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Abstract

:

The implementation of the Grain for Green Project has increased vegetation coverage and provided suitable habitats and food resources for soil fauna, thereby promoting the development of soil faunal communities. Studying seasonal variations in soil fauna communities in different vegetation areas can improve our understanding of the mechanisms that drive soil fauna recovery. We selected five typical artificially restored vegetation habitats, including Populus simonii (POS), Pinus tabulaeformis (PIT), Caragana korshinskii (CAK), Stipa bungeana (STB), and Medicago sativa (MES), and one farmland (Zea mays, FAL) habitat on the Loess Plateau. In this study, soil fauna communities and environmental factors were investigated during spring (May), summer (August), and autumn (November). Among the habitats, the STB habitat had the largest seasonal variation in soil faunal density (from 1173 ind·m−2 in May to 10,743 ind·m−2 in August), and the FAL habitat had the smallest (from 2827 ind·m−2 in August to 5550 ind·m−2 in November). Among the restored vegetation habitats, Acarina (44.89–88.56%) had the highest relative abundance of all taxa. The redundancy analysis (RDA) results showed that among the factors driving seasonal variation in soil animal communities, temperature (47.41%) was the most important, followed by precipitation (22.60%). In addition, the dominant groups, Acarina and Collembola, played an influential role in seasonal variations in soil faunal density. Temperature mainly determined the seasonal variations in soil faunal communities. Seasonal factors should be considered when conducting soil fauna research, as they contribute to biodiversity conservation and regional ecological management in the Loess Plateau.
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1. Introduction


Soil fauna are important components of soil communities and contribute substantially to the regulation of soil ecosystem structure and function [1,2]. Soil macro- and mesofauna can promote litter decomposition by breaking and feeding on litter, thus affecting soil carbon and nutrient cycling (e.g., Diplopoda, Isopoda, and Amphipoda) [3,4]. Some soil macrofauna (e.g., Formicidea and Gryllotalpidae) can also modify soil pores and aggregate structures through their own activities, thereby affecting soil structure, soil water infiltration, and soil erosion processes [5,6]. Soil meso- and microfauna can affect the growth of aboveground plants by feeding on plant roots (e.g., Collembola, and Nematoda) [7,8]. Some predatory soil fauna change the species composition of soil animals by preying on other soil animals, thus indirectly affecting ecosystem processes, such as litter decomposition and nutrient cycling [9].



Soil animal communities are affected by both aboveground and belowground biotic and abiotic factors. Changes in soil physical and chemical properties (e.g., soil organic matter, soil pH, soil porosity, SWC, and nutrient content) can alter the microhabitats of soil fauna, thus affecting soil faunal community composition [10,11]. Changes in climatic conditions, such as temperature and precipitation, can also directly affect the density and composition of soil animal communities by altering the soil microclimate or indirectly by changing the availability of food and resources [12,13]. However, the sensitivity of soil macro- and mesofauna communities to changes in environmental factors (e.g., soil properties and climate) is different. Kardol et al. found that the different responses of different soil microarthropod taxa to climate change (e.g., increased CO2 concentration, increased temperature, and altered precipitation) resulted in differences in community composition [13]. Soil fauna show clear seasonal dynamics (temporal dynamics) [14,15]. In particular, in regions where seasonal changes in hydrothermal conditions are evident, the soil arthropod community changes dramatically during different seasons. In addition, seasonal variation in aboveground plant communities (different species compositions and resource inputs in different seasons) may result in seasonal variation in soil faunal communities [16,17]. The results of Wu et al. showed that soil macrofauna were more sensitive to changes in habitat and vegetation, whereas soil mesofauna were more sensitive to seasonal changes [18].



The Loess Plateau, located in north-central China, experiences serious soil erosion and has an extremely fragile ecological environment [19]. Since the implementation of the Grain for Green Project, vegetation coverage of the Loess Plateau has increased from 6.5% in the 1970s to 63% in 2018. The restoration of vegetation on the Loess Plateau has yielded rich food resources (e.g., litter and roots) and suitable habitats for soil animals, thus promoting the development of soil animal communities [20,21]. Although the ecological effects of vegetation restoration have been studied extensively, few studies have focused on the community characteristics (including soil faunal community composition, density, taxa richness, and diversity) of soil fauna as an important component of the soil food web. Considering the important role of soil fauna in soil nutrient cycling, biodiversity, and community stability, revealing the characteristics and changes in soil animal communities under different vegetation restoration conditions is important for evaluating the ecological effects of restoring farmland to forests. Clarifying the main environmental factors affecting changes in soil animal communities will aid in understanding soil ecological processes after vegetation restoration in the region and provide a scientific basis for the sustainable development of vegetation construction on the Loess Plateau.



Therefore, this study aimed to (1) investigate the soil faunal density, diversity, and community composition of restored vegetation and the community response to seasonal changes after revegetation and (2) determine the main environmental factors driving the seasonal changes in soil animal communities after vegetation restoration on the Loess Plateau.




2. Materials and Methods


2.1. Study Sites and Selection of Habitats


The study area is located in the Liudaogou catchment (110°21′–110°23′ E, 38°46′–38°51′ N), a typical ecological restoration area in the northern Loess Plateau, in Shenmu City, Shaanxi Province, China (Figure 1). The Liudaogou catchment is in the water–wind erosion intersection area of the Loess Plateau, with a transition from water erosion to wind erosion. The basin has a temperate, semi-arid, continental monsoon climate. The annual average temperature is 8.4 °C, and the annual average precipitation is 408.5 mm, with the precipitation mainly concentrated in June–September and a potential evapotranspiration of 785.4 mm. The frost-free period is 169 days [22]. The main soil type in the basin is arid low-calcium soil originating from low-fertility loess [23]. The main habitat types in the basin are (1) woodland: Populus simonii (POS) and Pinus tabulaeformis (PIT); (2) shrubland: Caragana korshinskii (CAK); (3) grassland: Stipa bungeana (STB) and Medicago sativa (MES); and (4) farmland: Zea mays (FAL) [22]. After a field investigation in the Liudaogou catchment, five typical artificial restoration habitat types (POS, PIT, CAK, STB, and MES) and one farmland (Zea mays, FAL) habitat were selected. Each habitat area is more than 6 ha. The habitat information is shown in Table 1.




2.2. Collection and Processing of Samples


Three sample plots (10 × 10 m) were established for each habitat type, and the distance between each sample plot was greater than 50 m. Five sampling points were selected in each sample plot, and the five samples were mixed. Faunal soil samples were collected at each sampling point. Combined with the standard tropical soil biology and fertility (TSBF) method [24], an iron cuboid sampler (31.62 cm × 31.62 cm, 30 cm deep) was used to sample soil fauna. The excavated soil column was placed in a stainless-steel tray and the large soil block was gently broken to manually select large soil animals [22]. The macrofauna were collected manually and immediately stored in 75% alcohol. Three ring knives (5 cm high) with a volume of 100 cm3 were taken from each layer, and a total of 15 samples were obtained from each layer at each sample point. One soil sample was taken into a cloth bag according to the quadrature method after homogeneous mixing, and then, the cloth bag was put into an insulated box and brought back indoors for the isolation and identification of the mesofauna [25]. The mesofauna were collected using a modified Tullgren’s funnel method [26]. All soil fauna samples were identified and counted under a binocular anatomical microscope or conventional optical microscope [27]. Soil fauna were identified to the family or order level. In the data analysis, in order to unify the classification criteria, we use the order level for statistical analysis. The data from the four layers (0–5, 5–10, 10–20, and 20–30 cm) of each sample plot were combined. Three soil and soil fauna samples were collected in May, August, and November 2019.



Simultaneously, undisturbed soil was collected using a ring knife to determine the soil bulk density (SBD). The soil water content (SWC) was determined by drying. The collected soil samples were brought back to the laboratory, air-dried, ground, and sieved (1 and 0.25 mm) to determine the soil’s physical and chemical properties [22]. Soil samples were passed through a 1 mm sieve and used to determine soil ammonium nitrogen (NH4+–N, AN), nitrate nitrogen (NO3−–N, NN), Olsen phosphorus (OP), and available potassium (AK) [28]. Soil samples were passed through a 0.25 mm sieve and used to determine soil organic carbon (OC), total nitrogen (TN), and total phosphorus (TP) [29]. Soil pH was determined at a water–soil ratio of 1:2.5 [30]. The precipitation (AP) and temperature (AT) data were obtained from meteorological stations.




2.3. Statistical Analysis


The Shannon–Wiener diversity index (H), Margalef richness index (D), Simpson dominance index (C), and Pielou evenness index (J) were used to quantify the diversity of soil faunal communities [25].



Mixed effects models were used to evaluate the effects of habitat (POS, PIT, CAK, STB, MES, and FAL), season (May, August, and November), and their interactions on the soil faunal communities (H, D, C, J, density, and number of groups). In the models, nested plots served as random effects. Statistical analyses were performed using SPSS version 22.0.



Principal component analysis (PCA) was performed using Canoco 5.0 to evaluate the effects of different habitats (POS, PIT, CAK, STB, MES, and FAL) and seasons (May, August, and November) on the composition of the soil faunal community. Before PCA, log (X + 1) conversion was performed on the density (ind·m−2) of each soil faunal taxon in each plot. The comprehensive score was calculated using the factor scores of the first two axes of PCA, and the comprehensive score was further analyzed using a one-way ANOVA to evaluate the effects of habitat or season on community structure in IBM SPSS 26.0. Redundancy analysis (RDA) was used to analyze the relationship between soil faunal communities and environmental variables (SBD, SWC, pH, OC, TN, TP, NN, AN, OP, AT, and AP). Species variables had occasional zero values; thus, log (x + 1) transformations were performed [22]. Canoco 5.0 was used for the analysis.





3. Results


3.1. Seasonal Variation in Soil Faunal Density and Diversity


Seasonal variations in the density and richness of soil fauna in different habitats are shown in Table 2. In general, the average densities of soil fauna in the five typical artificial restoration vegetation habitats (POS, PIT, CAK, STB, and MES) were 4314, 4589, 5588, 4814, and 5820 ind·m−2, respectively, which were higher than that of the FAL habitat (3811 ind·m−2). The average densities of soil fauna in May, August, and November were 2202, 7082, and 5184 ind·m−2, respectively. The seasonal change in soil fauna density was greatest in STB habitats, ranging from 1173 ind·m−2 in May to 10,743 ind·m−2 in August, and least in FAL habitats, ranging from 2827 ind·m−2 in August to 5550 ind·m−2 in November. The total number of soil fauna groups in the six habitats was highest in August (Table 2).



The diversity of the soil faunal communities (community index) in the six habitats differed significantly in the different seasons (p < 0.05), as shown in Figure 2 and Table 3. In the POS, CAK, STB, and MES habitats, the diversity index (H) was highest in May. In contrast, in the FAL habitats, the diversity index (H) was highest in August. The evenness index (J) showed the same pattern, being significantly (p < 0.05) higher in May (0.48–0.68) than in the other months (0.27–0.54) in the POS, PIT, CAK, STB, and MES habitats, with the highest value of 0.5434 obtained in August in the FAL habitat. The richness index (D) was highest in August for all habitats except the STB habitat. Significant (p < 0.05) differences in soil faunal community diversity were also observed between the habitats during the same season (Figure 2).




3.2. Seasonal Variation in Soil Faunal Community Composition


The community composition and relative abundance of soil fauna in different habitats during different seasons are shown in Table 2 and Figure 3. Acarina was the dominant taxon (>10%) in different seasons (May, August, and November) in POS, PIT, CAK, STB, and MES, and Acarina (range: 44.89–88.56%) had the highest relative abundance among all the taxa. In farmland (FAL) habitats, both Acarina and Collembola were the dominant taxa (>10%) in different seasons (May, August, and November), whereas the relative abundance of Collembola (range: 63.18–72.96%) was higher than that of Acarina (range: 12.97–32.55%). The taxa included common (1–10%) and rare (<1%) taxa.



A PCA was used to study the differences in the soil faunal community composition in the six habitats (POS, PIT, CAK, STB, MES, and FAL) during the different seasons (Figure 4). The PCA results showed that the total interpretations of the first two axes in May, August, and November were 60.13%, 60.48%, and 63.49%, respectively. The results of the one-way ANOVA of the factor scores of the first two axes showed that the composition of soil faunal communities in the six habitats differed significantly (p < 0.001) in May (F = 45.43, p < 0.001), August (F = 50.15, p < 0.001), and November (F = 90.30, p < 0.001). The main soil faunal taxa that affected the differentiation of habitats along PC1 were Isoptera in May and August and Collembola in November (Figure 4). The main soil faunal taxa that affected the differentiation of habitats along PC2 in May, August, and November were Collembola, Araneae, and Isoptera, respectively (Figure 4).



Seasonal variation in soil faunal community composition in the six habitats was analyzed using PCA (Figure 5). The total interpretation rates for the first two axes of the POS, PIT, CAK, STB, MES, and FAL habitats were 82.25%, 88.12%, 83.10%, 83.11%, 77.34%, and 83.19%, respectively. The results of a one-way ANOVA of the factor scores of the first two axes showed significant seasonal differences (p < 0.001) in soil faunal community composition in all six habitats of POS (F = 26.50, p = 0.001), PIT (F = 98.36, p < 0.001), CAK (F = 69.29, p < 0.001), STB (F = 76.85, p < 0.001), MES (F = 80.10, p < 0.001), and FAL (F = 3461.21, p < 0.001). The main soil faunal taxa that affected the differentiation of monthly samples along PC1 in the POS, PIT, MES, and FAL habitats were Diptera larvae, Isoptera, Homoptera, and Hymenoptera, respectively, whereas the CAK and STB habitats were mainly affected by Diptera (Figure 5). The main soil faunal taxa that affected the differentiation of monthly samples along PC2 in the POS, PIT, MES, and FAL habitats were Collembola, Diptera larvae, Coleoptera larvae, and Coleoptera adults, respectively, whereas Acarina mainly affected the CAK and STB habitats (Figure 5).




3.3. Driving Factors of Seasonal Variation of the Soil Faunal Community


The average temperature in the study area in spring (March–May) was 11 °C, and the average precipitation was 24 mm. In summer (June–August), the average temperature was 22 °C, and the average precipitation was 312 mm. In autumn (September–November), the average temperature was 9 °C, and the average precipitation was 41 mm. Significant (p < 0.05) seasonal variations in SWC were observed in the STB, MES, and FAL habitats (Table 4). In the CAK and MES habitats, soil TP was higher in November (0.65 and 0.84 g/kg) than in May and August (0.35–0.40 g/kg and 0.43–0.45 g/kg). Soil TP in the FAL habitat was the highest in November (0.95 g/kg), while soil AN was the highest in August (6.48 mg/kg). The dynamics of soil physicochemical properties in different habitats during different seasons are presented in Table 4.



The RDA results showed that the first axis and second axis reached a highly statistically significant level (p < 0.01), indicating that the RDA responded well to the relationship between the environmental factors of the different habitats and the main taxa (Araneae, Acarina, Geophilomorpha, Lithobiomorpha, Symphyla, Protura, Collembola, Diplura, Isoptera, Hemiptera, Corrodentia, Thysanoptera, Coleoptera larvae, Coleoptera adult, Lepidoptera larvae, Diptera larvae, Hymenoptera, and Homoptera) of the soil faunal community (Figure 6). In POS habitats, differences in soil faunal community composition were mainly determined by a combination of air temperature (40.5%, F = 6.8, p = 0.002) and precipitation (41.0%, F = 20.0, p = 0.002). In the PIT and STB habitats, air temperature explained most of the variation in soil faunal community composition across habitats, with 67.5% (F = 20.7, P = 0.002) and 60.3% (F = 15.2, p = 0.002), respectively, followed by precipitation, with 20.8% (F = 16.1, p = 0.002) and 24.8% (F = 15.0, p = 0.002). In the MES habitat, air temperature explained 59.2% (F = 14.5, p = 0.002) of the variation, followed by soil TP, which explained 19.8% (F = 8.5, p = 0.002). In the CAK habitat, TP (52.9%, F = 11.2, p = 0.002) explained most of the variation in the habitat’s soil faunal community composition, followed by precipitation (24.5%, F = 9.8, p = 0.002). In contrast, in the farmland (FAL) habitat, soil AN (67.3%, F = 20.6, p = 0.002) was the most explanatory environmental factor, followed by soil TP (16.3%, F = 8.9, p = 0.002).





4. Discussion


The density, richness, and community indices (H, J, C, and D) of soil fauna can objectively reflect differences in species composition and structure in different habitats [31]. The results showed that the total density, group number, and community index (H, J, C, D) of soil animal communities in each typical artificial restoration vegetation were significantly different, and showed obvious seasonal changes. Overall, the average density of soil fauna in the six habitats showed that summer (August) > fall (November) > spring (May). The study area has a semi-arid continental monsoon climate, with 70% of the precipitation concentrated in the summer (June–September) with high summer temperatures [22]. In summer (August), increased precipitation and higher temperatures were conducive to the survival and reproduction of soil fauna, resulting in the highest density and richness of soil fauna [32]. Zhu et al. found that the density and richness of soil fauna generally reached a maximum from July to September, which is consistent with changes in rainfall and temperature (in the middle and cold temperate zones) [26]. However, the seasonal variation in soil fauna in the PIT and FAL habitats showed different patterns, with the maximum soil faunal density observed in November. Seasonal fluctuations in soil fauna density were also smaller in the PIT and FAL habitats. The field survey found that the study site planted one season of maize per year (April to October) and was fallow at other times. The high intensity of disturbance and intensification during maize cultivation is detrimental to the development of soil fauna [33,34]. After fallow, soil fauna developed rapidly. Moreover, this also masks the effects of seasonal changes in temperature and precipitation on soil faunal communities [35]. PIT is a coniferous tree species with many plastids, cellulose, and tannins in the litter and responds differently to seasonal changes than broadleaf forests [32]. This leads to different seasonal changes in soil fauna communities under different vegetation types [36]. Wu et al. found that the temporal dynamics of the soil macroinvertebrate community composition and diversity were greater in deciduous broad-leaved forests than in coniferous forests [16]. The Shannon–Wiener diversity index (H) comprehensively considers the number of groups and the number of individuals in each group; the Pielou evenness index (J) focuses on the number of individuals in each group. The Margalef richness index (D) focuses on the abundance of species groups in the community; the Simpson dominance index (C) reflects the dominance of the entire species from the perspective of the community [25]. In this study, the highest soil fauna diversity index (H) and evenness index (J) appeared in May in artificially restored habitats and was the highest in August in farmland habitats. This is not the same as the month with the highest soil fauna density and number of taxa, indicating that seasonal changes in soil fauna density and seasonal changes in soil fauna community indices are not synchronized. Seasonal changes in soil fauna community indices (H, J, C, and D) are complex and diverse.



Moreover, significant seasonal differences were observed in the soil faunal community composition among the six habitats. However, the main taxa that cause seasonal changes in soil faunal community composition differ among habitats [16,32]. In addition, seasonal changes in the density of the dominant taxa (Acarina and Collembola) in these habitats were consistent with seasonal changes in the mean density of soil fauna, indicating that dominant groups played a central role in seasonal variation in the density of soil faunal communities. Soil fauna community composition and distribution characteristics are influenced by a combination of environmental factors. Soil properties such as soil organic matter, nitrogen content, and phosphorus content can affect the composition and density of soil faunal communities [37]. In the present study, temperature and precipitation were the most important limiting factors affecting the distribution of soil fauna in artificially restored vegetation on the Loess Plateau. Temperature had a high degree of explanation (40.5–67.5%) in POS, PIT, STB, and MES habitats. Similar results were obtained by Chang [38], who studied soil arthropods in semi-arid grassland ecosystems, where the activity of the dominant groups, Tenebrionidae, was mainly influenced by atmospheric temperature and rainfall, and moisture significantly affected the reproductive processes of Tenebrionidae. Aupic-Samain et al.’s research on soil arthropods showed that reducing soil moisture would greatly reduce the total density of Collembola, whereas, under adequate moisture conditions, the increase in temperature increases collembola activity (foraging, growth, and reproduction) thereby increasing collembola density [39]. Temperature is an important environmental factor that can directly affect the growth, development, and reproduction of soil organisms and influence the community characteristics of soil fauna [13,38]. Moreover, changes in temperature can indirectly affect soil fauna by influencing other factors such as plant-community composition, plant growth, soil moisture, and nutrient availability [40]. Soil fauna responded differently to temperature changes in different habitats. In some habitats, Acarina is more sensitive to temperature than Collembola [41]. Temperature may also affect soil faunal communities by influencing the interaction between species [42]. The study area is located in the semi-arid region of the northern Loess Plateau, where annual rainfall is low and is mainly concentrated in summer (June–September), making moisture an important limiting factor in the region [19]. Therefore, rainfall notably influenced soil faunal communities in typical artificial restoration vegetation. Rainfall generally enhances the growth of soil organisms; however, its effects differ for different taxa [43]. For example, precipitation increases the number of Collembola at a high Arctic site but decreases the number of mites [44].



Among the five typical artificially restored vegetation habitats (POS, PIT, CAK, STB, and MES), Acarina was the dominant group during all sampling periods (May, August, and November), and its density was the highest among all taxa. Wiwatwitaya and Takeda also found that Acarina (75.38%) was the main soil fauna group in dry evergreen forests, [45]. Wang et al.’s research on the soil fauna of subtropical forests in Fujian also showed that Acarina and Collembola were the dominant taxa in this area, and Acarina is more abundant than Collembola [46]. Wu et al. found that Acarina is abundant in deciduous broad-leaved forests, whereas Collembola is abundant in coniferous forests [32]. Overall, Acarina and Collembola remained the dominant taxa, although differences in plant-community characteristics and environmental conditions could lead to differences in the soil faunal community composition in different studies. Unlike the five typical artificially restored vegetation types, the density of Collembola was the highest among all taxa in the FAL habitat. Considering that the FAL habitat has a single crop type, a large disturbance from human activities, and almost no litter layer [22], its dominant groups are different from those of other habitats. During agricultural production, measures such as weeding and digging holes, sowing and covering the soil, applying chemical fertilizers and pesticides, harvesting crops, and returning straw to the field interfere with farmland soil fauna. Meanwhile, the destruction of soil structure by agricultural machinery and other factors significantly reduces the diversity of soil fauna. Therefore, the disturbance caused by farmland has a relatively more complex impact on soil fauna than other land uses. Fertilization typically increases soil faunal density on a global scale by affecting food resources, and the effects of fertilization depend on the specific soil fauna and fertilizer type [47].



Vegetation restoration causes significant changes in soil fauna communities, thereby increasing the complexity of material circulation and energy flow in restored ecosystems [22]. Determination of the structure, diversity, and stability of soil faunal communities and their main influencing factors under different restoration measures can help evaluate the ecological effects of returning farmland to forest and determine the evolutionary trend of soil faunal communities in the Loess Plateau based on the analysis of vegetation community structure [21]. In addition, global changes caused by human activities (e.g., nitrogen deposition, elevated carbon dioxide concentrations, increased temperatures, and changes in precipitation patterns) significantly affect terrestrial ecosystem functions and biodiversity [17,48]. Soil biodiversity is a fundamental component of terrestrial ecosystem biodiversity and is affected by global temperature changes and precipitation patterns [49,50]. Soil faunal density is influenced by changes in rainfall patterns, whereas soil diversity resists the individual and combined effects of multiple global change factors [51]. Therefore, the comprehensive response of soil faunal community characteristics to vegetation structure and global change during vegetation restoration in the Loess Plateau should be strengthened.




5. Conclusions


Revegetated habitats showed higher total densities and group numbers of soil fauna than farmland habitats. The total density and group number of soil fauna showed marked seasonal variations and were highest in the summer. In the revegetated habitats, Acarina was the dominant group in different seasons and had the highest relative density among all taxa. In addition, the dominant groups (Acarina and Collembola) played an influential role in the seasonal variations in soil faunal density. Temperature was the most important factor driving seasonal variation in soil faunal communities. This study suggests that the seasonal dynamics of soil faunal communities with climate should be emphasized when conducting soil faunal research, which will contribute to biodiversity conservation and regional ecological management in the Loess Plateau.
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Figure 1. Location of the study site in Liudaogou catchment, Loess Plateau region, China. 
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Figure 2. Season variations of diversity index (A), richness index (B), dominance index (C), evenness index (D), number of groups (E), and density (F) for the soil faunal community (mean ± SE). Capital letters on the bars indicate significant temporal differences within habitats at the p < 0.05 level, while lowercase letters on the bars indicate spatial differences within seasons at the p < 0.05 level (Tukey test). POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat. 
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Figure 3. The proportion of soil faunal density in a certain group to the total group density in May (Upper left), August (Upper right), and November (Bottom left). POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat. 
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Figure 4. Principal component analysis of soil faunal communities in May, August, and November with the habitats as an overlay. Species arrows: each arrow points in the direction of the steepest increase of the values for corresponding species. POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat. Abbreviations: Araneae (Ara.), Acarina (Aca.), Geophilomorpha (Geo.), Lithobiomorpha (Lit.) Symphyla (Sym.) Protura (Pro.), Collembola (Col.), Diplura (Dip.), Isoptera (Iso.), Hemiptera (Hem.), Corrodentia (Cor.), Thysanoptera (Thy.), Coleoptera larvae (Cl.), Coleoptera adult (Ca.), Lepidoptera larvae (Ll.), Diptera larvae (Dl.), Hymenoptera (Hym.), Homoptera (Hom.). 
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Figure 5. Principal component analysis of the soil faunal communities in POS, PIT, CAK, STB, MES, and FAL with the sampling periods as an overlay. POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat. Abbreviations: Araneae (Ara.), Acarina (Aca.), Geophilomorpha (Geo.), Lithobiomorpha (Lit.) Symphyla (Sym.) Protura (Pro.), Collembola (Col.), Diplura (Dip.), Isoptera (Iso.), Hemiptera (Hem.), Corrodentia (Cor.), Thysanoptera (Thy.), Coleoptera larvae (Cl.), Coleoptera adult (Ca.), Lepidoptera larvae (Ll.), Diptera larvae (Dl.), Hymenoptera (Hym.), Homoptera (Hom.). 
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Figure 6. Redundancy analysis (RDA) showing the relationship between soil faunal composition (blue lines) and environment factors (red lines) (POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat). Abbreviations: soil bulk density (SBD), soil water content (SWC), soil pH (pH), soil organic carbon (OC), soil total nitrogen (TN), soil total phosphorus (TP), soil nitrate nitrogen (NN), soil ammonium nitrogen (AN), soil Olsen phosphorus (OP), temperature (AT), precipitation (AP). Araneae (Ara.), Acarina (Aca.), Geophilomorpha (Geo.), Lithobiomorpha (Lit.), Symphyla (Sym.), Protura (Pro.), Collembola (Col.), Diplura (Dip.), Isoptera (Iso.), Hemiptera (Hem.), Corrodentia (Cor.), Thysanoptera (Thy.), Coleoptera larvae (Cl.), Coleoptera adult (Ca.), Lepidoptera larvae (Ll.), Diptera larvae (Dl.), Hymenoptera (Hym.), Homoptera (Hom.). 
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Table 1. Overview of six habitats.
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	Habitats
	Latitude and Longitude
	Altitude

(m)
	Soil Texture
	Density

(ind m−2)
	Vegetation Coverage

(%)
	Litter Thickness (cm)





	Populus simonii
	110°21′40.39″ E

38°47′5.57″ N
	1221
	loamy sand
	0.83
	63.67
	3.40



	Pinus tabuliformis
	110°21′50.49″ E

38°47′8.00″ N
	1232
	loam
	0.83
	92.36
	5.20



	Caragana korshinskii
	110°21′54.45″ E

38°47′25.29″ N
	1216
	loam
	0.41
	80.38
	2.20



	Stipa bungeana
	110°21′50.95″ E

38°47′26.59″ N
	1224
	loam
	64
	85.56
	0.30



	Medicago Sativa
	110°21′52.62″ E

38°47′35.85″ N
	1187
	loam
	14.23
	89.04
	0.83



	Farmland (Zea mays)
	110°21′50.19″ E

38°47′42.97″ N
	1155
	loam
	\
	\
	\










 





Table 2. Soil faunal density (mean individuals m−2 ± SE) as influenced by the different habitats and sampling time.
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Habitats




	

	
POS

	
PIT

	
CAK

	
STB

	
MES

	
FAL




	
Taxa

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November






	
Araneae

	
70 ± 8

	
150 ± 22

	
127 ± 10

	
103 ± 10

	
170 ± 17

	
123 ± 11

	
80 ± 8

	
77 ± 12

	
97 ± 7

	
23 ± 3

	
40 ± 5

	
27 ± 3

	
30 ± 5

	
63 ± 7

	
37 ± 10

	
30 ± 8

	
7 ± 3

	
30 ± 5




	
Acarina

	
867 ± 27

	
5980 ± 295

	
3627 ± 126

	
2080 ± 165

	
2293 ± 116

	
5810 ± 94

	
1677 ± 64

	
5773 ± 213

	
4680 ± 78

	
527 ± 44

	
7947 ± 178

	
1463 ± 95

	
1627 ± 69

	
8087 ± 92

	
4540 ± 96

	
647 ± 22

	
367 ± 24

	
1807 ± 52




	
Geophilomorpha

	
/

	
/

	
/

	
/

	
3 ± 3

	
3 ± 3

	
/

	
/

	
/

	
/

	
7 ± 3

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
Lithobiomorpha

	
/

	
10 ± 0

	
7 ± 3

	
/

	
7 ± 3

	
3 ± 3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
Symphyla

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
3 ± 3

	
/

	
/

	
/

	
/

	
7 ± 3

	
/

	
/

	
/

	
10 ± 5




	
Protura

	
/

	
10 ± 5

	
/

	
/

	
23 ± 3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/




	
Collembola

	
40 ± 5

	
477 ± 28

	
87 ± 10

	
100 ± 12

	
337 ± 21

	
157 ± 7

	
137 ± 18

	
720 ± 37

	
217 ± 20

	
227 ± 44

	
983 ± 32

	
353 ± 31

	
123 ± 12

	
820 ± 66

	
197 ± 22

	
2230 ± 143

	
1867 ± 76

	
3507 ± 110




	
Diplura

	
7 ± 3

	
40 ± 5

	
/

	
3 ± 3

	
23 ± 3

	
/

	
10 ± 5

	
37 ± 5

	
/

	
30 ± 5

	
130 ± 12

	
/

	
40 ± 5

	
257 ± 28

	
/

	
30 ± 5

	
160 ± 5

	
/




	
Isoptera

	
/

	
7 ± 3

	
/

	
637 ± 50

	
13 ± 5

	
1410 ± 95

	
80 ± 12

	
757 ± 87

	
180 ± 14

	
213 ± 10

	
277 ± 10

	
460 ± 36

	
53 ± 3

	
443 ± 37

	
110 ± 12

	
67 ± 10

	
47 ± 7

	
140 ± 12




	
Hemiptera

	
/

	
/

	
/

	
/

	
/

	
/

	
10 ± 5

	
33 ± 7

	
10 ± 0

	
7 ± 3

	
17 ± 3

	
10 ± 0

	
3 ± 3

	
13 ± 3

	
3 ± 3

	
/

	
/

	
/




	
Corrodentia

	
/

	
3 ± 3

	
/

	
/

	
/

	
/

	
/

	
/

	
40 ± 5

	
/

	
/

	
/

	
3 ± 3

	
7 ± 3

	
3 ± 3

	
/

	
/

	
10 ± 0




	
Thysanoptera

	
/

	
7 ± 3

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
/

	
37 ± 3

	
/

	
7 ± 3

	
/

	
/

	
/

	
/




	
Coleoptera larvae

	
143 ± 12

	
710 ± 92

	
127 ± 7

	
60 ± 9

	
67 ± 11

	
23 ± 3

	
67 ± 5

	
87 ± 3

	
23 ± 3

	
17 ± 3

	
447 ± 32

	
13 ± 7

	
127 ± 11

	
90 ± 0

	
63 ± 5

	
10 ± 5

	
37 ± 5

	
3 ± 3




	
Coleoptera adult

	
10 ± 5

	
23 ± 5

	
43 ± 10

	
27 ± 5

	
37 ± 7

	
73 ± 7

	
50 ± 5

	
60 ± 9

	
127 ± 10

	
10 ± 5

	
20 ± 9

	
23 ± 7

	
10 ± 5

	
63 ± 10

	
20 ± 8

	
10 ± 0

	
63 ± 5

	
37 ± 10




	
Lepidoptera larvae

	
/

	
3 ± 3

	
/

	
/

	
/

	
/

	
3 ± 3

	
23 ± 3

	
17 ± 5

	
/

	
/

	
17 ± 3

	
/

	
10 ± 0

	
3 ± 3

	
/

	
/

	
/




	
Diptera larvae

	
10 ± 5

	
33 ± 3

	
37 ± 10

	
23 ± 3

	
60 ± 9

	
53 ± 10

	
243 ± 14

	
600 ± 8

	
737 ± 81

	
63 ± 11

	
13 ± 3

	
113 ± 10

	
50 ± 12

	
53 ± 7

	
123 ± 18

	
/

	
67 ± 7

	
/




	
Hymenoptera

	
190 ± 9

	
27 ± 3

	
47 ± 10

	
/

	
30 ± 5

	
/

	
20 ± 5

	
63 ± 7

	
3 ± 3

	
43 ± 5

	
853 ± 53

	
7 ± 3

	
167 ± 24

	
167 ± 21

	
27 ± 3

	
30 ± 5

	
207 ± 15

	
3 ± 3




	
Homoptera

	
/

	
20 ± 5

	
7 ± 3

	
/

	
13 ± 3

	
/

	
3 ± 3

	
13 ± 3

	
7 ± 3

	
13 ± 3

	
10 ± 5

	
3 ± 3

	
/

	
13 ± 3

	
/

	
3 ± 3

	
7 ± 3

	
3 ± 3




	
Total density

	
1337 ± 45

	
7500 ± 182

	
4107 ± 112

	
3033 ± 120

	
3077 ± 143

	
7657 ± 56

	
2380 ± 50

	
8243 ± 276

	
6140 ± 79

	
1173 ± 19

	
10743 ± 144

	
2527 ± 40

	
2233 ± 50

	
10100 ± 78

	
5127 ± 127

	
3057 ± 165

	
2827 ± 86

	
5550 ± 96




	
Total number of groups

	
7 ± 0

	
13 ± 1

	
8 ± 0

	
7 ± 0

	
12 ± 1

	
8 ± 0

	
10 ± 0

	
12 ± 0

	
11 ± 1

	
10 ± 0

	
11 ± 0

	
11 ± 0

	
9 ± 0

	
14 ± 0

	
9 ± 0

	
8 ± 0

	
9 ± 0

	
8 ± 1








Notes: “/”—organisms not found. POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat.













 





Table 3. Mixed model results for the effects of habitat, season, and their interaction on the soil faunal community.
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Diversity Index (H)

	
Richness Index (D)

	
Dominance Index (C)

	
Evenness Index (J)

	
Density

	
Number of Groups




	

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p

	
F

	
p






	
Habitat

	
113.25

	
<0.001

	
63.83

	
<0.001

	
95.92

	
<0.001

	
188.42

	
<0.001

	
1981.47

	
<0.001

	
107.62

	
<0.001




	
Season

	
72.16

	
<0.001

	
27.90

	
<0.001

	
76.66

	
<0.001

	
66.24

	
<0.001

	
98.59

	
<0.001

	
26.97

	
<0.001




	
Habitat × Season

	
30.75

	
<0.001

	
12.51

	
<0.001

	
29.39

	
<0.001

	
41.08

	
<0.001

	
370.54

	
<0.001

	
8.34

	
<0.001











 





Table 4. Quality parameters of soil in different habitats and sampling times.
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Habitats




	

	
POS

	
PIT

	
CAK

	
STB

	
MES

	
FAL




	
Parameters

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November

	
May

	
August

	
November






	
SBD (g/cm3)

	
1.2 ± 0.0

	
1.3 ± 0.0

	
1.3 ± 0.0

	
1.3 ± 0.0

	
1.4 ± 0.0

	
1.2 ± 0.1

	
1.2 ± 0.0

	
1.4 ± 0.1

	
1.4 ± 0.1

	
1.3 ± 0.0

	
1.3 ± 0.1

	
1.2 ± 0.1

	
1.3 ± 0.0

	
1.2 ± 0.1

	
1.2 ± 0.0

	
1.2 ± 0.0

	
1.3 ± 0.0

	
1.2 ± 0.0




	
SWC (%)

	
3.5 ± 0.1

	
4.8 ± 0.3

	
7.3 ± 1.2

	
4.6 ± 0.5

	
17.6 ± 0.2

	
8.5 ± 0.2

	
6.0 ± 0.1

	
12.6 ± 2.3

	
8.4 ± 1.6

	
2.7 ± 0.1

	
9.9 ± 0.8

	
9.3 ± 0.1

	
5.4 ± 0.7

	
12.8 ± 0.7

	
8.1 ± 0.6

	
2.8 ± 0.5

	
20.9 ± 1.3

	
12.8 ± 0.1




	
pH

	
8.6 ± 0.0

	
8.8 ± 0.1

	
7.9 ± 0.1

	
8.7 ± 0.0

	
8.8 ± 0.0

	
8.9 ± 0.2

	
8.4 ± 0.1

	
8.5 ± 0.1

	
8.7 ± 0.2

	
8.9 ± 0.0

	
8.7 ± 0.1

	
8.9 ± 0.1

	
8.5 ± 0.1

	
8.7 ± 0.1

	
8.7 ± 0.1

	
8.3 ± 0.0

	
8.7 ± 0.0

	
9.0 ± 0.0




	
OC (g/kg)

	
6.7 ± 0.4

	
3.6 ± 0.3

	
3.2 ± 0.5

	
5.4 ± 0.2

	
5.6 ± 0.8

	
6.7 ± 0.3

	
5.6 ± 0.9

	
7.4 ± 0.6

	
6.6 ± 1.0

	
8. ± 0.1

	
7.4 ± 1.0

	
9.0 ± 0.6

	
13.8 ± 0.3

	
6.5 ± 0.2

	
11.3 ± 0.2

	
7.4 ± 0.4

	
9.6 ± 0.8

	
6.5 ± 0.1




	
TN (g/kg)

	
0.4 ± 0.0

	
0.3 ± 0.0

	
0.4 ± 0.0

	
0.4 ± 0.0

	
0.6 ± 0.1

	
0.5 ± 0.0

	
0.5 ± 0.1

	
0.7 ± 0.1

	
0.6 ± 0.0

	
0.7 ± 0.0

	
0.7 ± 0.1

	
0.7 ± 0.1

	
0.9 ± 0.1

	
1.1 ± 0.2

	
0.9 ± 0.1

	
0.6 ± 0.0

	
0.5 ± 0.1

	
0.5 ± 0.0




	
TP (g/kg)

	
0.3 ± 0.0

	
0.3 ± 0.0

	
0.5 ± 0.0

	
0.4 ± 0.0

	
0.4 ± 0.0

	
0.8 ± 0.0

	
0.4 ± 0.0

	
0.4 ± 0.0

	
0.7 ± 0.1

	
0.5 ± 0.0

	
0.4 ± 0.0

	
0.9 ± 0.0

	
0.5 ± 0.0

	
0.4 ± 0.0

	
0.8 ± 0.0

	
0.5 ± 0.0

	
0.5 ± 0.0

	
1.0 ± 0.0




	
NN (mg/kg)

	
2.4 ± 0.3

	
1.0 ± 0.0

	
0.4 ± 0.1

	
0.6 ± 0.1

	
1.8 ± 0.1

	
0.5 ± 0.2

	
5.5 ± 0.2

	
6.6 ± 1.3

	
3.5 ± 0.3

	
0.5 ± 0.0

	
3.1 ± 0.7

	
2.1 ± 0.1

	
9.4 ± 2.3

	
9.1 ± 1.5

	
8.6 ± 1.1

	
15.2 ± 0.8

	
6.6 ± 0.5

	
2.6 ± 0.4




	
AN (mg/kg)

	
3.7 ± 0.6

	
6.8 ± 0.4

	
3.3 ± 0.7

	
2.9 ± 0.1

	
9.1 ± 0.5

	
2.2 ± 0.3

	
4.4 ± 1.2

	
6.9 ± 0.6

	
3.0 ± 0.6

	
2.8 ± 0.1

	
8.5 ± 0.5

	
2.9 ± 0.4

	
2.4 ± 0.1

	
9.8 ± 1.9

	
5.8 ± 0.9

	
3.3 ± 0.2

	
6.5 ± 0.3

	
2.3 ± 0.3




	
OP (mg/kg)

	
5.0 ± 0.2

	
24.5 ± 3.2

	
2.3 ± 0.4

	
2.6 ± 0.0

	
17.4 ± 2.1

	
1.2 ± 0.1

	
3.4 ± 0.2

	
34.0 ± 2.5

	
2.3 ± 0.4

	
3.3 ± 0.0

	
3.2 ± 0.4

	
1.7 ± 0.3

	
4.4 ± 0.3

	
3.5 ± 0.4

	
2.1 ± 0.2

	
4.7 ± 0.0

	
59.7 ± 3.9

	
0.7 ± 0.1








Notes: soil bulk density (SBD), soil water content (SWC), soil pH (pH), soil organic carbon (OC), soil total nitrogen (TN), soil total phosphorus (TP), soil nitrate nitrogen (NN), soil ammonium nitrogen (AN), soil Olsen phosphorus (OP). POS, Populus simonii habitat; PIT, Pinus tabulaeformis habitat; CAK, Caragana korshinskii habitat; STB, Stipa bungeana habitat; MES, Medicago sativa habitat; FAL, farmland habitat.
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