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Abstract

:

Soil fauna contribute to important ecological functions such as improving soil structure and promoting nutrient circulation. They are the common environmental indicators in agricultural landscape. Therefore, this study took Gongyi City, Henan Province, China, located in the middle and lower reaches of the Yellow River, as the study area, to explore the impact of multi-scale landscape heterogeneity on soil fauna diversity and the response of soil fauna to it. Our results showed that patch types and degree of fragmentation in the study area increased significantly with the increase of spatial scale. The diversity indices of soil fauna in different habitats showed that the Shannon-Wiener diversity index, Simpson’s diversity index, Pielou’s evenness index, and Margalef richness index were the lowest in farmland habitat. Diversity indices of artificial forests were higher than those of natural forests. Diversity indices of soil fauna under different geomorphic conditions showed that Pielou’s evenness index and Margalef richness index had significant differences under different geomorphic conditions (p < 0.05). The effects of multi-scale landscape heterogeneity on soil fauna diversity were different. In the 150 m buffer zone, soil fauna community composition and diversity indices were strongly correlated with patch richness index, patch richness density, and other landscape indices (p < 0.05). Meanwhile, the contribution rate of landscape index to soil fauna community composition were 45.05%, 32.5%, and 42% in farmland, plantation, and natural forest, respectively. Therefore, the 150 m buffer zone could be used as the characteristic response scale of soil fauna diversity. The multi-scale interaction of landform, habitat, and landscape also had a significant impact on soil fauna diversity.
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1. Introduction


Soil faunas are commonly used as environmental indicators in agricultural landscapes, and they contribute to important ecological functions such as biological control and nutrient circulation [1]. Protecting soil fauna diversity is the key to ensuring soil fertility and ecological health of cultivated land, and is conducive to promoting sustainable utilization of cultivated land [2,3]. In recent years, studies on soil biodiversity have been carried out widely in different climates and ecosystems. However, there are still considerable inconsistencies in the results [4,5,6]. For example, in Changbai Mountain, soil fauna diversity is the highest in shrubbery and the lowest in cultivated land [7]; the diversity index of soil fauna in the middle reaches of the Yangtze River was higher than that in other habitats, while the diversity index of soil fauna in the lower reaches of the Yangtze River was the lowest [5]; the diversity index of soil fauna in farmland boundary of purple soil hilly area was higher than that in orchard, farmland, and woodland [4]; the diversity index of soil fauna in the natural ecosystem of Haikou tropical urban area is higher than that in the urban greenbelts [6]. In addition, the influencing factors and driving factors of soil fauna diversity in the Yellow River in eastern Henan were not clear [8]. Therefore, this study focused on exploring the factors affecting soil fauna diversity by studying the middle and lower reaches of the Yellow River.



Landscape heterogeneity refers to the variation degree of landscape and its attributes, which is the basic attribute of landscape and determines the diversity of spatial pattern [9,10] and has always been one of the basic issues of landscape ecology [11,12]. Current studies on landscape heterogeneity mostly focus on landscape heterogeneity and its ecological effects, specifically, landscape heterogeneity will directly affect a variety of attributes of the ecosystem, such as animal migration, population maintenance, interaction between species, dynamics, and basic functions of the ecosystem [13,14]. Meanwhile, landscape scale has become one of the core issues in modern ecology. Multi-scale spatial pattern analysis is the basis for scale effect analysis and cross-scale deduction, and researches on ecological patterns and processes are often meaningless at uncertain scales [15,16]. So far, most studies on soil fauna diversity are focused on different plots, and there are few studies on the effects of multi-scale landscape heterogeneity on soil fauna community [17,18]. Therefore, this study has important theoretical significance to explore the effects of landform, landscape, and habitat on soil fauna diversity at different scales.



The middle reaches of the Yellow River are dominated by farming-pastoral ecotone landscape and agroforestry landscape, while the lower reaches are dominated by agricultural landscape, which is composed of farmland, forest, wetland, and orchard, with high landscape heterogeneity. It is important to carry out biodiversity research in the Yellow River Basin [15,16,17,18,19]. Therefore, this study took Gongyi City, a typical agricultural landscape in the middle and lower reaches of the Yellow River, as the study area. The aims of this study were to (1) explore the change trend of landscape indices in the study area with the increase of buffer zone; (2) determine the species composition and diversity of soil fauna in different habitats, landforms, and landscapes; and (3) explore the multi-scale interaction of landscape heterogeneity on soil fauna diversity and the response of soil fauna to it. We anticipated that the community composition and diversity of soil fauna in the study area would be different under different habitats, landforms, and landscape conditions; that the composition and diversity characteristics under natural conditions were better than those under semi-natural conditions; and that the effects of multi-scale landscape interaction on soil fauna diversity were more obvious than those of single landscape scale.




2. Materials and Methods


2.1. Study Area


The study area is located in Gongyi City, Central and Western of Henan Province, the middle and lower reaches of the Yellow River in China (34°31′–34°52′ N, 112°49′–113°28′ E) (Figure 1a,b). Gongyi City covers an area of 1042 km2 and is characterized by a warm temperate continental monsoon climate. The average annual rainfall is 593.23 mm, and the average annual temperature is 16 °C. The soil types are mainly divided into brown soil, cinnamon soil, and moisture soil. The terrain is high in the south and low in the north, with complex and diverse landforms (Figure 1c). According to the difference in altitude, the study can be divided into three geomorphic types: mountain area, hilly area, and plain area. Mountain areas are mainly distributed in the southeast and south of Gongyi City, usually low mountains, with an elevation of 400–1000 m, and a small number of mountains above 1000 m, accounting for about 18% of the area. Due to the higher elevation and larger slope, the areas of farmland in the mountainous areas are relatively small. Hilly areas are located in the middle and northeast of Gongyi City, with an elevation of 200–500 m. It is a transitional landform from mountain to river plain, accounting for about 39% of the area. Plain areas are located in the south of the Yellow River, southwest of Gongyi City, and north of the Yellow River, accounting for about 43% of the area. The region is rich in biological resources and diverse in flora and fauna. In addition, relying on the advantaged industrial conditions, the economy of Gongyi City has developed rapidly, but it also leads to high intensity and large-scale land use, resulting in landscape fragmentation and landscape simplification.




2.2. Experimental Design


The study area was divided into three landform types: mountain (MA), hill (HI), and plain (PL). A total of 24 sampling sites were selected from the study area (Figure 2), with 7 sampling sites selected in mountainous landform, 12 in hilly landform, and 5 in plain landform. One or two habitats were studied in each sampling site with a total of 42 habitats were studied (Table A1). Three plots were selected for each habitat and three soil samples were randomly collected from each plot as replicates. A total of 378 soil samples were collected by using a 200 cm3 ring knife. Then took it back to the lab as soon as possible. Soil meso-micro faunas were collected for 24 h by Tullgren method, and stored in 75% alcohol for indoor classification and identification. Classification was carried out under Leica M125 binocular stereomicroscope, and identification was carried out by referring to Chinese Soil Fauna Retrieval Guide [20,21] and General Entomology [22]. Due to their different ecological functions, the number of groups and individuals of soil faunas was counted separately.




2.3. Data Analysis


2.3.1. Landscape Indices


To understand the impact of landscape characteristics at different scales on soil fauna diversity in the study area, 13 buffer radii (25 m, 50 m, 75 m, 100 m, 125 m, 150 m, 175 m, 200 m, 225 m, 250 m, 500 m, 750 m, and 1000 m) were selected as buffers. Referring to the setting of buffer zone by Liu [23], considering the short migration distance of soil faunas, we divided the radius of buffer zone into closer and finer ones.



The landscape indices include patch size and density index, patch shape index, proximity and similarity index, matrix index, and diversity index (Table 1). The patch size and density indices were selected as follows: total area (TA), mean patch size (AREA_MN), mean radius of gyration (GYRATE_MN), radius of gyration (GYRATE_CV), fractal dimension index (FRAC_CV), perimeter area ratio (PARA_CV), mean shape index (SHAPE_MN), euclidean nearest neighbor distance (ENN_CV), contagion (CONTAG), patch richness (PR), patch richness density (PRD), Shannon’s diversity index (SHDI), and Shannon’s evenness index (SHEI).




2.3.2. Biodiversity Indices


Biodiversity indices can quantitatively measure and compare biodiversity differences of different communities. α diversity refers to the species diversity in a specific region or ecosystem. To comprehensively reflect the richness and uniformity of soil fauna in the region, Shannon-Wiener diversity index (H’), Simpson’s diversity index (D), Pielou’s evenness index (E), and Margalef richness index (R) were used to represent α diversity [24,25,26,27]. The diversity profiles analysis was conducted through the online software NEXT-4steps to quantify sample completeness and compare diversities among assemblages [28,29].



Redundancy analysis (RDA) was performed using the vegan package of statistical software R 4.1.3. Soil fauna community data were selected as response variables and landscape diversity data as explanatory variables to analyze the relative impact of landscape diversity on soil fauna community composition. Before the RDA, Hellinger transformation was performed for species abundance data and data standardization was performed. By calculating the biplot scores for constraining variables of each landscape index, several landscape index factors showing large explanatory volume under each habitat condition were selected to conduct the subsequent RDA ranking analysis.



ArcGIS 10.2 was used for landscape data processing and spatial analysis. Fragstats 4.2.1 was used for landscape pattern index calculation, and diversity characteristics of soil fauna were calculated in R 4.1.3. One-way ANOVA and least significant difference method (LSD) were used to compare soil fauna differences among different landforms and habitats. Correlation analysis and variance analysis were conducted in SPSS 24, and charts were drawn by Origin 2021.






3. Results


3.1. Characteristics of Landscape Heterogeneity in the Study Area


The landscape indices of the region changed regularly with the change of buffer radius (Table 1). The values of TA, AREA_MN, GYRATE_MN, GYRATE_CV, SHAPE_MN, FRAC_CV, and SHDI all increased gradually with the expansion of buffer radius, while PRD index decreased gradually with the expansion of buffer radius. The PR index value was the largest at 750 m buffer radius and the smallest at 25 m buffer radius. SHDI reached its maximum value when the buffer zone radius was 1000 m, showed that with the increase of landscape scale, the richer land use was, the higher the degree of fragmentation was. CONTAG index values gradually decreased with the increase of scale, showed that certain dominant patch types within the buffer radius of 25 m form good connectivity. However, in the radius of 1000 m buffer zone, the landscape was a dense pattern with multiple elements, with a high density of patches, poor connectivity, and serious fragmentation in the landscape. When the SHEI index value is 0, there is no diversity in the landscape. When the SHEI index value is 1, the overall area ratio of different patch types in the landscape is consistent, presenting a completely uniform state; the landscape homogenization degree was the highest in the buffer zone of 25 m and there was no obvious dominant patch type. When the SHEI index value is 500 m, dominant patch type dominates the landscape.




3.2. Community Composition of Soil Fauna in the Study Area


A total of 378 soil samples were collected in Gongyi city, including 90 soil samples collected from mountain landform, 198 soil samples collected from hilly landform and 90 soil samples collected from plain landform. We demonstrated that the number of soil samples collected for each landform type was sufficient by plotting the species cumulative curves (Figure A1). The soil fauna isolated from soil samples represented the actual situation under their respective landforms, and the sample size was sufficient to reflect the community composition of soil fauna.



A total of 51,699 soil faunas, 21 orders, 65 families were captured in the field (Figure 3a), including 18,150 soil faunas in mountainous areas, 22,871 soil faunas in hilly areas, and 10,678 soil faunas in plain areas, belonging to 62 taxa. The dominant individuals (populations with abundance greater than 10% of the total number of captured) were Prostigmata (34,769 individuals, accounting for 67.25% of the total number of captured), Oribatida (7000, 13.54%), Isotomidae (6314, 12.21%). Others were rare individuals (populations with an abundance less than 1% of the total catch). The quantity distribution of different species in the community was not uniform, dominant individuals accounted for a large proportion of all soil faunas collected. The ecological functions of the dominant organisms, such as the Prostigmata, the Oribatida, and the Isotomidae, were prominent.



A total of 18,150 soil faunas individuals were sampled in four habitats in the mountain landforms (Figure 3b), including 7257 in farmland, 7130 in natural forest, 1116 in artificial forest, and 2647 in shrub. Prostigmata (5166, 71.19%) and Isotomidae (914, 12.59%) were observed as dominant groups in farmland habitat. Prostigmata (781, 69.98%) and Oribatida (194, 18.06%) were observed as dominant groups in artificial forest. Prostigmata (4638, 65.05%), Isotomidae (1182, 16.58%), and Oribatida (764, 10.72%) were observed as dominant groups in natural forest. Prostigmata (1444, 54.55%) and Oribatida (782, 29.54%) were observed as dominant groups in shrub.



A total of 22,871 soil faunas individuals were sampled in four habitats in the hilly landforms (Figure 3c), including 6730 in farmland, 179 in natural forest, 14,921 in artificial forest, and 1041 in shrub. Prostigmata (4729, 70.27%), Oribatida (780, 11.59%), and Isotomidae (863, 12.82%) were observed as dominant groups in farmland. Prostigmata (9665, 64.77%), Oribatida (2292, 15.36%), and Isotomidae (1776, 11.90%) were observed as dominant groups in artificial forest. Prostigmata (102, 56.98%), Oribatida (25, 13.97%), and Isotomidae (36, 20.11%) were observed as dominant groups in natural forest. Prostigmata (737, 70.80%) and Oribatida (181, 17.39%) were observed as dominant groups in shrub.



A total of 10,678 soil faunas individuals were captured in two habitats of plain landforms (Figure 3d), including 6730 in farmland and 4308 in artificial forest. Prostigmata (4429, 69.53%), Isotomidae (1004, 15.76%), and Oribatida (649, 10.19%) were observed as dominant groups in farmland habitat. Prostigmata (3078, 71.45%) and Oribatida (671, 15.58%) were observed as dominant groups in artificial forest.




3.3. Comparative Analysis of Soil Fauna Diversity in Different Landforms and Habitats


To analyze the diversity of soil fauna in different habitat types in 2017, five biodiversity indices including Shannon-Wiener diversity index (H’), Simpson’s diversity index (D), number of soil fauna groups (S), Pielou’s evenness index (E), and Margalef richness index (R) were selected (Table 2).



The performance of soil fauna diversity indices under different habitat conditions is as follows (Figure 4). Shannon-Wiener diversity indices (H’) under different landforms was shown as follows. In four habitats of mountain landforms, Shannon-Wiener diversity index (H’) was highest in shrub, followed by in artificial forest, natural forest, and farmland (p < 0.01), Shannon-Wiener diversity index in artificial forest was significantly higher than that in farmland. In four habitats of hill landform, it was highest in artificial forest, followed by in natural forest, shrub, and farmland (p < 0.01), Shannon-Wiener diversity index of artificial forest was significantly higher than that of farmland. In two habitats of plain landform, it was artificial forest higher than farmland. Simpson’s diversity indices (D) under different landform was shown as follows. In four habitats of mountain landform, Simpson’s diversity index (D) was highest in shrub, followed by in artificial forest, natural forest, and farmland (p < 0.05), Simpson’s diversity index of artificial forest was significantly higher than that of farmland. In four habitats of hill landforms, it was highest in artificial forest, followed by in natural forest, shrub, and farmland (p < 0.05). In the two habitats of plain landforms, it was artificial forest higher than farmland. Pielou’s evenness indices (E) under different landforms was shown as follows. In four habitats of mountain landforms, Pielou’s evenness index (E) was highest in shrub, followed by in artificial forest, natural forest, and farmland, but there was no significant difference among the four habitats. In four habitats of hill landform, Pielou’s evenness index (E) was highest in natural forest, followed by in shrub, artificial forest, and farmland (p < 0.01), the Pielou’s evenness index of natural forest was significantly higher than that of shrub, artificial forest and farmland. Between the two habitats in plain landform, it was artificial forest higher than farmland, but there was no significant difference. Margalef richness indices (R) under different landforms was shown as follows. In four habitats of mountain landforms, Margalef richness index (R) was highest in farmland, followed by in artificial forest, natural forest, and shrub (p < 0.05). The Margalef richness index (R) of farmland was significantly higher than that of artificial forest and natural forest. Among the four habitats in the hill landform, it was highest in artificial forest, followed by in shrub, natural forest, and farmland (p < 0.001), the Margalef richness index of artificial forest was significantly higher than that of farmland. Between the two habitats in plain landform, it was artificial forest higher than farmland, but there was no significant difference.



The performance of the biodiversity indices under different landforms is as follows (Figure 4). Shannon-Wiener diversity indices (H’) under different landforms was shown as follows. Among the three landforms under farmland habitat, Shannon-Wiener diversity index (H’) was highest in mountain, followed by in plain and hill. In the three landforms of artificial forest, it was highest in hill, followed by in mountain and plain. In the natural forest of the two landforms, it was in hill higher than in mountain; In the two landforms of shrub, it was in mountain higher than in hill. Simpson’s diversity indices (D) under different landforms was shown as follows. Among the three landforms under farmland habitat, Simpson’s diversity index (D) was highest in hill, followed by in plain and mountain. Among the three landforms under the artificial forest, it was highest in hill, followed by in mountain and plain; in the natural forest of the two landforms, it was in hill higher than in mountain; in the shrub of the two landforms, it was in hill higher than in mountain. Pielou’s evenness indices (E) under different landforms was shown as follows. Among the three landforms under farmland habitat, it was highest in plain, followed by in hill and mountain (p < 0.05). In the three landforms of artificial forest, it was highest in plain, followed by in mountain and hill (p < 0.05). In the natural forest of the two landforms, it was in hill higher than in mountain (p < 0.05). In the shrub of the two types of landforms, it was in mountain higher than in hill. Margalef richness indices (R) under different landforms was shown as follows. Among the three landforms under farmland habitat, it was highest in mountain, followed by in plain and hill (p < 0.05), mountain landform was significantly higher than plain and hill. In the three landforms of artificial forest, it was highest in mountain, followed by in hill and plain. In the natural forest of the two landforms, it was in mountain higher than in hill (p < 0.05). In the shrub of the two types of landforms, it was in mountain higher than in hill.



The soil fauna diversity under different landforms was analyzed by the diversity profile analysis (Figure 5, Table 3). Our sample completeness analysis shows that the undetected species richness within the hill, mountain, and plain data are, respectively, at least 7.56 (≥12.09%), 13.5 (≥23.48%) and 4.08 (≥12.09%). In every landform, almost all the abundant and highly abundant soil faunas are found. For Shannon diversity (q = 1) and Simpson diversity (q = 2), there was no significant difference in the diversity of the three landforms. For soil fauna richness, inference and significance testing can be performed up to a standardized coverage value of Cmax = 100% (the minimum coverage of two samples extrapolated to double the size of the reference sample). Under a standardized coverage of 100%, the richness of soil fauna varied greatly among mountain, hill and plain. Pielou’s evenness measure shows that the evenness among soil fauna abundances in the mountain is highest, followed by in hill and plain. Thus, the major difference between the three landforms lied in rare species. The profile, however, reveals that the evenness values for the three landforms were very close for any order q between 0 and 2.




3.4. RDA Analysis of Landscape Indices and Soil Fauna Composition


At landscape scale, RDA was used to analyze the relative effects of landscape indices on soil fauna community composition (Figure A2, Figure A3 and Figure A4). The data of the different habitats were sorted by RDA. Due to the limitation of natural conditions, there were too few samples selected in shrub habitats, so the RDA sorting analysis of shrub habitats was no longer carried out.



The results showed that the contributions of the two ordination axes to the interpretation of soil fauna community composition were different under different habitat conditions(Table 4). In the farmland habitat, when the buffer radii were 25 m, 50 m, 75 m, and 150 m, the interpretation values of the two ordination axes were larger than those of other radii. SHDI, PR, PRD, or PD were negatively correlated with Prostimata, while TA was less correlated with soil fauna. In the artificial forest, when the buffer radius was 150 m or 1000 m, the interpretation values of the two ordination axes were larger. Isotomidae was strongly correlated with landscape indices. In the natural forest habitats, when the buffer radius was 125 m, 250 m, or 500 m, the RDA ranking interpretation values of landscape index to soil fauna community were larger than that of other radii. Isotomidae showed strong correlation with CONTAG index and PR index.Next, the correlation between seven landscape indices and soil fauna communities at different buffer radii was analyzed by RDA. It was found that the correlation between Isotomidae and buffer radius was strong under PR, PRD, PD, SHDI, SHEI, CONTAG and TA landscape indices (Figure A5).




3.5. Effects of Landscape Scale on Soil Fauna Diversity


Based on the correlation analysis of soil fauna diversity indices and landscape indices (Table 5), soil fauna diversity index was significantly correlated with landscape index at 150 m scale and was strongly correlated with patch density index (PD), patch richness index (PR) and patch richness density (PRD). Therefore, patch density index (PD), patch richness index (PR), and patch richness density (PRD) at the 150 m scale were selected as the characteristic response scale indexes of soil fauna.



Using PRD index in the buffer range of 150 m as a reference, the 24 sampling sites were divided into different levels of landscape heterogeneity, with high landscape heterogeneity (Sites 5, 9, 15, 17, and 23), medium landscape heterogeneity (Sites 1, 2, 3, 7, 10, 11, 12, 13, 14, 16, 18, 19, 20, and 22) and low landscape heterogeneity (Sites 4, 6, 8, 21, and 24).




3.6. Multi-Scale Analysis of the Impact of Agricultural Landscape Heterogeneity on Soil Fauna Diversity


Based on the multivariate analysis of landscape heterogeneity and species diversity indices at landform, landscape, and habitat scales, the differences of landform, habitat, and landscape scale all had significant effects on the individual numbers of soil fauna (p < 0.001). The interaction between landform and landscape, habitat and landscape, and habitat had a significant influence on Shannon-Wiener diversity index (p < 0.05). The interaction of any two landforms, habitat, and landscape had a significant influence on Simpson’s diversity index (p < 0.05). Landform, habitat, landscape, the interaction between landform and habitat, the interaction between landform and landscape all had significant effects on Pielou’s evenness index (p < 0.01). The effect of landform, and the interaction between landscape and landform had significant effects on Margalef richness index (p < 0.01) (Table 6).





4. Discussion


4.1. Comparison of Soil Fauna Diversity under Different Landforms and Habitats


This study found that Shannon-Wiener diversity index, Simpson’s diversity index, and Pielou’s evenness index were the lowest in farmland. This could be the result of long-term human interference in farmland. Farmland human disturbances are manifested in long-term tillage, fertilization, and pesticide spraying. Studies have found that long-term tillage [30] and fertilization [31,32,33] would affect soil structure, weaken the formation of soil aggregates, change soil physical and chemical properties and organic matter content, and then affect the community characteristics of soil faunas [15,16,19,34,35,36,37], leading to instability of soil fauna community. Insecticides and herbicides also have an impact on soil faunas, which is manifested in the decrease of soil fauna species and number [38,39,40,41]. Studies have confirmed that the Prostigmata is very sensitive to the reaction of pesticide spraying [42,43]. As the dominant group in this study area, Prostigmata accounts for a large proportion of the population, and its change may have an important impact on the diversity of soil faunas in the whole region. The middle and lower reaches of the Yellow River are important grain-producing areas in China. Human activities have a profound impact on the composition, structure, and function of landscape patterns in this region, which affects regional biodiversity. In addition, there were differences in aboveground vegetation among different habitat types. Studies have proved that vegetation differences can significantly affect the composition and structure of subsurface biodiversity, and the distribution of soil faunas is closely related to soil humus and vegetation types [23]. Similarly, biodiversity and landscape heterogeneity can be used as indicators to improve the ecological multifunction of forestland in agricultural landscapes [44,45].



In addition, this study found that the biodiversity indices of mountain landforms were in artificial forests higher than in natural forest. Since artificial forests are mostly monocultures or mixtures of a few tree species, the species diversity and richness of artificial forest are expected to be lower than that of natural forest. It is generally believed that artificial forest forests are “ecological deserts”, and the role of artificial forests in biodiversity protection is often one-sided denied, or ignored [46]. However, studies have confirmed that artificial forest has higher understory biodiversity than natural forest when it has some habitat characteristics [47,48,49,50,51]. Artificial forests can promote the natural regeneration of understory vegetation and thus promote biodiversity conservation.




4.2. Effects of Landscape Scale on Soil Fauna Diversity


It was found that the influence of landscape scale on the composition and diversity of soil fauna communities was obvious in the 150 m buffer radius. Studies have shown that the impact of landscape heterogeneity on biodiversity may depend on the size of geographical range of species, thus reflecting the impact of species characteristics and land cover [49] The habitat heterogeneity at landscape scale has a positive contribution to soil fauna diversity by providing different niches, as well as passive diffusion and population patch dynamics [50]. Studies have shown that the correlation between landscape indices and diversity of large arthropods were the strongest within the buffer range of 200 m−300 m [52,53,54], and the correlation between diversity indices of pollinators and landscape indices was the highest within the buffer radius of 500 m, which was larger in spatial range of horizontal distance and vertical height than that of large arthropods [55,56,57,58]. Compared with large arthropods and pollinators, small and medium-sized soil faunas separated by Tullgren method were studied in this study. Small and medium-sized soil faunas were small in individual and had weak migration ability, mainly relying on short distance migration, so the buffer radius was relatively small [59].



In different habitats, the dominant species Isotomidae and Prostigmata were greatly affected by landscape heterogeneity and landscape scale. This is especially true in the farmland habitat, where this strong effect was well reflected. We think it was because of their large numbers in farmland habitats. Studies have shown that the numbers of Prostigmata individuals in different habitats are quite different; that the number of Prostigmata in farmland is greater, which is related to the food source in the habitat; and that they endanger roots, stems, leaves, or seedlings on cultivated crops [52,60]. In addition, due to the limitation of natural conditions, we selected the largest number of samples in farmland, which is also one reason.



In addition, this study found that PD, PR, and PRD indices were strongly correlated with soil fauna diversity indices, and landscape spatial heterogeneity was divided into landscape composition heterogeneity and landscape configuration heterogeneity [61]. Landscape composition heterogeneity can be measured by PR, while configuration heterogeneity can be measured by PRD [62]. This is consistent with the results obtained in this paper, which more fully proves the impact of landscape spatial heterogeneity on soil fauna diversity. The diversity of agricultural and non-agricultural habitats, such as farmland, natural forest, artificial forest, and shrub, caused the heterogeneity of landscape composition, and the difference of spatial configuration and combination of different landscape composition types under the same geomorphic type caused the heterogeneity of landscape architecture. Therefore, to preserve the diversity of soil fauna, it is necessary to consider the appropriate landscape pattern and spatial and temporal scale. In addition, the response scale of different biological groups to landscape heterogeneity is inconsistent, which can be further analyzed and studied on this basis.




4.3. Multi-Scale Analysis of Effects of Agricultural Landscape Heterogeneity on Soil Fauna Diversity


Landscape heterogeneity has a strong scale effect on biodiversity [13]. This study found that soil fauna diversity varies at different spatial scales (landscape, landform, and habitat), which is consistent with relevant research results [63]. In addition, this study also analyzed the interaction of different spatial scales and found that for some biodiversity indices, the impact of multi-scale spatial interaction was more significant. To protect biodiversity and improve ecosystem services, we should not only pay attention to the changing characteristics of soil fauna at different spatial scales but also consider the impact of multi-scale interactions on soil fauna. In addition, interactions are not only reflected in multi-scale landscape patterns. In future studies, interactions between soil faunas and other organisms, as well as ecological relationships between aboveground and underground, should be taken into consideration.





5. Conclusions


In this study, we explored the response of soil fauna diversity to agricultural landscape heterogeneity in the middle and lower reaches of the Yellow River.



The results showed that the biodiversity indices were the lowest in farmland, followed by natural forest, and the biodiversity index of artificial forest was the highest of the three. Therefore, we concluded that, in agricultural landscapes, moderate anthropogenic disturbances have positive effects on soil fauna.



Within the buffer radius of 150 m, the impact of landscape scale on soil fauna community composition and diversity was obvious. The main reason could be that the Soil meso-micro faunas were small and had weak migration ability, mainly relying on short distance migration. The dominant groups Isotomidae and Prostigmata were greatly affected by landscape heterogeneity and landscape scale, mainly due to their strong population advantage and feeding habits.



Multi-scale spatial interaction was observed to have a more significant effect on soil fauna diversity. In future agricultural landscape construction and biodiversity conservation, attention should be paid to the multi-scale interaction of landscape heterogeneity. Rational deployment of the agricultural landscape is crucial to maintain the high diversity of soil fauna in the region.
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Figure A1. Species cumulative curves of the study area. The green line represents the species cumulative curve of mountainous landform, the red line represents the species cumulative curve of hilly landform, and the blue line represents the species cumulative curve of plain landform. 
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Figure A2. Ordination diagram for the RDA analysis for soil fauna distribution and landscape indices in farmland. (a) 25 m buffer radius. (b) 50 m buffer radius. (c) 75 m buffer radius. (d) 100 m buffer radius. (e) 125 m buffer radius. (f) 150 m buffer radius. (g) 175 m buffer radius. (h) 200 m buffer radius. (i) 225 m buffer radius. (j) 250 m buffer radius. (k) 500 m buffer radius. (l) 750 m buffer radius. (m) 1000 m buffer radius. 
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Figure A3. Ordination diagram for the RDA analysis for soil fauna distribution and landscape indices in artificial forest. (a) 25 m buffer radius. (b) 50 m buffer radius. (c) 75 m buffer radius. (d) 100 m buffer radius. (e) 125 m buffer radius. (f) 150 m buffer radius. (g) 175 m buffer radius. (h) 200 m buffer radius. (i) 225 m buffer radius. (j) 250 m buffer radius. (k) 500 m buffer radius. (l) 750 m buffer radius. (m) 1000 m buffer radius. 
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Figure A4. Ordination diagram for the RDA analysis for soil fauna distribution and landscape indices in natural forest. (a) 25 m buffer radius. (b) 50 m buffer radius. (c) 75 m buffer radius. (d) 100 m buffer radius. (e) 125 m buffer radius. (f) 150 m buffer radius. (g) 175 m buffer radius. (h) 200 m buffer radius. (i) 225 m buffer radius. (j) 250 m buffer radius. (k) 500 m buffer radius. (l) 750 m buffer radius. (m) 1000 m buffer radius. 
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Figure A5. RDA analysis of landscape indices composition with soil fauna in different buffer zones. (a) CONTAG. (b) PD. (c) PR. (d) PRD. (e) SHDI. (f) SHEI. (g) TA. 
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Table A1. The type of habitat contained in each sampling site.
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Landform

	
Sampling Site

	
Habitat






	
Plain

	
1

	
Farmland




	
Artificial forest




	
2

	
Farmland




	
Artificial forest




	
4

	
Farmland




	
Artificial forest




	
5

	
Farmland




	
Artificial forest




	
7

	
Farmland




	
Artificial forest




	
Hill

	
3

	
Artificial forest




	
6

	
Farmland




	
Artificial forest




	
8

	
Farmland




	
Artificial forest




	
9

	
Farmland




	
Artificial forest




	
10

	
Farmland




	
Artificial forest




	
11

	
Natural forest




	
Shrub




	
13

	
Artificial forest




	
18

	
Farmland




	
Artificial forest




	
21

	
Farmland




	
Artificial forest




	
22

	
Farmland




	
Artificial forest




	
23

	
Farmland




	
Artificial forest




	
24

	
Farmland




	
Artificial forest




	
Mountain

	
12

	
Natural forest




	
14

	
Farmland




	
Shrub




	
15

	
Farmland




	
16

	
Farmland




	
Natural forest




	
17

	
Artificial forest




	
Shrub




	
19

	
Natural forest




	
20

	
Natural forest
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Figure 1. Geographical location of the study area. (a) Geographical location of Henan Province, China. (b) Geographical location of Gongyi City, Henan Province, China. (c) Land use types of Gongyi City. 
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Figure 2. Distribution of 24 sampling sites in the studied area. 
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Figure 3. Composition of soil fauna under different landform types. (a) overall. (b) mountain landforms. (c) hilly landforms. (d) plain landforms. 
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Figure 4. Effects of landform and habitat type on soil fauna diversity. (a) Shannon-Wiener diversity indices under different geomorphic and habitat conditions; (b) Simpson’s diversity indices under different geomorphic and habitat conditions; (c) Pielou’s evenness indices under different geomorphic and habitat conditions; (d) Margalef richness indices under different geomorphic and habitat conditions. Error bars in the figure are standard deviations. The lowercase a and b on top of the columns represent the results of variance analysis in different habitats of the same landform. Different letters represent significant differences between the two (p < 0.05). The upper-case A and B on top of the columns represent the results of variance analysis under different geomorphic conditions of the same habitat, and different letters represent significant differences between them (p < 0.05). 
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Figure 5. (a) The sampling plots of estimated sample completeness curves as a function of order q between 0 and 2 in the hill landform (Sobs = 55, n = 22,871), mountain landform (Sobs = 44, n = 18,150), and plain landform (Sobs = 41, n = 10,678). (b) Size-based rarefaction (solid lines) and extrapolation (dashed lines) curves up to double the reference sample size. (c) The asymptotic estimates of diversity profiles (solid lines) and empirical diversity profiles (dotted lines); numerical values refer to the estimated asymptotic diversities. (d) Coverage-based rarefaction (solid lines) and extrapolation (dashed lines) curves up to the corresponding coverage value for a doubling of each reference sample size. (e) Evenness profile as a function of order q, 0 < q ≤ 2, based on the normalized slope of Hill numbers. Solid dots and triangles denote observed data points. All shaded areas in (a–d) denote 95% confidence bands obtained from a bootstrap method with 100 replications. 
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Table 1. Landscape indices in different buffer radius.
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	Buffer Radius (m)
	TA
	AREA_MN
	GYRATE_MN
	GYRATE_CV
	SHAPE_MN
	FRAC_CV
	PARA_CV
	ENN_CV
	CONTAG
	PR
	PRD
	SHDI
	SHEI





	25
	9.00
	1.00
	50.00
	0.00
	1.00
	0.00
	0.00
	11.52
	100.00
	5
	55.56
	1.30
	0.81



	50
	27.00
	1.17
	50.90
	8.30
	1.01
	1.44
	8.70
	94.08
	68.41
	7
	25.93
	1.53
	0.79



	75
	45.27
	1.33
	45.72
	17.32
	1.01
	1.29
	22.48
	69.95
	53.27
	10
	22.09
	1.58
	0.69



	100
	74.14
	2.00
	52.76
	24.06
	1.05
	2.17
	28.87
	48.46
	48.11
	9
	12.14
	1.60
	0.73



	125
	114.16
	2.24
	59.23
	30.89
	1.10
	3.19
	32.00
	84.08
	50.11
	11
	9.64
	1.55
	0.65



	150
	162.71
	2.81
	65.23
	38.40
	1.14
	3.24
	33.81
	73.73
	45.71
	10
	6.15
	1.56
	0.68



	175
	224.39
	2.80
	64.37
	44.90
	1.13
	3.29
	31.95
	112.81
	44.81
	12
	5.35
	1.67
	0.67



	200
	290.48
	3.46
	71.82
	49.86
	1.20
	3.92
	33.29
	108.15
	45.08
	11
	3.79
	1.61
	0.67



	225
	363.10
	3.63
	72.39
	54.19
	1.18
	3.56
	33.42
	97.35
	46.98
	14
	3.86
	1.72
	0.65



	250
	455.21
	4.18
	77.38
	58.85
	1.20
	3.87
	34.30
	108.10
	47.87
	13
	2.86
	1.64
	0.64



	500
	1814.10
	6.92
	92.29
	86.68
	1.28
	4.64
	34.43
	184.51
	49.13
	18
	0.99
	1.85
	0.64



	750
	4077.41
	7.24
	89.12
	102.67
	1.26
	4.74
	30.10
	239.37
	47.51
	19
	0.47
	1.92
	0.65



	1000
	7249.16
	8.14
	92.72
	112.04
	1.27
	4.89
	29.71
	203.30
	45.56
	18
	0.25
	1.94
	0.67







Note: total area (TA), mean patch size (AREA_MN), mean radius of gyration (GYRATE_MN), radius of gyration (GYRATE_CV), fractal dimension index (FRAC_CV), perimeter area ratio (PARA_CV), mean shape index (SHAPE_MN), Euclidean nearest neighbor distance (ENN_CV), contagion (CONTAG), patch richness (PR), patch richness density (PRD), Shannon’s diversity index (SHDI), and Shannon’s evenness index (SHEI).
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Table 2. Biodiversity indices in the study area.






Table 2. Biodiversity indices in the study area.





	
Landform

	
Habitat

	
H’

	
D

	
E

	
R

	
S






	
Mountain

	
Farmland

	
2.55

	
1.85

	
0.42

	
1.43

	
32.00




	
Artificial forest

	
2.89

	
2.13

	
0.55

	
1.37

	
21.00




	
Natural forest

	
2.71

	
1.99

	
0.46

	
1.35

	
33.00




	
Shrub

	
3.11

	
2.32

	
0.57

	
1.28

	
28.00




	
Hill

	
Farmland

	
2.18

	
2.18

	
0.49

	
0.97

	
36.00




	
Artificial forest

	
2.95

	
2.95

	
0.51

	
1.35

	
54.00




	
Natural forest

	
2.79

	
2.79

	
0.77

	
1.10

	
10.00




	
Shrub

	
2.41

	
2.41

	
0.54

	
1.11

	
17.00




	
Plain

	
Farmland

	
2.53

	
1.94

	
0.54

	
1.14

	
34.00




	
Artificial forest

	
2.57

	
2.02

	
0.60

	
1.15

	
36.00








Note: H’, Shannon-Wiener diversity index; D, Simpson’s diversity index; E, Pielou’s evenness index; R, Margalef richness index; S, Number of soil fauna groups.
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Table 3. The numerical values for the three special cases of q = 0, 1 and 2 for abundance-based soil faunas collected.
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Step 1. Sample Completeness Profiles (Panel a in Each Figure)




	
Completeness

	
q = 0

	
q = 1

	
q = 2




	
Hill

	
87.91%

	
99.95%

	
1




	
Mountain

	
76.52%

	
99.95%

	
1




	
Plain

	
87.91%

	
99.95%

	
1




	
Step 2. Asymptotic analysis (panels b and c in each figure)




	
Diversity

	
q = 0

	
q = 1

	
q = 2




	
Hill

	

	

	




	
Asymptotic

	
62.56

	
3.31

	
2.09




	
Empirical

	
55

	
3.30

	
2.09




	
Undetected

	
7.56

	
0.01

	
0




	
Mountain

	

	

	




	
Asymptotic

	
57.50

	
3.29

	
2.11




	
Empirical

	
44.00

	
3.28

	
2.11




	
Undetected

	
13.5

	
0.01

	
0




	
Plain

	

	

	




	
Asymptotic

	
45.08

	
2.90

	
1.91




	
Empirical

	
41.00

	
2.89

	
1.91




	
Undetected

	
4.08

	
0.01

	
0




	
Step 3. Non-asymptotic coverage-based rarefaction and extrapolation (panel d in each figure) Maximum standardized coverage Cmax = 1




	
Diversity

	
q = 0

	
q = 1

	
q = 2




	
Hill

	
58.56

	
3.31

	
2.09




	
Mountain

	
50.57

	
3.29

	
2.11




	
Plain

	
43.50

	
2.89

	
1.91




	
Step 4: Evenness among species abundances (panel e in each figure)




	
Evenness

	
Pielou J’

	
q = 1

	
q = 2




	
Hill

	
0.29

	
0.04

	
0.02




	
Mountain

	
0.30

	
0.05

	
0.02




	
Plain

	
0.28

	
0.04

	
0.02
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Table 4. Explanation of two axis of RDA analysis under different buffer radius.






Table 4. Explanation of two axis of RDA analysis under different buffer radius.





	
Buffer Unit (m)

	
Farmland

	
Artificial Forest

	
Natural Forest




	
First Axis

	
Second Axis

	
First Axis

	
Second Axis

	
First Axis

	
Second Axis






	
25

	
46.9%

	
8.76%

	
9.18%

	
7.53%

	
26%

	
8.86%




	
50

	
41.3%

	
6.86%

	
15.6%

	
9.07%

	
26%

	
21.7%




	
75

	
39%

	
6.85%

	
17.5%

	
9.41%

	
25.4%

	
15.9%




	
100

	
32.7%

	
10.1%

	
19.5%

	
8.29%

	
51%

	
16.6%




	
125

	
33.3%

	
10.4%

	
20.8%

	
9.33%

	
53%

	
19%




	
150

	
35.8%

	
9.25%

	
19.4%

	
13.1%

	
29.8%

	
12.4%




	
175

	
33.1%

	
6.45%

	
16.4%

	
9.3%

	
33.1%

	
12.4%




	
200

	
33.2%

	
5.91%

	
16.2%

	
8.47%

	
32.8%

	
15.9%




	
225

	
26.2%

	
6.5%

	
20.5%

	
12.8%

	
31.1%

	
15.1%




	
250

	
37.4%

	
6.15%

	
16.8%

	
9.55%

	
51.9%

	
25%




	
500

	
28.2%

	
6.99%

	
16%

	
12.5%

	
53.9%

	
24.8%




	
750

	
18.3%

	
7.85%

	
16.9%

	
10.5%

	
48.7%

	
14.4%




	
1000

	
11.1%

	
4.17%

	
21%

	
14.4%

	
42.6%

	
17.4%
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Table 5. Correlation coefficients between landscape indices of different buffer radius and species diversity indices.






Table 5. Correlation coefficients between landscape indices of different buffer radius and species diversity indices.





	
Buffer Unit

	
Biodiversity Indices

	
Landscape Indices




	
TA

	
PD

	
CONTAG

	
PR

	
PRD

	
SHDI

	
SHEI






	
25

	
H’

	
0.232

	
0.257

	
0.236

	
0.354

	
0.319

	
0.288

	
0.26




	
D

	
0.15

	
0.298

	
0.24

	
0.362

	
0.345

	
0.27

	
0.216




	
E

	
−0.035

	
0.208

	
0.085

	
0.229

	
0.245

	
0.204

	
0.124




	
R

	
0.205

	
0.326

	
0.256

	
0.435 *

	
0.408 *

	
0.397

	
0.343




	
50

	
H’

	
0.096

	
0.201

	
0.04

	
0.255

	
0.255

	
0.281

	
0.207




	
D

	
−0.061

	
0.178

	
0.082

	
0.248

	
0.248

	
0.263

	
0.206




	
E

	
−0.274

	
0.189

	
0.253

	
0.287

	
0.287

	
0.173

	
0.096




	
R

	
0.288

	
0.27

	
−0.001

	
0.352

	
0.352

	
0.386

	
0.224




	
75

	
H’

	
0.089

	
0.32

	
0.01

	
0.271

	
0.271

	
0.29

	
0.2




	
D

	
−0.077

	
0.264

	
0.004

	
0.255

	
0.255

	
0.281

	
0.238




	
E

	
−0.309

	
0.221

	
0.223

	
0.352

	
0.352

	
0.285

	
0.238




	
R

	
0.307

	
0.507 *

	
0.127

	
0.449 *

	
0.449 *

	
0.351

	
0.106




	
100

	
H’

	
0.378

	
0.386

	
0.251

	
0.354

	
0.233

	
0.334

	
0.24




	
D

	
0.387

	
0.3

	
0.223

	
0.35

	
0.227

	
0.311

	
0.229




	
E

	
0.287

	
0.2

	
0.329

	
0.434 *

	
0.34

	
0.3

	
0.203




	
R

	
0.275

	
0.567 **

	
0.278

	
0.430 *

	
0.34

	
0.411 *

	
0.267




	
125

	
H’

	
0.116

	
0.345

	
0.341

	
0.255

	
0.255

	
0.297

	
0.287




	
D

	
−0.059

	
0.235

	
0.291

	
0.238

	
0.238

	
0.271

	
0.28




	
E

	
−0.305

	
0.154

	
0.434 *

	
0.415 *

	
0.415 *

	
0.274

	
0.2




	
R

	
0.332

	
0.665 **

	
0.264

	
0.486 *

	
0.485 *

	
0.393

	
0.253




	
150

	
H’

	
0.112

	
0.305

	
0.366

	
0.256

	
0.256

	
0.313

	
0.342




	
D

	
−0.062

	
0.238

	
0.332

	
0.248

	
0.248

	
0.279

	
0.306




	
E

	
−0.303

	
0.247

	
0.495 *

	
0.417 *

	
0.417 *

	
0.285

	
0.211




	
R

	
0.329

	
0.523 **

	
0.23

	
0.415 *

	
0.415 *

	
0.444 *

	
0.377




	
175

	
H’

	
0.107

	
0.382

	
−0.397

	
0.1

	
0.1

	
0.304

	
0.375




	
D

	
−0.067

	
0.25

	
−0.379

	
0.068

	
0.068

	
0.265

	
0.36




	
E

	
−0.311

	
0.126

	
−0.256

	
0.22

	
0.22

	
0.268

	
0.248




	
R

	
0.326

	
0.616 **

	
−0.388

	
0.325

	
0.325

	
0.456 *

	
0.369




	
200

	
H’

	
0.118

	
0.363

	
−0.31

	
0.142

	
0.142

	
0.305

	
0.289




	
D

	
−0.058

	
0.245

	
−0.277

	
0.149

	
0.149

	
0.267

	
0.259




	
E

	
−0.305

	
0.031

	
−0.173

	
0.281

	
0.281

	
0.255

	
0.169




	
R

	
0.333

	
0.676 **

	
−0.336

	
0.369

	
0.369

	
0.460 *

	
0.318




	
225

	
H’

	
0.112

	
0.362

	
−0.355

	
0.155

	
0.155

	
0.289

	
0.325




	
D

	
−0.061

	
0.252

	
−0.302

	
0.076

	
0.076

	
0.213

	
0.276




	
E

	
−0.305

	
0.089

	
−0.179

	
0.117

	
0.118

	
0.192

	
0.173




	
R

	
0.33

	
0.640 **

	
−0.399

	
0.249

	
0.249

	
0.420 *

	
0.372




	
250

	
H’

	
−0.274

	
0.238

	
−0.436 *

	
0.033

	
0.212

	
0.231

	
0.309




	
D

	
−0.302

	
0.115

	
−0.382

	
0.009

	
0.208

	
0.198

	
0.286




	
E

	
−0.148

	
−0.021

	
−0.231

	
0.155

	
0.247

	
0.209

	
0.214




	
R

	
−0.205

	
0.583 **

	
−0.476 *

	
0.266

	
0.389

	
0.399

	
0.354




	
500

	
H’

	
−0.275

	
0.164

	
−0.157

	
−0.149

	
−0.026

	
0.069

	
0.158




	
D

	
−0.303

	
0.061

	
−0.135

	
−0.165

	
−0.029

	
0.044

	
0.149




	
E

	
−0.149

	
−0.057

	
−0.14

	
−0.079

	
−0.012

	
0.077

	
0.159




	
R

	
−0.206

	
0.413 *

	
−0.309

	
0.052

	
0.129

	
0.322

	
0.294




	
750

	
H’

	
0.116

	
0.037

	
−0.165

	
−0.284

	
−0.284

	
−0.006

	
0.16




	
D

	
−0.059

	
−0.052

	
−0.136

	
−0.243

	
−0.243

	
0.004

	
0.156




	
E

	
−0.305

	
−0.093

	
−0.043

	
−0.136

	
−0.136

	
0.002

	
0.078




	
R

	
0.332

	
0.193

	
−0.226

	
−0.161

	
−0.161

	
0.1

	
0.193




	
1000

	
H’

	
0.116

	
−0.136

	
−0.076

	
−0.187

	
−0.187

	
−0.049

	
0.083




	
D

	
−0.059

	
−0.261

	
−0.055

	
−0.156

	
−0.156

	
−0.024

	
0.086




	
E

	
−0.305

	
−0.218

	
0.075

	
−0.036

	
−0.036

	
−0.053

	
−0.036




	
R

	
0.332

	
0.108

	
−0.148

	
−0.127

	
−0.128

	
0.022

	
0.117








Note: * p < 0.05; ** p < 0.01. H’, Shannon-Wiener diversity index; D, Simpson’s diversity index; E, Pielou’s evenness index; R, Margalef richness index.
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Table 6. Multivariate analysis of variance of the effects of different scales (landform, habitat, landscape) on soil faunas.
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	H’
	D
	E
	R
	S





	Landform
	0.392
	0.964
	0 ***
	0.003 **
	0 ***



	Habitat
	0.046 *
	0.129
	0.001 **
	0.169
	0 ***



	Landscape
	0.822
	0.925
	0.008 **
	0.738
	0 ***



	Landform*habitat
	0.081
	0.02 *
	0 ***
	0.280
	0 ***



	Landform*landscape
	0.01 *
	0.027 *
	0.002 **
	0 ***
	0 ***



	Habitat*landscape
	0.033 *
	0.012 *
	0.059
	0.023 *
	0 ***



	Landform*habitat*landscape
	0.073
	0.082
	0.101
	0.011 *
	0.617







Note: * p < 0.05; ** p < 0.01; *** p < 0.001. H’, Shannon-Wiener diversity index; D, Simpson’s diversity index; E, Pielou’s evenness index; R, Margalef richness index; S, number of soil fauna groups.
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