texture to a certain extent [79]. It has been reported that incorporation of organic materials such as woody peat and decomposed straw into the soil increases the soil surface area, facilitating soil microbial activities [80]. The increase in soil microbial communities involved in nitrogen, phosphorus, and potassium cycles can further enhance soil effective nutrients content and soil microbial carbon content [81]. Thus, these factors simultaneously resolved the limiting elements of crop growth, thereby increasing crop yield.



In general, according to the principle of synergistic mechanism of soil organic matter-soil aggregates-biological activity, application of soil amendments with woody peat as the core could result in a high quality farming layer and rapidly improve CLQ. In addition, the CLQ evaluation method developed in this study compensated for the deficiencies in the field-scale CLQ evaluation, and addressing questions such as how to quickly improve the quality of the newly developed arable land under the CLBP and how the land improvement project can assist poverty alleviation development policy, etc., can have practical significance. Thus, the improved arable land can also be transferred out smoothly through the CLBP, which can not only help cities and developed areas to replenish high-quality arable land, but can also achieve a balance between the CLQ and guarantee their construction and development needs. However, this study did not explore the impacts of this technology on the quality of cultivated land on a time scale. In future, through the establishment of a CLQ monitoring system, the CLQ can be evaluated over a longer time period and the factors affecting the CLQ can be further revealed.




6. Conclusions


The theoretical framework of the CLQ evaluation system was established by analyzing the constituent elements of the cultivated land system. These elements were based on the operating process, functions of the cultivated land, and public demand for high quality cultivated land. The CLQ index was based on four quality dimensions, which were combined with the results from a land consolidation and development project and an experiment that investigated the characteristics of different high-quality farming layers. The data obtained were combined to create a set of index systems and methods for evaluating the quality of cultivated land at the field scale. The developed method for evaluating the quality of cultivated land can be used to rapidly improve the quality of newly developed cultivated land under the CLBP and can help land improvement projects contribute to poverty alleviation and development policy.



The CLQ index, crop yield, and attribute values for each soil property index were compared after different high-quality cultivation layers had been applied. The results showed that the A2 treatment (woody peat + decomposed crop straw + biological excitation regulator II + conventional fertilization) had the most effect and the land was classified as good. It also produced the highest crop yield, which was 57.96% higher than the control C1 yield. It also had the best improvement effect on soil organic matter content, soil effective nutrients, soil microbial biomass carbon, and soil particle aggregation status, which showed that the application of woody peat when constructing a high quality farming layer project can rapidly improve farmland quality. Finally, in future, the results from the experiments on the construction of high quality farming layers should be compared at different time scales, and a systematic discussion on the transformations of factors affecting the quality of farmland when applying a high quality cultivation layer should be performed, which could reveal the evolution and improvement mechanisms underlying the increases in farmland quality. Moreover, the evaluation indicators should be optimized, and a more operational, scientific, and reasonable evaluation system should be developed.
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Figure 1. Location of the study area. Source: Drawn by the authors. 
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Figure 2. Theoretical framework for a farmland quality evaluation system at the field scale. 






Figure 2. Theoretical framework for a farmland quality evaluation system at the field scale.



[image: Agronomy 11 02403 g002]







[image: Agronomy 11 02403 g003 550] 





Figure 3. (A1) is the current state map showing the quality of the cultivated land after construction. (A2) is the quality improvement map for the cultivated land before and after the construction test. 
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Figure 4. B1 is the map of the distribution of the soil fertility quality indexes for the different experimental treatments; B2 is the map of the distribution of the engineering quality indexes for the different experimental treatments; B3 is the map of the distribution of the ecological quality indexes for the different experimental treatments; B4 is the map of the distribution of the cropland quality indexes for the different experimental treatments. 
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Figure 5. Crop yields under the different experimental treatments. 
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Table 1. Index system and index weight of CLQ evaluation at field scale.
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Quality Dimensions

	
First-Level Indicators

	
Weight

	
Second-Level Indicators

	
Weight






	
CLQ

	
Soil fertility quality

	
Topographic feature

	
0.08

	
Field slope

	
1




	
Soil property

	
0.6

	
Effective soil thickness

	
0.17




	
Organic content

	
0.16




	
Topsoil texture

	
0.14




	
Soil profile pattern

	
0.14




	
Gravel content

	
0.12




	
Soil nutrient element (N, P, K)

	
0.11




	
Soil pH

	
0.09




	
Soil agglomeration

	
0.07




	
Construction Quality

	
Tillage condition

	
0.32

	
The degree of Irrigation guarantee

	
0.27




	
Drainage condition

	
0.25




	
Field uniformity

	
0.19




	
Accessibility of field roads

	
0.17




	
Soil and water conservation function

	
0.12




	
Environmental quality

	
Pollution Status

	
——

	
Soil heavy mental elements

	
——




	
Ecological quality

	
Biological nature

	
——

	
Soil microbial biomass carbon

	
——
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Table 2. Comparison of CLQ evaluation results before and after the experiment in the test area.
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	Average Level
	Average Index
	Soil Fertility Quality Average Index
	Engineering Quality Average Index
	Environmental Quality Average Coefficient
	Ecological Quality Average Coefficient





	CLQ in the test area before the test
	3.00
	27.8
	39.11
	30.39
	1.00
	0.40



	CLQ in the test area after the test
	2.37
	58.43
	45.51
	30.39
	1.00
	0.78
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Table 3. Evaluation results for the various quality dimensions before and after the experiment.
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	FN
	SFQI

(B)
	SFQI

(A)
	EQI

(A/B)
	EQC

(A/B)
	EMC

(B)
	EMC

(A)
	CLQ Index (B)
	CLQ Index (A)
	The CLQ (B) Level
	The CLQ (A) Level





	A11
	39.02
	49.04
	30.53
	1.00
	0.40
	0.90
	27.82
	71.62
	Medium
	Good



	A12
	39.02
	48.74
	30.48
	1.00
	0.40
	0.90
	27.80
	71.30
	Medium
	Good



	A13
	39.02
	44.18
	30.43
	1.00
	0.40
	0.70
	27.78
	52.22
	Medium
	Good



	A21
	39.02
	50.36
	30.59
	1.00
	0.40
	0.90
	27.84
	72.85
	Medium
	Good



	A22
	39.02
	53.36
	29.93
	1.00
	0.40
	0.90
	27.58
	74.96
	Medium
	Good



	A23
	39.56
	50.84
	30.43
	1.00
	0.40
	0.70
	27.99
	56.89
	Medium
	Good



	B11
	39.02
	48.20
	30.59
	1.00
	0.40
	0.90
	27.84
	70.91
	Medium
	Good



	B12
	39.02
	45.14
	30.43
	1.00
	0.40
	0.70
	27.78
	49.90
	Medium
	Medium



	B13
	39.02
	43.22
	30.59
	1.00
	0.40
	0.90
	27.84
	66.43
	Medium
	Good



	B21
	39.02
	43.22
	30.43
	1.00
	0.40
	0.70
	27.78
	48.55
	Medium
	Medium



	B22
	39.02
	43.22
	29.93
	1.00
	0.40
	0.70
	27.58
	48.20
	Medium
	Medium



	B23
	39.02
	44.06
	29.93
	1.00
	0.40
	0.90
	27.58
	66.59
	Medium
	Good



	B31
	39.02
	45.14
	30.59
	1.00
	0.40
	0.70
	27.84
	53.01
	Medium
	Good



	B32
	39.02
	44.18
	30.53
	1.00
	0.40
	0.70
	27.82
	49.30
	Medium
	Medium



	B33
	39.02
	48.20
	30.59
	1.00
	0.40
	0.90
	27.84
	70.91
	Medium
	Good



	B41
	39.56
	45.08
	30.48
	1.00
	0.40
	0.70
	28.02
	49.89
	Medium
	Medium



	B42
	39.56
	46.82
	29.87
	1.00
	0.40
	0.70
	27.77
	53.68
	Medium
	Good



	B43
	39.02
	45.38
	30.48
	1.00
	0.40
	0.70
	27.80
	53.10
	Medium
	Good



	B51
	39.56
	41.30
	30.48
	1.00
	0.40
	0.70
	28.02
	47.25
	Medium
	Medium



	B52
	39.02
	42.14
	30.53
	1.00
	0.40
	0.90
	27.82
	65.41
	Medium
	Good



	B53
	39.02
	40.70
	29.87
	1.00
	0.40
	0.90
	27.56
	63.51
	Medium
	Good



	C11
	39.02
	44.06
	29.87
	1.00
	0.40
	0.70
	27.56
	48.75
	Medium
	Medium



	C12
	39.56
	43.22
	29.98
	1.00
	0.40
	0.70
	27.82
	48.24
	Medium
	Medium



	C13
	39.02
	44.06
	30.64
	1.00
	0.40
	0.70
	27.87
	49.29
	Medium
	Medium







A: After; B: Before; Field Number (FN); Soil Fertility Quality Index (SFQI); Engineering Quality Index (EQI); Environmental Quality Coefficient (EQC); Ecological Mass Coefficient (EMC).
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Table 4. Evaluation results for CLQ after the various experimental treatments.
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	ET
	Average Level of CLQ
	Average CLQ Index
	ASFQI
	AEQI
	AEQC1
	AEQC2





	A1
	2.00
	64.72
	47.24
	30.48
	1.00
	0.83



	A2
	2.00
	67.91
	51.48
	30.32
	1.00
	0.83



	B1
	2.31
	62.80
	45.48
	30.54
	1.00
	0.83



	B2
	2.65
	54.80
	43.52
	30.08
	1.00
	0.77



	B3
	2.33
	57.69
	45.83
	30.57
	1.00
	0.77



	B4
	2.34
	52.18
	45.73
	30.29
	1.00
	0.70



	B5
	2.32
	58.93
	41.38
	30.29
	1.00
	0.83



	C1
	3.00
	48.77
	43.80
	30.16
	1.00
	0.70







Experimental Treatment (ET); Average Soil Fertility Quality Index (ASFQI); Average Engineering Quality Index (AEQI); Average Environmental Quality Coefficient (AEQC1); Average Ecological Quality Coefficient (AEQC2).
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