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Abstract

:

Soil biodiversity drives soil-based ecosystem services and is an important indicator of soil health. To understand the responses of important soil biological indicators to different farmland use contexts, 72 fields in three agricultural regions of China were used as research objects. The distribution characteristics and the factors influencing six indicators (carbon and nitrogen contents of soil microbial biomass (MBC, MBN, respectively), soil respiration (SR), soil catalase activity (CAT), soil acid phosphomonoesterase activity (APA), and soil earthworms) were investigated using field monitoring and indoor analysis. The MBC, SR, CAT, and APA indicators showed significant differences among the regions (p < 0.05). Correlation and redundancy analyses indicated that the important factors affecting MBC, MBN, and soil respiration were cation exchange capacity, total N, organic matter, hydrolytic N, and soil bulk density, whereas the important factors affecting APA and earthworms were total phosphorus, available phosphorus, and available potassium. None of these factors had a significant effect on CAT. Climatic conditions, soil types, and farmland practices all have complex impacts on soil biodiversity. The results showed that attention should be paid to improving the physical conditions of the soil and to increasing soil fertility levels when establishing sustainable farm management patterns.
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1. Introduction


Soils are located at the intersection between certain heterogeneous zones, namely the atmosphere, hydrosphere, and lithosphere, which means that they are part of the Earth’s critical zone [1,2]. Soils also contain the most diverse biomes and are important biological reservoirs [3,4]. Soil biodiversity is regarded as being fundamental to food security and ecosystem services, particularly when facing the major challenges associated with climate change and the sustainable development of human societies [5]. The United Nations Sustainable Development Goals (SDGs) [6] for the period 2015–2030 propose to “Protect, restore, and promote sustainable use of terrestrial ecosystems, sustainably manage forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss”. The European Commission also recognizes the critical role played by soil biodiversity in ecosystem function and considers soil biodiversity to have socio-economic and environmental values [7]. In addition, soil biodiversity decline has been identified as one of the eight soil threats in the Soil Conservation Thematic Strategy [8]. Research, monitoring, and the conservation of soil biodiversity have become key to the sustainable use of soil systems.



Soil biodiversity is usually understood to include all the organisms living in the soil [9]. The Natural Environment Research Council (NERC) in the UK used molecular biotechnology, isotope techniques, and controlled experiments to identify 100 species of bacteria [10], 365 species of protozoa [11], 81 species of fungi [12,13], 143 species of nematodes [14], 12 species of hoppers, 32 species of mites, and five species of earthworms [15] in 0.01 km2 of grassland. This result shows the complexity and diversity of soil organisms. The advancement of experimental techniques and the deepening of human understanding of soil biology have led to the development of various soil biological indicators to characterize soil biodiversity and soil health status, such as soil microbial load, soil protein, soil enzyme activity, and other indicators [16,17,18]. On this basis, Turbé et al. [19] redefined soil biodiversity as “the variability of soil life: from genes to communities and the ecological complexes to which they belong”, and this definition has been widely used by academics. However, the scientific community has not yet formulated a minimum set of data to characterize soil biodiversity [20]. In order to solve this problem, many researchers have conducted studies on the influence mechanisms and distribution characteristics of soil organisms in an attempt to provide a reference basis for evaluating the status of soil biodiversity and to provide directions for soil improvement. For example, Lemanceau et al. [21,22] and Thomson et al. [23] studied the effects of soil type, vegetation type, and climatic conditions on soil organisms in terms of taxonomic richness and relative richness, respectively, and the studies suggested that these soil-forming factors can be regarded as direct determinants of soil biodiversity. Many studies have also quantified the effects of land management and land use on soil biodiversity and function. A study by Tsiafouli et al. demonstrated that an increase in agricultural intensity usually leads to a decrease in soil biodiversity [24]. The promotion of soil enzyme activity in the black soil zone of northeastern China through the use of different crop rotations, such as the introduction of legumes, was explored by Wu et al. [25]. Qiu et al. [26] summarized the positive effects of organic straw return on soil microbial and soil enzyme activities in the black soil region of northeastern China. Through field experiments, Zou et al. [27] also found that tillage and straw return to the field promoted soil physical structure, soil biodiversity, and grain yield. Based on the above drivers, the results from these studies suggest that farm management practices that promote soil biodiversity, including soil tillage reduction, crop rotation, organic mulching, erosion control, pest and soil fertility management, and drainage management, should be encouraged.



In general, the activity, abundance, diversity, and function of soil organisms are controlled by a variety of factors, including climate (temperature, humidity), soil organic matter, soil texture or structure, salt content, and the impact of human practical labor [21,23]. At the whole landscape scale, climate and soil texture often determine the habitat conditions of soil organisms. However, at the ecosystem scale, land use change or management measures are also key variable factors affecting soil biodiversity. Many factors have been identified as determinants of soil biodiversity patterns, but the relative contributions made by these factors are still largely unknown [6]. Furthermore, a great deal of farming practice is based on experience or the results from controlled experiments at the field scale. For example, the “Third National Land Survey” of China used four soil bacterial indexes to directly represent soil biodiversity, but these were obviously inaccurate [28]. Therefore, it is not clear under the current situation of extensive land management and utilization whether soil biodiversity differs depending on conditions or what the key factors affecting soil biodiversity are. Therefore, a basic understanding of these two issues needs to improve.



Soil is a “living” organism, and soil biodiversity is an important engine of soil function and an indicator of soil health [29,30,31]. Capturing the complexity of soil life when undertaking soil quality and health assessments is one of the most important challenges in contemporary soil science [32,33]. The comprehensive evaluation system for soil health developed by Cornell University [34] and the soil health card of India [35] both include various soil biological indicators in their evaluation index systems. Bünemann et al. [16], Li et al. [36], and Zhao [37] conducted literature reviews and statistical analyses of the biological indicators used in soil quality and health assessments and summarized the key biodiversity indicators used by the current soil biological research using highly unified measurement results. Indicators of soil biological status can be divided into those associated with soil microbial biomass, soil enzyme activity, soil respiration, soil microbial richness or diversity, and soil animals. Soil microbial biomass, activity or function, abundance, and diversity are taken as the characteristics of soil biodiversity in this study and soil microbial carbon and nitrogen, soil respiration, soil earthworm number, soil-related enzyme activity, and other indicators were selected as the important soil biological indicators based on the supporting role played by soil biodiversity in promoting soil function and soil health/quality. These indicators are all the top trending words in soil health assessment at present. The study selected three typical agricultural production areas in China, Hailun County, Wen County, and Yixing County, as the study areas for field sampling and data collection. The three study areas were located within three typical agricultural zones as defined by the Ministry of Agriculture and Rural Affairs of China’s “Cultivated Land Quality Grades” (GB 33469-2016). The Ministry of Natural Resources of China has also adopted these three counties as important pilot sites for their “Cultivated Land Health and Productivity Study” [38]. There are differences in climatic conditions, soil types, and use patterns among the three study sites. The selection of these three sites has implications for the study of soil health and soil biodiversity conservation on arable land. The purpose of this paper was to attempt to discover whether soil biodiversity exhibits significant variability in the context of the actual use of arable land as a result of factors such as climate, soil type and use patterns; and what mapping relationships exist between the basic physicochemical properties of soils and soil biological indicators. Therefore, the physical, chemical, and biological soil indicators in the different areas were analyzed in the following way: (1) A one-way ANOVA was conducted to reveal the differences among the characteristics of the soil biological indicators under different cultivated land use conditions; and (2) a correlation analysis and a redundancy analysis (RDA) were conducted to determine the factors that influence the soil biological indicators. By investigating and analyzing the differences among the characteristics and the factors influencing the soil biological indicators in typical agricultural areas, this study attempted to provide a scientific reference for the evaluation and protection of soil biological diversity.




2. Materials and Methods


2.1. Study Site and Characteristics


The study sites were located in China (Figure 1). A total of three specific county-level administrative areas were selected, which were in the northeast, Yellow Huaihai, and the Middle and Lower Yangtze River agricultural zones of China. A total of 72 plots were surveyed and these plots covered three types of arable land use (dry land, paddy field, and irrigated land). The three counties differ in their natural environment, geographical location, and soil type. With an average annual precipitation of 550 mm and an average annual temperature of 1.5 °C, Hailun County in Heilongjiang Province is located in the heart of the Black Earth region of northeast China and is an important center of grain production in northeast China. Wen County, Henan Province, with an annual precipitation of 600 mm and an average annual temperature of 14.4 °C, is famous for its 7500 kg ha−1 wheat yield, whereas Yixing County, Jiangsu Province, is a commercial grain base in the Yangtze River Delta. It has an annual precipitation of 1200 mm and an average annual temperature of 15.7 °C. The soil types in Hailun, Wen, and Yixing counties are pheaozems, cambisols, and anthrosols, respectively (according to the World Reference Base for Soil Resources, WRB). There are differences in the way farmland is managed and utilized in the three study areas: farmland in Hailun County is mostly used for organic farming (straw mulching, no-till, etc.), whereas Wen County mainly follows a traditional, intensive production model. However, there is no obvious dominant use of farmland in Yixing County and arable land use intensity should be somewhere between the first two areas. The selection criteria for the study areas included different climatic types, different soil types, and different utilization patterns, and that the area followed a typical and feasible crop management scheme.




2.2. Sample Scheme and Sampling


From July to October 2020 (after crop harvest), two samples were taken from 72 sample plots in the three study areas (Figure 1). There were 25 sample plots in Hailun County (dry land: 15; paddy field: 7; irrigated land: 3), 23 sample plots in Wen County (all irrigated land), and 24 sample plots in Yixing County (dry land: 5; paddy field: 19). The sampling points were mainly based on the size of the farmland and the type of soil. A total of three points were selected diagonally in each sample plot. The samples were taken using a standard soil auger (5 cm diameter) and each point was determined by a plumbline and included in five non-root soil subsamples taken at 0–20 cm depth. These were then mixed well, any debris was removed, and the samples were divided into two portions of approximately 500 g each. One sample was sealed in a polyethylene bag, air-dried under natural conditions, and ground and sieved for the analysis of soil physical and chemical properties and enzymatic activity. The other was stored at 4 °C for soil carbon and nitrogen content and soil microbiological quantities determination. At the same time, a sample box measuring 100 cm × 100 cm was placed at a depth of 30 cm to sample the earthworms at each sampling site. All the soil in the sample box was dug out with a shovel. Then, the earthworms were hand-sorted in situ and placed in sample bags. The sample bag was filled with 1/5 to 1/4 of the soil volume to keep the earthworms active.




2.3. Laboratory Analysis and Indicator Determination


Determination of basic physical and chemical properties of soils was carried out according to the “Methods of Agricultural Chemical Analysis of Soils” [39]. Soil bulk weight (BD) was measured by the ring knife method; soil water content (SWC) was determined by the drying method; pH was determined by the electrode potential method (1:1.25 soil to water leachate ratio); electrical conductivity (EC) was determined by the conductivity method; cation exchange capacity (CEC) was determined by the ammonium acetate exchange method; organic matter (SOM) was determined by the potassium dichromate oxidative spectrophotometric method; total soil nitrogen (TN) was determined by the semi-micro Kjeldahl method; total phosphorus (TP) by the molybdenum antimony colorimetric method; hydrolysable nitrogen (HN) by the alkaline diffusion method; available phosphorus (AP) by the sodium bicarbonate leaching-molybdenum antimony colorimetric method; and available potassium (AK) by inductively coupled plasma emission spectrometry (ICP-OES). Determination of the carbon and nitrogen contents in soil microbial biomass was by chloroform fumigation-extraction [40] and soil respiration was measured using the Li-8100A automatic soil carbon flux measurement system (Li-Cor, Lincoln, NE, USA). Soil catalase activity (CAT) and acid phosphatemonoesterase (APA) were selected as the indicators of enzyme activity and both were measured using the micro-method. The CAT activity was defined as one enzyme activity per day per gram of air-dried soil sample catalyzing the degradation of 1 μmol H2O2 and APA activity was defined as 1 nmol of phenol released per day per gram of soil sample at 37 °C.




2.4. Data Processing and Statistical Methods


The data were analyzed using Excel 2019 (Microsoft, Redmond, WA, USA) and IBM SPSS Statistics 26 (Armonk, NY, USA). One-way ANOVA and Duncan’s multiple comparisons were used to test for significant differences (p < 0.05) among the biological indicators and physicochemical properties of the farmland soils from the different regions. Plotting was carried out using Origin 2018 (San Francisco, CA, USA) software and a correlation analysis of the soil physical, chemical, and biological indicators was undertaken by R 3.6.1. The redundancy analysis (RDA) had soil biological indicators as the response variables and soil physical and chemical indicators as the explanatory variables.





3. Results


3.1. Soil Biological and Physicochemical Index Responses in the Different Regions


3.1.1. Analysis of the Differences among Soil Biological Indicators


The differences in the soil biological indicators among the three regions are shown in Figure 2. The MBC index value ranges were 114 to 170 mg·kg−1 in Hailun County, 110 to 167 mg·kg−1 in Wen County, and 134 to 202 mg·kg−1 in Yixing County. The distribution characteristics followed the order: Yixing County > Hailun County > Wen County, and Yixing County was significantly higher than Hailun County and Wen County (p < 0.05). There were no statistical differences among the MBN indicators within the different regions (p > 0.05). However, the mean value for all the MBN indicators showed that the order was Yixing County > Wen County > Hailun County, with index values of 15.29 mg·kg−1, 14.39 mg·kg−1 and 13.40 mg·kg−1, respectively. The distribution characteristics for MBN were different from those of MBN. With average values of 8.77 μmol·m−1·s−1, 8.48 μmol·m−1·s−1, and 7.39 μmol·m−1·s−1, the order for soil respiration was Yixing County > Hailun County > Wen County, respectively, which were consistent with MBC. Wen County had a low soil respiration rate, with an index value range of 1.83 to 10.89 μmol·m−1·s−1, whereas Yixing County had relatively high soil respiration, with an index value range of 6.42–11.69 μmol·m−1·s−1. There was a significant difference between the two regions (p < 0.05). In terms of soil enzyme activity, the order for the CAT and APA indexes were Yixing County > Wen County > Hailun County and there was a significant difference between Yixing County and Hailun County (p < 0.05). The mean values for the CAT and APA indicators in Yixing County, Wen County, and Hailun County were 2.75 U·g−1, 2.57 U·g−1, and 2.41 U·g−1, respectively, and 12.26 U·g−1, 11.39 U·g−1, and 11.53 U·g−1, respectively. The results for soil earthworms were not ideal. The number of soil earthworms in the various plots ranged from 0 to 7 and the average number of earthworms in all plots was only 0.74. There were no significant differences in the number of earthworms in farmland soils among the different regions (p > 0.05). More importantly, we were unable to obtain earthworm data from any of the sample plots in the paddy fields. The overall analysis results showed that the soil biological indicators varied depending on the natural conditions and the management and utilization modes that existed among the regions. However, even though the selected typical farmland areas were far away from each other, and the conditions significantly varied, the differences among the regions were relatively small, which showed the complexity and variability among soil biological indicators to a certain extent.




3.1.2. Analysis of the Differences between the Physical and Chemical Properties of the Soils from the Different Regions


Except for the CEC and TP indicators, the other basic physical and chemical indicators for the farmland soils showed different degrees of difference among the three regions (Table 1), indicating that different farmland use conditions had an impact on the basic physical and chemical properties of the soil. The order for the soil bulk density, pH, and EC distribution characteristics were Wen County > Hailun County > Yixing County and the results showed that these indexes for Wen County were significantly higher than for the other two regions (p < 0.05). The mean value of the bulk density index for farmland in Wen County was 1.44 g·cm−3 and the mean values for the pH and EC indexes were 8.46 and 135.34 µs·cm−1, respectively. It is known that the farmland in this area is at risk from soil compaction and salinization. The soil–water content indicator order was Yixing County > Hailun County > Wen County and the order for the soil fertility indexes, such as SOM, TN, HN, and AP, were Hailun County > Yixing County > Wen County. The first three soil fertility indexes showed significant differences among the different regions (p < 0.05), while the AP index results showed that Hailun County was significantly higher than the other two regions (p < 0.05). The AK order was Wen County > Hailun County > Yixing County and there was a significant difference between Yixing County and the other two regions (p < 0.05). Overall, the physical properties of the farmland soil in Wen County were poor compared to Hailun and Yixing Counties. Additionally, the farmland soil in Hailun County was very fertile.





3.2. Analysis of Environmental Factors Affecting Soil Biological Indicators


3.2.1. Correlation Analysis of the Factors Influencing the Soil Biological Indicators


The correlation analysis results for the soil-related data obtained from the sampling points are shown in Figure 3. Most soil biological indicators had different degrees of correlation. The MBC, MBN, and soil respiration data were significantly correlated with APA (p < 0.01), which to some extent explained the validity of the test data. There were no correlations among the soil earthworm, CAT, and other soil biological indicators (p > 0.05). Soil biological indicators and soil physical and chemical indicators showed complex correlations. The soil bulk density was negatively correlated with MBC and soil respiration (r = −0.290*; r = −0.245*, respectively). In contrast, soil moisture content had positive correlations with MBC and soil respiration (r = 0.335**; r = 0.287*, respectively); CEC was significantly positively correlated with MBN, MBC, soil respiration, and APA (r = 0.825**; r = 0.746**; r = 0.650**; r = 0.488**, respectively); and pH and EC were not correlated to the six soil biodiversity indicators (p > 0.05). In addition, MBC was significantly positively correlated with TN, HN, and SOM (r = 0.506**; r = 0.458**; r = 0.430**, respectively); MBN was significantly positively correlated with TN, HN, SOM, and TP (r = 0.383**; r = 0.338**; r = 0.311**, r = 0.285 *, respectively); soil respiration was significantly positively correlated with TN, SOM, HN, AP, TP, and AK (r = 0.577**; r = 0.538**; r = 0.525**; r = 0.355**; r = 0.334**, 0.243* respectively); and soil earthworms were significantly positively correlated with AK, TP, and AP (r = 0.529**; r = 0.402**; r = 0.384**, respectively). APA only had a significant positive correlation with TP and AP (r = 0.684**; r = 0.599**, respectively). The results showed that soil physical and chemical properties, especially fertility conditions, had a certain impact on soil biological activity and abundance.




3.2.2. Indicators Redundancy Analysis of Factors Influencing the Soil Biological Indicators


Based on the results of the correlation analysis, an RDA was undertaken where soil bulk density, CEC, SOM, and other farmland soil physical and chemical properties were the explanatory variables and soil biological indicators were response variables. The results showed that the first and second ranking axes of the RDA explained 85.54% of the impact of soil physical and chemical indicators on soil biological indicators (Table 2). It can be seen that the first two ranking axes well reflect the relationship between the two and are mainly determined by the I axis. The RDA ranking of effective impact factors for soil biological indicators is shown in Figure 4. The first axis is mainly dominated by TP, AP, CEC, and AK and its correlation coefficients are 0.722, 0.606, 0.559, and 0.431, respectively, indicating that the first axis mainly reflects the gradient changes in TP, AP, CEC, and AK. In addition, BD, TN, SOM, and HN also have certain correlations with the first axis, with correlation coefficients of −0.397, 0.304, 0.297, and 0.291, respectively. AK, TP, AK, CEC, and BD in the explanatory variables are highly correlated with the second axis, with correlation coefficients of 0.682, 0.613, 0.544, −0.500, and 0.304, respectively. The included angle and ray length between the rays of the six soil biological indicators, such as MBC, MBN, and soil respiration, and the rays of the respective soil physical and chemical test indicators in Figure 4 illustrate the impact of the soil physical and chemical properties on the soil biological indicators. Among them, the important factors affecting MBC and MBN were CEC and soil bulk density. The CEC had a significant positive impact on these two indicators, while soil bulk density had a certain negative impact. In addition, TN, SOM, and HN also had slightly positive impacts on MBC and MBN. The CEC, TN, SOM, and HN had positive impacts on soil respiration, while soil bulk density had a negative impact. In terms of soil enzyme activity, the factors that were expected to influence the CAT index had no significant effects, while the main positive influence factors on the APA index were TP, AP, and CEC. Soil bulk density also had a negative impact on the APA index. The main influencing factors for soil earthworms were AK, AP, and TP. The factors varied in the type and degree of impact they had on the soil biological indicators and the results were different from the correlation analysis, which showed that an RDA can more comprehensively and intuitively reflect the impact of soil physical and chemical indicators on soil biological indicators and the degree of impact.






4. Discussion


The six soil biological indicators within the different regions showed certain differences. The MBC, MBN, soil respiration, CAT, APA, and the other five biological indicators of farmland soil in Yixing County were higher than those in the other two regions (Figure 2). This difference may have been due to climate factors. Yixing County is located in the subtropical monsoon region and has better precipitation and temperature conditions than the other two regions. Climate factors can affect the physiological functions of soil organisms because the activities and growth of soil organisms are dependent on temperature and soil moisture [41,42]. Sanyal et al. [43] found that the abundance and diversity of soil mites had a strong positive correlation with soil moisture and Kergunteuil et al. [44] showed that altitude affects the abundance of soil nematodes through its effect on temperature and precipitation. However, the six biological soil indicators of farmland quality in Hailun County and Wen County varied, but there were no obvious differences due to different climatic conditions. Therefore, these differences may be due to the physical and chemical conditions of the soil itself and the way farmland is managed and utilized. Hailun County is located in the core area of the black soil conservation area in China and has adopted a mature farmland conservation and utilization model after more than ten years of research [45,46]. This field survey showed that most of the sampled fields in Hailun County have implemented farmland protection measures, such as straw-returning, rotation, or no-tillage. There is substantial evidence that the above farmland management methods can increase the living space for soil organisms, improve soil physical structure, and improve soil fertility [47], thus supporting the survival and evolution of soil microorganisms and soil animals [48]. In contrast, Wen County has long followed an agriculturally intensive production model and produced high farmland yields through the widespread use of chemical fertilizers and pesticides. However, this results in the soils having poor physical and fertility levels in Wenxian County compared to the other two regions (Table 2). Unsustainable intensive utilization in agriculture is widespread in many developing countries [49,50,51]. It has a negative impact on soil biological community structure, diversity, food web composition, and community dynamics [24,52]. In addition, no earthworms were found near the paddy fields in the sampling records. This might be due to the fact that there was a lot of water in the farmland at the time when the samples in the paddy field were taken and that harvesting was almost finished in many fields. Earthworms rely on their surface skin for the respiration needed to maintain normal life activities, which means that their life activities in water are severely restricted [53,54]. Therefore, even if the sample box was placed on a ridge near the field, it would still be unlikely that that there would be any earthworms present. These results question whether it is worth considering using earthworms to extensively characterize the status of soil biodiversity.



A correlation analysis and a redundancy analysis on the soil test data were undertaken to identify the key factors affecting the soil biological indicators (Figure 3 and Figure 4). The results showed that many soil biological indicators were driven by soil nutrient indicators to varying degrees. The CEC had a positive effect on MBN, MBC, soil respiration, and APA, whereas TN, SOM, and HN had positive effects on MBN, MBC, APA, soil respiration, and soil earthworms. The enrichment and redistribution of soil nutrients changed with the degree of human interference (fertilization and tillage) because these activities affect soil biological activity and its spatial distribution [55,56,57]. As an important indicator of soil physical conditions, soil bulk density had a certain negative impact on MBC, MBN, soil respiration, and APA. The bulk density of the soil indicates the size of the soil pore spaces [58]. The lower the soil bulk density, the greater the soil porosity [59]. Soil microorganisms live in the pores between soil particles, move freely, or attach to the water film around the soil particles [4]. Therefore, the physical composition of soil provides a basic living environment for soil organisms and serious disturbance, or compaction of the soil, will affect the survival of soil organisms [60]. However, soil suitability or limitation to organisms has a certain range. For example, if the soil porosity is too great, the soil water and fertilizer retention capacity will be poor, and some soil organisms will not survive [61]. Soil organisms also directly change the soil structure and create more habitats in the pores by establishing a solid structural network [62]. In this study, APA had a very close relationship with TP and AP. A highly significant positive correlation between soil phosphatase and HN, AP, and AK was also demonstrated by Zhao et al. [63] in a study on soil enzyme activity in a plantation of northern Chinese larch in the Qinling region of China. The correlation analysis and RDA results did not identify the key factors affecting the CAT indicators, but some studies have found that CAT indicators decreased with the increase in soil AP and HN [64]. Soil earthworms were most closely related to AK and AP, which is probably due to the secretions produced by earthworms, including body surface mucus, and feces, which is rich in available nutrients [65,66,67,68]. However, the randomness of the earthworm sampling meant that the quantity results for soil earthworms were not stable and ideal [69]. Therefore, it was not possible to show the important roles earthworms play in improving soil physical structure and organic matter that were highlighted by other studies [70]. It should also be noted that when looking for factors that influence soil bioindicators, we inputted all the sampled data into the model for processing in an attempt to obtain an overall understanding of the situation. However, if the data from each site is individually examined, different results may be found. Therefore, more nuanced studies that are defined by specific research objectives should be undertaken.



The above research results and analysis show that in-depth research on soil biodiversity faces a number of challenges. The distribution characteristics and factors influencing soil organisms are not highly consistent with the records in the literature. Combining all the above results and analyses shows that favorable climatic conditions, good soil physical structure and high soil fertility are associated with higher levels of soil biodiversity on farmland. However, the joint mechanisms by which climate, soil type and human practices affect soil biodiversity need to be further clarified.




5. Conclusions


The aim of this study was to investigate the variability of important soil biological indicators (climatic conditions, soil types, and management practices) under different farmland use contexts and identify the factors that influence each soil biological indicator. Three typical agricultural areas: Hailun County, Wen County, and Yixing County, were selected for soil sampling and statistical analysis. The three study areas showed varying degrees of heterogeneity among the chosen soil biological indicators for farmland. Four indicators (MBC, soil respiration, CAT, and APA) showed significant variability between areas (p < 0.05), whereas MBN and soil earthworms were not statistically different (p > 0.05). This inconsistent variability suggests that soil biodiversity is not influenced by a single factor and is not dominated by climate or any one factor alone.



In addition, the responses of the farmland soil bioindicators to soil physicochemical properties were not consistent. The important factors affecting MBC, MBN, and soil respiration were CEC, TN, SOM, HN, and soil capacitance and the important factors affecting APA and soil earthworms were TP, AP, and AK. None of the factors had a significant effect on CAT. The overall results indicated that improvements to soil physical structure and soil fertility levels led to an increase in soil biodiversity levels. In order to improve the biodiversity level of agricultural soils and to ensure the sustainable use of farmland, we suggest that appropriate soil bioindicators for specific areas should be selected and their influencing factors should be explored so that targeted conservation measures can be created.
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Figure 1. Location of the study areas and distribution of the sampling plots. 
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Figure 2. Distribution of data on soil biological indicators for typical farmland in the different regions. Subplots (A–F) represent the range and variability of data distribution for six soil bioindicators from three different regions. Where black boxes indicate Hailun County, yellow boxes indicate Wen County and blue boxes indicate Yixing County; lowercase letters indicate significant differences at the 0.05 level (n = 3). 
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Figure 3. Heat map of the overall correlations between the soil biological indicators and soil physicochemical indicators for typical farmland in the different regions. BD: Bulk density; SWC: Soil water content; EC: Electrical conductivity; CEC: Cation exchange capacity; SOM: Soil organic matter; TN: Total nitrogen; TP: Total phosphorus; HN: Hydrolysable nitrogen; AP: Available phosphorus; AK: Available potassium. 
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Figure 4. Redundancy analysis of soil bioindicators and soil physicochemical indicators. The figure shows only the explanatory factor variables that have a significant effect on the soil biological indicators. HL: Hailun county; WX: Wen county; YX: Yixing county. 
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Table 1. Multiple comparisons of the soil physico-chemical properties of agricultural land in the different regions *.
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	Indicator
	Unit
	Hailun County
	Wen County
	Yixing County





	Bulk density (BD)
	g·cm−3
	1.18 ± 0.11 b
	1.43 ± 0.13 a
	1.12 ± 0.19 b



	Soil water content (SWC)
	%
	26.73 ± 4.12 a
	11.65 ± 4.77 b
	28.21 ± 7.09 a



	pH value (pH)
	—
	6.78 ± 0.67 b
	8.46 ± 0.28 a
	6.62 ± 0.51 b



	Electrical conductivity (EC)
	us·cm−1
	71.52 ± 35.65 b
	135.34 ± 78.43 a
	66.16 ± 30.74 b



	Cation exchange capacity (CEC)
	cmol+·kg−1
	21.52 ± 2.55
	22.59 ± 2.32
	23.13 ± 2.91



	Soil organic matter (SOM)
	g·kg−1
	44.38 ± 7.88 a
	14.21 ± 4.32 bc
	29.58 ± 9.67 b



	Total nitrogen (TN)
	g·kg−1
	2.58 ± 0.39 a
	1.09 ± 0.32 bc
	1.96 ± 0.53 b



	Total phosphorus (TP)
	g·kg−1
	0.72 ± 0.28
	0.67 ± 0.22
	0.56 ± 0.23



	Hydrolysable nitrogen (HN)
	mg·kg−1
	186.94 ± 31.18 a
	75.88 ± 26.67 bc
	134.92 ± 34.42 b



	Available phosphorus (AP)
	mg·kg−1
	28.64 ± 19.02 a
	13.30 ± 7.80 b
	17.24 ± 16.99 b



	Available potassium (AK)
	mg·kg−1
	141.28 ± 89.02 a
	145.12 ± 68.68 a
	81.89 ± 60.18 b







* Data (Mean ± SD, n = 3, p < 0.05), lowercase letters represent significant differences at the 0.05 level.
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Table 2. Redundancy analysis of the soil bioindicators values and the amount of explanation.
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Axis

	
Axis 1

	
Axis 2

	
Axis 3

	
Axis 4






	
Soil bioindicators eigenvalues/%

	
60.76

	
24.78

	
7.50

	
3.47




	
Soil bioindicators—physicochemical indicators correlations

	
0.806

	
0.677

	
0.375

	
0.208




	
Cumulative explained amount of soil bioindicators characteristics/%

	
60.76

	
85.54

	
93.04

	
96.51




	
Cumulative percentage variance of soil bioindicators—physicochemical indicators/%

	
62.07

	
83.02

	
95.23

	
100




	
Sum of all eigenvalues

	
1.000




	
Sum of all canonical eigenvalues

	
0.620

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Soil microbial biomass carbon/(mg-kg™")
(\©]
(\©]
()

[E—
-
-

o
-
S

[E—
o0
(s

160}

140 |

[
(\®]
-

(A)
a
b
b 1
1
L .
- - I
Hailun county Wen county Yixing county
(D)
a
L1
b
L]

Hailun county Wen county Yixing county

p— —_ p— p— —_ [\ [\
(= [\ ~ N oo L \S)

Soil microbial biomass nitrogen/(mg-kg™!)

o0

p— p—
~ )

[
(U'S)

[E—
[E—

[
-

Soil acid phosphomonoesterase activity/(U~g_1)
o

(B)
| 1
bk 1

Hailun county Wen county Yixing county

(E)

|

1

Hailun county Wen county Yixing county

— o
) <&

Soil respiration/(umol-m'-s™")
S

Soil earthworm/(number)
AN

N
T

(Ce
2
ab
b a
O
L g

Hailun county Wen county Yixing county

| (F)

® 6 ¢ o
2

¢

5 B B

Hailun county Wen county Yixing county





nav.xhtml


  land-12-00755


  
    		
      land-12-00755
    


  




  





media/file2.png
47°20'0"N 47°40'0"N

47°0'0"N

126°20'0"E
1

1 26°‘}0'0"F,

127"?'0"1:, 127°20'0"E

N

0 510

20
km

(A) Hailun county

® Sampling points
(] Township boundaries

T
47°40'0"N

I
47°200"N

J
47°0'0"N

126°20'0"E

126°400"E

127°200"E

112°55'0"E 113°0'0"E 113°5'0"E 113°10'0"E
1 1 L 1

34°55'0"N 35°0'0"N 35°5'0"N
1 1 1

34°50'0"N

N

119°30'0"E
1

(B) Wen county

® Sampling points
[ Township boundaries

112°55'0"E 113°00"E 113°5'0"E 113°100"E

119°40'0"E 119°50'0"E 120°0'0"E
1 1 1

31°10°0"N
1

(C) Yixing county

® Sampling points

T
31°30'0"N

31°20'0"N

31°10'0"N

0 5 10 20 ‘ )
- — K 11 (] Township boundaries
119°30'0"E 119°40'0"E 119°50'0"E 120°0'0"E

T T T
34°55'0"N 35°0'0"N 35°5'0"N

T
34°50'0"N

31°40'0"N





media/file5.jpg
08

0.6

04

02





media/file3.jpg
©0

XX

T oy W comy gty O T coumy Wev sy Vg






media/file1.jpg





media/file7.jpg
RDA224.78 %

4

o
5

MBC

o HL
o WX
A YX

05
RDAI 60.76 %






media/file0.png





media/file8.png
<
W

RDA?2 24.78 %

S
o

0 WX
YX
O VAN =
.A
OSE
- AP
O
O O ! 0 TP
BD . m|
L
00O
o OoO o /5
o g . A~ SOM
L2 D EBEAA /§‘;=~ A L LR PR

o = A M\ SR APA
O I
PATE N %F CEC

AL
- MBN
AA
! A MBC

0.0 |

0.5
RDA1 60.76 %





media/file6.png
BD
SWC
pH
EC
CEC
SOM

e -
Pl
HN I e
APLL

B W em
O e B D
= O

G ke
O -
.

I
=

.01

* p<=0.05 ** p<





