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Abstract

:

Soil nematodes are important contributors to soil biodiversity. Nonetheless, the distribution patterns and environmental drivers of soil nematode communities are poorly understood, especially at the large scale, where multiple environmental variables covary. We collected 520 soil samples from 104 sites representing alpine meadow and steppe ecosystems. First, we explored the soil nematode community characteristics and compared community patterns between the ecosystems. Then, we examined the contributions of aboveground and belowground factors on these patterns. The genus richness and abundance of nematodes on the Tibetan Plateau are lower than other alpine ecosystems, but are comparable to desert or polar ecosystems. Alpine meadows supported a higher nematode abundance and genus richness than alpine steppes; bacterial-based energy channels were pre-dominant in both the ecosystems. Soil factors explained the most variation in the soil nematode community composition in the alpine meadows, while plant factors were as essential as soil factors in the alpine steppes. Unexpectedly, the climate variables barely impacted the nematode communities. This is the first study to explore the spatial patterns of soil nematode compositions on the Tibetan Plateau, and we found that the contributions of climate, plants, and soil properties on soil nematodes community were essentially different from the previous knowledge for well-studied plant and animal communities.
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1. Introduction


Soil nematodes are the most abundant multicellular animals on Earth [1], compared with soil microbes, soil nematodes occupy a wider range of trophic levels, including the plant-parasitic, predatory, and microbial feeding levels [2,3]. The community compositions of bacterial-feeding, fungal-feeding and herbivorous nematodes are determined by the variation in food resources [4,5,6]. As such, soil nematodes are valuable indicators of the soil food web structure [7]. Particularly, with the development of indices that describe the functional diversity of the nematode communities, such as the structure index (SI), channel index (CI), and enrichment index (EI) [7], nematode communities are broadly used to describe decomposition pathways [8,9]. Studies on soil nematode communities can potentially offer a holistic measure of the biotic and functional status of soils [10]. However, knowledge of the large-scale spatial patterns of nematode communities, and the mechanisms underlying these patterns, remains limited [11,12], as is the exploration of the functional diversity of soil nematodes in relation to environmental factors [13,14].



Current evidence indicates that the spatial patterns of soil nematodes may be highly ecosystem-dependent [15,16]. The soil nematode community is controlled by bottom-up forces via the plant community [17,18], edaphic properties [19,20], and the climate [21]. At the global scale, variations in the composition of soil nematodes are mainly related to the mean annual precipitation and temperature [12]. In a recent study, van den Hoogen et al. [22] found that soil resource availability was a dominant factor in building belowground communities at broad spatial scales, and overrode the effects of climatic factors at such scales. At the regional scale, on the Mongolian Plateau, the total density of soil nematodes increased from the desert to meadow steppe, due to increases in all the nematode trophic groups. In contrast, the ratio of bacterial-feeding to fungal-feeding nematode densities decreased gradually. Such results indicated that nutrient-rich ecosystems (i.e., meadow steppe) supported richer and more complex soil nematode communities than more nutrient-poor ecosystems (i.e., steppe and desert), and the organic matter decomposition pathway shifts from bacterial-based to fungal-based channels [16]. Along the Chinese coast, Wu et al. [23] found that the mean annual temperature range and the pH of sediments were more important than the vegetation type, in structuring nematode communities. Traunspurger et al. [24] found the litter C/N ratio and fungal biomass to be major drivers of the changes in nematode community composition in a tropical montane rainforest of Ecuador. Briefly, regional-scale changes in soil resource, plant conditions, and climate, may be the main factors to explain the variations in soil nematode diversities, but functional and species diversity respond differently, or even oppositely, to biotic and abiotic drivers [9,25]. The relative contribution of environmental factors, which overlay each other, to the large-scale spatial distribution pattern of the diversity and functional diversity of soil nematodes, is still understudied [26,27,28].



On the Tibetan Plateau, alpine steppes and meadows are the most dominant ecosystems, occupying 44.64% and 28.75% of the total area, respectively [29,30], and reflect variations in moisture regime, soil properties, and plant seed density [31,32]. In particular, the availability of resources varies greatly between ecosystems [33,34,35]. It has been broadly documented that fungal energy channels are generally associated with lower nutrient availability and slower plant growth rates, compared with bacterial energy channels [36,37]. However, no study was associated with soil nematodes, to evaluate the characteristics of organic matter decomposition pathways in the soil food web on the Tibetan Plateau. Previous studies found that climatic factors largely determined the pattern and development of various biomes on the Tibetan Plateau [38,39,40,41], especially that precipitation could significantly change the water and substrate availability [41,42]. While, only a few studies have determined the diversity and distribution patterns of soil nematodes on the Tibetan Plateau [43]. The identification of the factors that control the spatial patterns of communities is a principal goal for studies on community ecology [16,44].



In this study, we explored the spatial patterns of soil nematodes, in terms of abundance and diversity as well as the characteristics of the soil food web in alpine meadow and steppe. We also examined the correlations and relative importance of the aboveground vegetation, soil properties, and the climatic factors, in relation to the soil nematode community. We hypothesized that (1) the diversity and abundance of soil nematodes would be greater in alpine meadows than in alpine steppes, and the fungal-based energy channel in the alpine steppes would shift to a bacterial-based energy channel in the alpine meadows; and (2) climate variables, especially precipitation, would determine the community of soil nematodes.




2. Materials and Methods


2.1. Sampling Locations


Sampling was conducted at 104 sites covering latitudes from 29.14° N to 38.85° N, longitudes from 88.15° E to 101.51° E, and elevations from 2793 m to 5217 m during the summer (July to August) of 2015 (from the northeastern part to the southern part of the Tibetan Plateau) and 2016 (the southeastern part and central part of the Tibetan Plateau) (Figure 1, Table S1). The mean annual precipitation in this area ranged from 211 to 749 mm, and the mean annual temperature ranged from −8.1 to 1.9 °C. The 104 sampling sites were of the following two major ecosystems: 72 alpine meadows and 32 alpine steppes. Perennial tussock grasses, including Kobresia pygmaea and Kobresia tibetica, were dominant in the alpine meadows, whereas short and dense tussock grasses, such as Stipa purpurea, were dominant in the alpine steppes [45]. All sample sites were representative of typical vegetation at each ecosystem, and they had moderate grazing disturbance for centuries [32,46]. No significant differences of mean annual precipitation and temperature at the sample sites between 2015 and 2016 have been found (Wilcoxon signed⁻rank test: p = 0.067, p = 0.148).




2.2. Aboveground Plant and Soil Sampling


Five plots were selected at each sampling site; the distance between two adjacent plots was 50 m, and all plants within each plot (1 m × 1 m) were identified to species level. For each plot, live aboveground biomass was clipped by species at ground level, and all plant materials were weighed. Aboveground biomass of shrubs was measured by collecting living leaves and current-year twigs of each species. Plant coverage was calculated as the ratio of the area shaded by specific species to the total area of a plot.



Soil property sampling was conducted in the same plots as the plant sampling. Five cylindrical soil cores (3.8 cm diameter) were taken at a depth of 0–20 cm at five locations in each plot. The five soil cores were combined to form one composite sample. Then, the composite sample was divided into two duplicates to measure soil physiochemical properties and to assess the soil nematode community. In total, 520 soil samples and an equal number of plant samples were collected from 104 sites. Five plots within one site were measured separately, and each plot was considered as a replicate [47,48].




2.3. Nematode Extraction and Identification


The composite soil samples were stored at 4 °C and transported to Lanzhou University, China, for nematode extraction within 7 days. For nematode extraction, each soil sample was mixed by hand after removing gravel and plant residues, and 50 g of soil was randomly selected as a subsample. Nematodes were extracted by a Baermann wet funnel for 48 h [49]. All nematodes were identified to genus level [50,51,52]. When more than 150 individuals were obtained, only the first 150 individuals were identified [50,51]. Nematodes were classified into five trophic groups, namely, plant parasites, fungivores, bacterivores, predators and omnivores, to describe the functional characterization [2]. Detailed taxonomy identifications are presented in Table S2. To characterize the ecology as well as the functionality of soil nematode communities, enrichment index (EI), structure index (SI) and channel index (CI) were calculated to demonstrate the contributions and responses of nematodes to various ecosystem services and functions [7]. Additionally, to compare the differences in biodiversity of soil nematode between alpine meadows and steppes, the Rényi diversity was applied [53,54]. Moreover, the scales of Rényi diversity were set as 0, 0.25, 0.5, 1, 2, 4, 8 and infinity. Detailed ecological index definitions and equations are presented in the nematode analyses section of the Supplementary Material.




2.4. Measurement of Soil Physicochemical Properties


Soil subsamples of 50 g each were dried for 72 h at 105 °C to measure moisture (MOI) [55]. The remaining soil was air dried, avoiding direct sunlight, and then sieved through a 100 mesh (0.15 mm) to remove gravel and plant residues. Soil pH was measured by using a pH meter (PHSJ-3F, Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China) in a 1:2.5 soil:deionized water slurry. Soil organic carbon (SOC) was measured by wet oxidation [56]. Soil available phosphorus (AP) was extracted by the Bray method [57]. Soil total nitrogen (TN) and phosphorus (TP) were digested by concentrated    H 2    SO  4    at 375 °C for 3 h and 45 min, respectively, followed by semi-micro-Kjeldahl and Mo-Sb antispectrophotometry [58] performed using an autochemistry analyzer (SmartChem 200, AMS Alliance, Rome Italy).     NH  4 +  − N   (NH4) and     NO  3 −  − N   (NO3) were extracted with 2 M KCl and detected using a     San   + +     continuous flow analyzer (Skalar, Breda, The Netherlands).




2.5. High-Resolution Gridded Dataset of Temperature and Precipitation


The climate data, including the mean annual temperature (MAT) and mean annual precipitation (MAP), were obtained from a gridded dataset, the University of Delaware Air Temperature & Precipitation dataset, version 5.01 [59]. It mainly compiled data from stations from the GHCN2 (Global Historical Climate Network) from 1900 to 2017 as well as collections of rain gauge data from a range of different data sets such as the Legates and Willmott [60] archive for station climatology. Depending on the time period, up to 22,000 rain gauges were used for the construction of UDEL. Air temperature data were interpolated by a combination of digital elevation model-assisted interpolation [61], traditional interpolation [62] and climatologically aided interpolation [61]; precipitation data were interpolated by climatologically aided interpolation [63]. This dataset has been evaluated in multiple regions of the globe [64,65], including the regions adjacent to this study [66], and the results from these studies showed that these datasets correctly recognized regimes of precipitation and temperature.




2.6. Data Analyses


All statistical analyses were performed with R software, version 3.6.1 (R Core Team, 2019). All figures were created using the vegan package version 2.5-3 [67] and ggplot2 package version 3.1.0.9000 [68].



We used Wilcoxon rank-sum tests with original data to compare the differences in taxonomic diversity (abundance, genus richness), trophic groups (plant parasites, fungivores, bacterivores, predators and omnivores), soil food web characteristics (SI, EI, CI), aboveground plants (plant species richness, plant biomass and plant coverage), soil properties (soil pH, soil moisture, total nitrogen, total phosphorus, available phosphorus, ammonium, nitrate and SOC) and climatic factors (MAT and MAP) between alpine meadow and alpine steppe ecosystems because neither the original data of these factors nor the transformed data met a normal distribution. To compare the significance of the relative abundance of trophic groups within ecosystems, post hoc comparisons were performed using Dwass–Steel–Critchlow–Fligner procedure [69,70]. To compare the difference of the Rényi diversity between ecosystems, we displayed the diversity values against each scale in each ecosystem. Ecosystem of which Rényi diversities in all scales were higher supported higher biodiversity [53].



To explore the relationship between each environmental factor (soil moisture, pH, total nitrogen, total phosphorus, available phosphorus, ammonium, nitrate, SOC, plant species richness, plant biomass, plant coverage, mean annual temperature and mean annual precipitation) and soil nematode genus composition and trophic composition, we performed partial redundancy analyses (pRDA), in which the sample site was set as condition variable to eliminate the dependence of climate factors on it [71,72,73]. To identify the most parsimonious set of variables by including only those variables with a significance level of p < 0.05, stepwise ordinations with backward selection with Monte Carlo permutations (9999 permutations) were applied. The final pRDA models were then validated by testing the significance of the axes with significant eigenvalues using Monte Carlo permutations (9999 permutations). Based on the final pRDA models, we further performed variation partitioning analyses to assess the relative effects of each set of biotic and abiotic variables on nematode genus composition and trophic composition for each ecosystem. Variation partitioning is a method based on constrained ordination method [71,74]. To assess the partitions explained by each variable set, adjusted R-squared was used because this is the only unbiased method [74]. Due to the contributions of climate not being observed from RDA analyses, only the soil properties (i.e., soil pH, soil moisture, total nitrogen, total phosphorus, available phosphorus, ammonium, nitrate, SOC) and plants (plant species richness, plant biomass, plant coverage), which were selected by the final RDA models, were contained to each set of variables, with detailed containing variables being shown in Tables S4 and S5. The pRDA and variation partitioning were performed by the rda function and varpart function, respectively, from vegan package version 2.5-3 [67].



To evaluate the relative importance and effects of each abiotic and biotic variable on soil nematode abundance, genus richness, and other nematode ecological indices, multiple linear regression analyses (backward elimination) were performed in each ecosystem, respectively. The Akaike information criterion (AIC) was used for model selection. Only environmental factors that were selected by the final RDA models were used to build models. As we built two RDA models for each ecosystem, one based on genus and one based on trophic groups, a complementary set of the selected environmental variables in each ecosystem was included. Therefore, pH, soil moisture, total nitrogen, total phosphorus, ammonium and plant coverage were used to build models in alpine meadows; pH, soil moisture, ammonium, nitrate, plant biomass, plant species richness and plant coverage were selected to build models in alpine steppe. To eliminate the effect of dimensions, z-scores were applied to standardize all variables. The individual predictor’s contribution was its relative contribution to the    r 2    with the consideration of the sequence of predictors appearing in each model [75]. Abiotic and biotic variables were separated into the variable sets of soil properties (i.e., soil pH, soil moisture, total nitrogen, total phosphorus, available phosphorus, nitrate) and plants (plant species richness, plant biomass, plant coverage), and only the predictors that were selected by backward procedure were contained. The detailed contained variables in each variable set are listed in Tables S6 and S7. The procedures were calculated by the calc.relimp function from relaimpo package version 2.2-3 [76].



In order to estimate the relationships between the climate factors and soil moisture, a linear mixed model was performed between mean annual precipitation/temperature and soil moisture in each ecosystem, in which the sample was set as random effect to eliminate the dependence of climate factors on it [77].





3. Results


3.1. Soil Nematode Community in the Alpine Ecosystem on the Tibetan Plateau


The soil nematode communities that were sampled at the 520 plots, comprised 54 genera and 7 additional families when the identification of the genus was uncertain. Both the abundance and genus richness of the soil nematodes (p < 0.001, p < 0.001), as well as the relative abundance of plant parasites and predators (p = 0.019, p < 0.001), were higher in the alpine meadow than in the alpine steppe (Figure 2a, Table S3). Additionally, bacterivores were the most abundant members in both the ecosystems. In contrast, predators were the least abundant (Figure 2b, Table S3). No significant differences in the SI, EI, or CI were observed between the two ecosystems (Figure 2a, Table S3). However, the values for these indices were lower than 50 in both ecosystems, indicating that the bacterial decomposition channel played more important roles than the fungal decomposition channel [7,78].



Additionally, Rényi diversities in all the scales in the alpine meadows were higher than those in the alpine steppes (Figure 3). It indicated that soil nematode communities in alpine meadows were regarded as more diverse than those in alpine steppe [53].




3.2. Effects of Biotic and Abiotic Factors on Nematode Communities


Plant coverage, biomass, and genus richness were higher in the alpine meadows than in the alpine steppes (Table 1). Such differences were also found for the soil properties, with all the values for the soil properties being higher in the alpine meadows than in the alpine steppes (Table 1), except for soil pH, which showed the opposite pattern (Table 1). This result indicated that the soil was neutral or acidic in the alpine meadows, but alkaline in the alpine steppes. No significant correlation was found between the mean annual temperature/mean annual precipitation and soil moisture in the alpine meadows or alpine steppes (Figure 4).



Overall, the constrained variables in pRDA contributed 2.77–4.54% to the variance in soil nematode genus composition and trophic composition between ecosystems. According to Figure 5a, the total nitrogen, soil moisture, and ammonium showed significant correlations with the nematode genus composition in the alpine meadow. Total phosphorus, ammonium, and plant species richness significantly correlated with the trophic composition of the soil nematode in both the alpine meadow and alpine steppe (Figure 5b). By the pRDA within each ecosystem, for the nematode genus composition, soil moisture, total nitrogen, and ammonium in alpine meadow, were significantly correlated with either of the first two ordination axes (Figure S1a, Table S4); only nitrate did in the alpine steppe (Figure S1b, Table S4). For the nematode trophic composition, only soil moisture was significantly correlated with either of the first two ordination axes in the alpine meadows (Figure S1c, Table S5); ammonium, plant coverage, and plant biomass significantly did in alpine steppe (Figure S1d, Table S5). Both Figure 5 and Figure S1 showed more data dispersion in the alpine meadows, which indicated to compare to the alpine steppe data, and there was more heterogeneity in the community structure of alpine meadows [79,80]. Variation partitioning analysis revealed that the soil properties had the highest contributions to the variations in the nematode genus and trophic composition, not only among all ecosystems, but also within each ecosystem (Figure 6, Figure S2).



According to the multiple linear regression, soil moisture was the most frequently selected variable that determined the nematode multiple characteristics in both the ecosystems (Tables S6 and S7). Soil moisture was significantly positively correlated with nematode abundance, genus richness, relative abundance of omnivores, and SI, but negatively correlated with CI (Tables S6 and S7). Furthermore, soil pH positively related with genus richness in the alpine meadows (Table S6), but negatively did with that in the alpine steppes (Table S7). In the alpine meadows, the total nitrogen and ammonium negatively correlated with nematode abundance, genus richness, relative abundance of omnivores/predators, and SI, simultaneously (Table S6). In contrast, ammonium positively correlated with nematode abundance in the alpine steppe. Together, the soil properties contributed the largest explanation, from 48.36 to 100%, in accounting for the variance in the nematode community characteristics in the alpine meadows. Besides, the soil properties were also essential contributors in accounting for those in the alpine steppes (Table 2).



Plant coverage had similar driving patterns in both the ecosystems, negative correlations with higher trophic level nematodes and SI (Tables S6 and S7). Besides, nematode was associated with more plant characteristics in the alpine steppes, and the variation in soil nematode, explained by plants, was also higher in this ecosystem (Table 2). In the alpine steppes, plant biomass negatively correlated with nematode abundance significantly, genus richness and relative abundance of bacterivores, and positively correlated with fungivores, omnivores, and SI (Table S7). Plant species richness was positively related with genus richness and the relative abundance of plant parasites/fungivores, and negatively correlated with bacterivores and SI (Table S7).





4. Discussion


4.1. Difference in Nematode Diversity and Characteristics between Alpine Meadow and Steppe Ecosystems


We found that alpine meadows had a higher soil nematode abundance and genus richness, and supported more predators than the alpine steppes. The trend of biodiversity between the ecosystems was consistent with this. The differences between the alpine meadow and steppe ecosystems in our study should be determined by the higher resource availability in the soil of the alpine meadows. As unveiled by previous studies, soil nematode diversity was associated with the availability, quantity, and quality of the nutrients in the soil, by a bottom-up pattern [16,81,82]. Ingham et al. [83] suggested that increases in the abundance of predators were induced by increases in the number of soil nematodes on lower trophic levels in the alpine meadows, which was consistent with the finding from the current study. The higher relative abundance of plant parasites in alpine meadows was likely because they were strongly associated with plant status and phenology [84]. The plant litter returned to the soil, the rate of root turnover, and the availability of carbon exuded from the plant into the soil, promote the development of plant parasites [81]. Additionally, high spatial and environmental heterogeneity generally support higher beta-diversity [27,80,85,86,87], and homogeneous landscapes have been shown to support lower diverse communities [88]. Thus, the variety of heterogeneity in turn influences the overall differences in genus richness and abundance between the alpine meadow and steppe.



In contrast to our hypothesis, no differences in the decomposition channel characteristic of soil nematodes were observed between the alpine meadow and steppe. Instead, the bacterial decomposition channel dominated over the fungal decomposition channel in both the systems. This was consistent with the result of a previous study on the soil microbial community in terrestrial ecosystems on the Tibetan Plateau, showing that soil bacteria were dominant compared with fungi [89]. This evidence illustrated that on the Tibetan Plateau, organic matter that was easily decomposed was enriched in soil. Furthermore, the availability of resources in the soil, nutritional conditions, and aboveground plant conditions, improved from the alpine steppe to the alpine meadow, and all the factors detailed above enhanced the survival and diversity of the soil nematodes.



To compare our results with previous studies, we found that the abundance and genus richness of soil nematodes in both the alpine meadows and steppes on the Tibetan Plateau were lower than those reported in other temperate regions of 2318 individuals/100 g of dried soil and 93.9 species per sample [12,90]. In particular, van den Hoogen et al. [22] revealed relatively high nematode abundance on the Tibetan Plateau, which was quite different from our results. We thought the following two reasons caused this difference: First, with under-sampling being a challenge to an ecology study [91], several studies found that sampling size significantly determined the observations of microbial distribution patterns [92,93], and such a finding could also be generalized to soil nematodes. Compared to other large-scale soil nematode research [12,16,23,82,94,95], our study sampled relatively adequate soil nematode samples (520 soil samples) on the Tibetan Plateau. By comparison, van den Hoogen et al. [22] collected 11 samples at the geographic extent of our case, and under-sampling might lead to weak and biased predictions [91,93]. Second, from the data descriptions of van den Hoogen et al. [22], there were two methods of different nematode extraction efficiencies [96,97], Baermann funnel and Oostenbrink elutriation, which were used in different data sources within the geographical extent of our study. Besides, the ecosystems that were contained in van den Hoogen et al. [22] on the Tibetan Plateau, were constituted by the alpine forest, glacier forefield, alpine meadow, and other undescribed types. In summary, the differences in the methods and sampled ecosystems most likely explained the differences in the results between van den Hoogen et al. [22] and our research.




4.2. Roles of Biotic and Abiotic Factors in Relation to the Nematode Community


Some drivers of soil nematode community composition and characteristics were found in both the ecosystems. For example, the variation in soil nematodes in each ecosystem was largely explained by soil properties. More specifically, soil moisture enhanced the abundance and genus richness of nematodes in both the ecosystems, and promoted an increase in the relative abundance of nematodes at higher trophic levels, which is consistent with previous studies [4,16,98], indicating that soil moisture enhanced nematode resistance and subsequently increased the soil food web complexity [99]. Besides, plant coverage restrained the relative abundance of omnivores and predators in both the ecosystems. This might be explained by the fact that the promotion effect of plant on soil nematodes decreased with the increasing trophic level and omnivory degree of the soil nematode, and eventually suppressed omnivores and predators [100].



However, certain soil properties were only considered as important drivers of soil nematodes diversity in a specific ecosystem. For instance, soil pH was negatively correlated with soil nematode genus richness in the alpine steppes, where the soil was alkaline, as soil nematodes preferred neutral or acidic soil [101,102]. In the alpine meadows, where the concentration of the nitrogen was four times higher than that in the alpine steppes, the increase in ammonium, mediated by total nitrogen, might have been toxic for the soil nematodes [103], especially for high-trophic-level nematodes [104,105,106]. Plant factors explained more variations in soil nematode communities in the alpine steppes than in the alpine meadows. We believed that in the alpine steppes, where the soil surface was less covered by plants, the number of microhabitat patches would be significantly regulated by the changes in the plant community composition and biomass [107,108]. This process effected the niche of the soil organisms, and further changed their diversity [109,110]. Interestingly, plant variables exhibited different, or even opposite, relationships to the characteristics of the nematode community. For example, both plant species richness and plant biomass showed positive correlations with fungivores and negative correlations with bacterivores, but the relationships of plant species richness and plant biomass with nematode abundance were the opposite. This might be due to different key environmental factors driving the species and functional diversity of nematode communities [27,111], and species and functional diversity responded to environmental changes asynchronously [9,112,113,114]. In summary, at the large scale on the Tibetan Plateau, the effects of soil properties or aboveground plants on the soil nematode community depended on functional type, and these effects could follow distinct patterns under certain environmental conditions as well as resource availability.



Surprisingly, climate factors contributed little to the variations in the nematode communities in both the ecosystems on the Tibetan Plateau. Although climate factors are considered the most essential factors in structuring underground organismal communities [12,16,21], plenty of studies have revealed that soil nematodes are not always sensitive to changes in the mean annual precipitation, as well as the mean annual temperature [37,115,116,117,118]. Soil moisture was often considered to be an indicator of precipitation and temperature [119,120]; however, no relationship of them was found in our study. Yet, it might be exactly why climate factors did not contribute as strongly to the variation in the soil nematode community as we expected. First, previous studies found snow accumulation and permafrost were crucial factors in determining soil moisture on the Tibetan Plateau; soil organisms were generally well adapted to water shortages and freezing [121,122]. The response of soil organisms to short-term favorable conditions, following thawing and snowmelt, was immediate and short-lived [109], and the annual mean values of precipitation and temperature were not as representative as we expected. Second, Zhou et al. [123] found that the variation in soil moisture on the Tibetan Plateau was non-uniform, and that geographic position and the summer monsoon, together, affected the relationship between precipitation and soil moisture. The heterogeneity of this relationship made the correlation between soil nematodes and climatic factors no longer general at the large scale. Overall, these distinct findings indicated that the variation in soil nematode community composition is highly scale-dependent.



In this study, a lot of the variation in soil nematode community composition remained unexplained, and it was likely that some important drivers of nematode community composition were not measured. In a meta-analysis on a broad range of terrestrial, marine, and freshwater taxa, Cottenie [124] found an average of approximately 50% unexplained variation. In cultivated olive trees in Southern Spain, more than two-thirds of the variation remained unexplained by the soil and agricultural management [125]. While, it has been documented that the factors that we measured in this study, including soil moisture, pH, mean annual precipitation, temperature, and plant biomass, were the factors that were most closely related to the soil nematode community [12,25,126,127]. Viketoft [26] also suggested that measuring more microbes could reduce the unexplained variation in nematode community composition. Other studies found soil bulk density [12,81] and soil texture [128,129] to be determinants of the soil nematode community composition. In summary, many challenges still exist in understanding the relationship between environmental factors and soil nematode community composition.





5. Conclusions


In this study, we determined the large-scale patterns of soil nematode communities and soil food web characteristics in different alpine ecosystems on the Tibetan Plateau, and explored the factors driving these patterns, by examining biotic and abiotic factors simultaneously. We found that the abundance and genus richness of soil nematodes were limited by harsh conditions. The alpine meadows supported a larger number of individuals and higher diversity of soil nematodes than the alpine steppes, while the energy channels were bacterial-based in both types of ecosystems. The community composition, diversity, and soil food web characteristics of soil nematodes were related to edaphic and plant variables, but not to climate variables (i.e., mean annual precipitation and mean annual temperature). Soil moisture contributed greatly to the diversity of soil nematode communities. In addition, aboveground plants exhibited contributions to the soil nematode community between the ecosystems in our study, which suggested that aboveground plant cover also regulated the soil organismal community from top to bottom, by changing microhabitat patches and increasing nematode habitat availability.
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The following are available online at https://www.mdpi.com/article/10.3390/d13080369/s1, Table S1: description of 104 sites where soil nematode samples were obtained; Table S2: soil nematode genera identified in the grassland on the Tibetan Plateau; Table S3: differences in the taxonomic diversity, trophic groups, and soil food web characteristics of soil nematode communities (median (interquartile range, IQR)) between alpine meadows (n = 360) and alpine steppes (n = 160). Bold type indicates significant differences (Wilcoxon rank-sum test). Different letters in each column of trophic groups indicate significant differences between trophic groups within the ecosystem (Dwass−Steel−Critchlow−Fligner test, p < 0.001); Table S4: partial redundancy analysis of the relationships between the genus composition of nematode community and environmental variables in the alpine meadows and alpine steppes. pH: soil pH, MOI: soil moisture (%), TN: total nitrogen (mg/g), NH4: ammonium (mg/kg), NO3: nitrate (mg/kg), PSR: plant species richness, PBM: plant biomass (g/m2), PCV: plant coverage (%); Table S5: partial redundancy analysis of the relationships between the trophic composition of nematode community and environmental variables in the alpine meadows and alpine steppes. pH: soil pH, MOI: soil moisture (%), TN: total nitrogen (mg/g), TP: total phosphorus (mg/g), NH4: ammonium (mg/kg), PBM: plant biomass (g/m2), PCV: plant coverage (%); Table S6: multiple regression of the effects of environmental variables on soil nematodes in the alpine meadows. Nematode’s abundance is calculated as individuals/100 g of dried soil. Richness is the genus richness of nematodes. Trophic groups, such as plant parasites, fungivores, bacterivores, predators and omnivores, are represented as relative abundances (%). Each individual predictor’s contribution was calculated by lmg in the relaimpo package in R, which is the r^2 contribution averaged over orderings among regressors. The +/− symbols indicate positive/negative correlations. pH: soil pH, MOI: soil moisture (%), TN: total nitrogen (mg/g), TP: total phosphorus (mg/g), NH4: ammonium (mg/kg), PCV: plant coverage (%); Table S7: multiple regression of the effects of environmental variables on soil nematodes in the alpine steppes. Nematode’s abundance is calculated as individuals/100 g of dried soil. Richness is the genus richness of nematodes. Trophic groups, such as plant parasites, fungivores, bacterivores, predators and omnivores, are represented as relative abundances (%). The individual predictor’s contribution was calculated by lmg in the relaimpo package in R, which is the r^2 contribution averaged over orderings among regressors. The +/− symbols indicate positive/negative correlations. pH: soil pH, MOI: soil moisture (%), NH4: ammonium (mg/kg), NO3: nitrate (mg/kg), PBM: plant biomass (g/m2), PCV: plant coverage (%), PSR: plant species richness. Figure S1: biplots of partial redundancy analysis of the relationships between the genus composition of nematode community and environmental variables in the alpine meadows (a) and alpine steppes (b), and the relationships between the trophic composition of nematode community and environmental variables in the alpine meadows (c) and alpine steppes (d). pH: soil pH, MOI: soil moisture (%), TN: total nitrogen (mg/g), NH4: ammonium (mg/kg), NO3: nitrate (mg/kg), PSR: plant species richness, PBM: plant biomass (g/m2), PCV: plant coverage (%); Figure S2: variation partitioning analyses explained by variable sets of soil properties, aboveground plants and climate for nematode genus and trophic compositions between alpine meadow and alpine steppe. Unique fractions of each explanatory set were evaluated by 9999 permutations.
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Figure 1. Sampling locations of nematode communities along geographic gradients on the Tibetan Plateau. 
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Figure 2. (a) Differences in the taxonomic diversity, trophic groups, and soil food web characteristics of soil nematode communities (median (interquartile range, IQR)) between alpine meadows (n = 360) and alpine steppes (n = 160). (b) Differences between trophic groups within the ecosystem (Dwass−Steel−Critchlow−Fligner test, p < 0.001). ****: p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05. 
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Figure 3. Differences of Rényi diversity of soil nematode communities in multiple scales between alpine meadows and alpine steppes. 
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Figure 4. Linear mixed model to evaluate the effect size of climatic factors on soil moisture in alpine meadow and alpine steppe. MAP: mean annual precipitation (mm), MAT: mean annual temperature (°C), MOI: soil moisture (%). 
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Figure 5. Biplots of partial redundancy analysis of the relationships between the genus composition (a) and trophic composition (b) of nematode community and environmental variables among the alpine meadows and alpine steppes. 
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Figure 6. Variation partitioning analyses explained by variable sets of soil properties, aboveground plants and climate for nematode genus (a) and trophic compositions (b) among alpine meadow and alpine steppe. Unique fractions of each explanatory set were evaluated by 9999 permutations. 
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Table 1. Environmental factors, including the climate, aboveground plants and soil properties (median (interquartile range, IQR)), in alpine meadows (n = 360) and alpine steppes (n = 160). Bold type indicates significant differences (Wilcoxon rank-sum test). MAT: mean annual temperature (°C), MAP: mean annual precipitation (mm), PSR: plant species richness, PBM: plant biomass (g/m2), PCV: plant coverage (%), pH: soil pH, MOI: soil moisture (%), TN: total nitrogen (mg/g), TP: total phosphorus (mg/g), AP: available phosphorus (mg/kg), NH4: ammonium (mg/kg), NO3: nitrate (mg/kg), SOC: soil organic carbon (mg/g).
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	Meadows
	Steppes
	p-Value





	Climate
	
	
	



	MAT
	−0.7 (3.4)
	0.5 (4.6)
	0.605



	MAP
	493.8 (226.6)
	376.6 (227.3)
	0.001



	Plants
	
	
	



	PSR
	16.0 (10.0)
	10.0 (6.0)
	0.001



	PCV
	85.0 (35.0)
	30.0 (23.0)
	0.001



	PBM
	357.5 (151.7)
	46.00 (65.6)
	0.001



	Soil properties
	
	
	



	pH
	7.2 (1.9)
	8.2 (0.5)
	0.001



	MOI
	23.9 (29.9)
	8.0 (8.3)
	0.001



	TN
	3.7 (3.4)
	1.0 (1.2)
	0.001



	TP
	0.7 (0.4)
	0.4 (0.2)
	0.001



	AP
	1.3 (1.3)
	0.4 (0.4)
	0.001



	NH4
	19.3 (11.2)
	10.0 (2.9)
	0.001



	NO3
	6.6 (9.2)
	3.8 (2.9)
	0.001



	SOC
	51.7 (42.3)
	9.7 (7.8)
	0.001
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Table 2. Multiple regression of the effects of environmental variables on soil nematodes. Nematode abundance is calculated as individuals/100 g of dried soil. Trophic groups, including plant parasites, fungivores, bacterivores, predators, and omnivores, were represented as relative abundances (%). Soil includes soil property variables that were selected by backward elimination; plant includes all aboveground plant variables that were selected by backward elimination. Detailed contained variables in each variable set are listed in Tables S4 and S5.
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Alpine Meadow

	
Alpine Steppe




	

	
Soil

(%)

	
Plant

(%)

	
Soil

(%)

	
Plant

(%)






	
Abundance

(individuals/100 g of dried soil)

	
100.00

	
0

	
92.19

	
7.81




	
Genus richness (genus)

	
100.00

	
0

	
43.99

	
56.01




	
Plant parasites (%)

	
100.00

	
0

	

	
100.00




	
Fungivores (%)

	

	

	
43.77

	
56.23




	
Bacterivores (%)

	
48.36

	
51.64

	
33.07

	
66.93




	
Predators (%)

	
95.73

	
4.27

	

	




	
Omnivores (%)

	
73.24

	
26.76

	
59.41

	
40.59




	
EI

	
92.97

	
7.03

	
100.00

	
0




	
SI

	
78.70

	
12.30

	
47.84

	
52.16




	
CI

	
100.00

	
0

	
68.37

	
31.63
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