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Introduction: Soil ciliates, as protozoa, play a crucial role in biogeochemical cycling and the soil food web, yet they are highly sensitive to environmental fluctuations in soil conditions. The diversity and biogeographic characteristics of soil ciliates in the Tibetan Plateau remain poorly understood. As part of a regional survey focused on soil ciliate diversity, we investigated the composition and spatiotemporal variations of soil ciliate communities along the Yarlung Zangbo River, a representative soil habitat in the Tibetan Plateau.
Methods: A total of 290 soil samples were collected from four habitat types of grassland, shrubland, forestland and wetland in the middle reaches of the Yarlung Zangbo River during the wet and dry seasons, and 138 species of ciliates were identified.
Results: Soil ciliate diversity exhibited greater variation across habitat types than seasons. Moreover, soil ciliate diversity was higher during the wet season compared to the dry season, with the wetland habitat showing the highest diversity and the grassland habitat displaying the lowest. We observed spatiotemporal heterogeneity in the composition of soil ciliate communities across different seasons and habitat types. Notably, Litostomatea, Karyorelictea, and Prostomatea predominated in ciliate communities during the wet season and in grassland habitat. Phyllopharyngers dominated during dry seasons and in forested regions, while Spirotrichea species were prevalent in wetland and forested areas. The co-occurrence network analysis showed that soil ciliate community was more complex in wet season than in dry season, and the stability of soil ciliate community in wet season was higher than that in dry season. The stability of soil ciliate community in wetland was higher than that in forestland, shrubland and grassland, and the anti-interference ability was stronger. Soil temperature (ST), Total nitrogen (TN), Soil organic matter (SOM) and Soil water content (SWC) are important factors affecting the structure of soil ciliate community. By influencing the metabolic rate and nutrient acquisition of soil ciliates, the distribution pattern of soil ciliate community diversity in the middle reaches of Yarlung Zangbo River is shaped.
Discussion: In summary, this study revealed the distribution pattern of soil ciliate community diversity in the Yarlung Zangbo River Basin, and the key factors affecting the spatial and temporal differences and stability of the community, enhancing our understanding of how ciliates adapt to environmental conditions in soil habitats across the Tibetan Plateau.
Keywords: protozoa, soil ciliates, community diversity, soil ecology, Yarlung Zangbo River
1 INTRODUCTION
Protozoa is one of the main groups of soil microorganisms (Acosta-Mercado and Lynn, 2004; Abraham et al., 2019; 2019). Protozoa, as an important trophic level in microfood web, plays an important role in maintaining ecological balance, energy transport hub and biogeochemical cycle, and is an indispensable part of soil ecosystem (Bonkowski, 2004; Geisen et al., 2018; Xu et al., 2022). As the main group of soil protozoa community, soil ciliates have the characteristics of rich species, short life cycle and rapid community succession (Foissner, 1999), which has an important influence on the assembly, succession and maintenance of the community, and the change of their abundance can drive the direction of community succession (Domonell et al., 2013; Geisen et al., 2018). Soil ciliates are highly sensitive to environmental changes due to the constant interaction between their cell membranes and the external environment (Zheng et al., 2018; Liu et al., 2021). External disturbances promote rapid changes in their community structure and diversity, outpacing the responsiveness of large animals residing in the soil matrix (Bamforth et al., 2005; Foissner, 2005). This rapid response makes soil ciliates sentinel organisms of environmental changes, coupled with ease of culture and observation, can be used as dynamic indicators to assess soil environmental health (Heger et al., 2012; Debastiani et al., 2016). In addition, soil ciliates can decompose organic matter in the soil and maintain the stability of the soil environment (Xiong et al., 2018), a key role that can affect the ecological balance and overall health of the soil (Azam et al., 1983; Geisen et al., 2015). The Qinghai-Tibet Plateau is the region most sensitive to climate change in the world (Tian et al., 2020). The unique properties of soil ciliates make them valuable research objects in the context of ecological resilience of the Qinghai-Tibet Plateau, and have practical application value in assessing soil conditions of different ecosystems or different landscapes on the Qinghai-Tibet Plateau.
The Yarlung Zangbo River Basin is located in the southern part of the Qinghai-Tibet Plateau. With its high average altitude, long sunshine time and low temperature, this region has become a hotspot for studying biodiversity pattern due to its diverse and complex climatic and geographical characteristics (Liu et al., 2018; Shi et al., 2018). In recent years, under the influence of global warming and local human activities, the biodiversity and ecosystem stability of the Brahmaputra River Basin are changing, and the regional ecological risks are increasing (Liu et al., 2018). At present, there are relatively few research reports on protozoa in this region. Researchers Zhang et al. revealed the distribution pattern of protozoa diversity in the upper reaches of the Yarlung Zangbo River (Zhang et al., 2022), and researchers Yang et al. clarified the diversity and composition distribution pattern of eukaryotic microorganisms along the altitude gradient in the middle reaches of the Yarlung Zangbo River (Yang Q. et al., 2023). However, the diversity of soil ciliates in the Yarlung Zangbo River Basin has not been reported, and the soil ecological health status of different ecosystems or different landscapes in the basin is still unclear. The spatial and temporal distribution pattern, community stability, ecological networks among species and main driving factors of soil ciliates in the basin remain to be revealed. In this context, we studied the community composition, spatial and temporal distribution and diversity pattern of soil ciliates in the middle reaches of the Yarlung Zangbo River, analyzed the species association and community stability of soil ciliates in different seasons and different ecosystem types, and discussed the adaptability of soil ciliates in different habitats and the main environmental driving factors.
The purpose of this study was to reveal: (1) the spatial and temporal distribution pattern of soil ciliate communities in the middle reaches of Yarlung Zangbo River; (2) Species association and community stability of soil ciliates in different seasons and different ecosystem types; (3) Adaptability of soil ciliates in different habitats and its main environmental driving factors. This study provided valuable insights for the environmental adaptation of soil ciliates, and provided scientific basis for ecological environmental protection, biogeochemical cycle research and soil ecological risk assessment on the Qinghai-Tibet Plateau.
2 MATERIALS AND METHODS
2.1 Study area overview and sample collection
The Yarlung Zangbo River Basin (82°00′—97°07′E, 28°00′—31°16′N) is located between the Gangdis-Nianqing Tanggula Mountain range and the Himalayas (Zhang et al., 2014). It originates from Jemayang Zongqu in Zhongba County, Shigatze City, Tibet Autonomous Region, China. It runs through southern Tibet from east to west, with a high terrain in the west and low in the east. The drainage area is 240,000 km2 (You et al., 2007). The river is divided according to the terrain characteristics and climate types of the basin. The middle reaches of the river are about 1,293 km long and the basin area is 165,000 km2 (Li et al., 1999). The river banks are dominated by floodplains and terraces, and the average annual precipitation is between 300 mm and 600 mm in plateau temperate semi-arid climate (Wu et al., 2021). The complex habitats and vegetation types transition from alpine meadow to alpine scrub and then to forest. The study area covers the middle reaches of the Yarlung Zangbo River. A total of 29 sampling sites were set up in this area (Figure 1), and the sampling sites were divided according to habitat characteristics, including four types of grassland (GL), shrubland (SL), forestland (FL) and wetland (WL) (Table 1). Soil biological sample collection and soil physicochemical index determination will be carried out in August (wet season) and November (dry season) in 2021.
[image: Figure 1]FIGURE 1 | Distribution of the 29 sampling sites on the Yarlung Zangbo River.
TABLE 1 | Sites information of the middle reaches of the Yarlung Zangbo River.
[image: Table 1]Five sampling sites were set up within an area of about 100 m2 in each sample plot, and the area of each sampling site was 25 m2 (5 m × 5 m). Fresh litter on the soil surface was picked off before sample collection, and relevant data such as soil quality, soil temperature, altitude, geographical coordinates and vegetation status were recorded. Soil sampler (LEICI, JC-802B, China) was used to collect 0–5 cm surface soil samples according to the “five-point pattern of blossom” sampling method (Liu et al., 2022). One soil sample was collected from each sampling point, and a total of five soil samples were collected from each sample plot. The samples were mixed, sealed in bags, and marked. At the same time, the soil ring knife sampler (LEICI, JC-TRCY01A, China) with a volume of 100 cm3 was used to cut the in-situ soil, fill the soil sample with it, seal it and bring it back to the laboratory for the determination of water content. A total of 290 soil samples were collected from 29 sites in two seasons (29 sites × 2 seasons × 5 replicates), and the number of samples was consistent among different habitat types. The soil samples were separately treated after being brought back to the laboratory. The fresh soil samples were used to determine the soil physical and chemical indexes, and the remaining soil samples were naturally air-dried in the laboratory for qualitative observation and quantitative culture of soil ciliates.
2.2 Sample handling and species identification
The “Non-Flooded Petri Dish Method” was employed for qualitative research (Foissner, 1992). Fifty grams of air-dried soil samples were added to Petri dishes with a diameter of 15 cm. Soil leachate was then added until the soil was thoroughly moistened but not submerged. The dishes were placed in a 25°C incubator and continuously cultured for 20 days. Species identification was performed by OLYMPUS CKX53 inverted fluorescence microscope every day after culture, and observations were recorded continuously. Quantitative research was conducted using the direct counting method in cultivation (Ning et al., 2018). Thirty grams of air-dried soil samples were weighed and placed in culture dishes with a diameter of 10 cm, with a water-to-soil ratio of 1:1. These dishes were maintained at a constant liquid level in a 25°C incubator until the maximum counting day (day 9, 10, or 11). On that day, the culture dishes were tilted at a 45° angle and allowed to stand for 5–7 min. The supernatant was then completely drawn off and measured. A drop of the supernatant was taken onto a glass slide, fixed under a microscope for counting, and records were maintained. This process was repeated five times for each soil sample. The obtained counts were converted into ciliate density per 1 mL of water (approximately equal to 22 drops). Using the ciliate density per 1 mL of water, the number of soil ciliates in 30 g of soil samples was calculated.
2.3 Measurement of environmental parameters
Soil temperature (ST) was measured in situ (-10–60°C) with a curved pipe geotherm (NENGH, NHSQ2803,China). Soil pH value (soil: water = 1:2.5) was measured by soil acidity meter (LEICI, TSS-851,China) (Thunjai et al., 2001). The soil moisture content (SWC) was measured by drying method (Davidson et al., 1998). The content of soil available phosphorus (AP) was determined by ultraviolet spectrophotometer (INESA, 752N, China) according to sodium bicarbonate extraction and molybdenum-antimony resistance colorimetric method (Xue et al., 2004). Available potassium (RAK) was determined by ammonium acetate extraction and flame photometer (Chen et al., 2020). The content of total nitrogen (TN) was determined by elemental analyzer (VELP, CN802, Italy) (Bremner, 1960). The content of total potassium (TK) was determined by flame spectrophotometry (Zhang et al., 2013). Soil organic matter (SOM) was determined by potassium dichromate volumetric method using elemental analyzer (VELP, CN802, Italy) (Nóbrega et al., 2015). The content of total phosphorus (TP) was determined by ultraviolet spectrophotometer (INESA, 752N, China) according to sodium hydroxide alkali-molybdenum-antimony reactance colorimetry (Xue et al., 2004).
2.4 Statistical analysis
Alpha diversity indices (including richness index, Shannon-Wiener diversity index, Pielou evenness index, and Simpson dominance index) were calculated using “vegan” package in R (version 4.2.1). One-way analysis of variance was used to determine the significance of associations of alpha diversity indices with seasons or habitat types. Principal coordinate analysis (PCoA) and PERMANOVA analysis were performed based on the Bray–Curtis distance using the “Micoeco” package in R. Mantel tests were used to determine correlations between environmental variables and selected characteristics of ciliates composition. Ciliates co-occurrence patterns were constructed based on Spearman’s rank correlation coefficients. Co-occurrence events were identified as statistically robust correlations (|R| > 0.6, p < 0.05) and the co-occurrence network was visualized in Gephi (version 0.9.7). Sampling sites were mapped in ArcMap 10.6.1.
3 RESULTS
3.1 Environmental factors and ciliates diversity varied
The environmental factors of season and habitat type are presented in Supplementary Figure S1, The average concentrations of SWC and TP in wet season were 36.65% and 0.7 g/kg, respectively, as compared to the 10.31% and 0.54 g/kg in dry season. The Environmental factors SWC and TP contents in wet season were significantly higher than dry season (p < 0.05). In addition, Other environmental factors of average wet than dry season (Supplementary Figure S1A), including TN (1.49 g/kg and 1.35 g/kg, respectively), SOM (29.53 g/kg, 27.77 g/kg), RAK (96.65 mg/kg, 79.59 mg/kg), AP (18.42 mg/kg, 15.29 mg/kg)、pH (7.76, 7.40), TK (20.43 g/kg, 19.99 g/kg), ST (24.20°C, 20.83°C)and VC (71.65%, 67.90%). However, the majority of these environmental factors showed no significant difference between wet and dry season (p > 0.05). In addition, some environmental factors were significantly different among the different habitat types (p < 0.05), such as pH, TK and VC (Supplementary Figure S1B). The pH values of forestland, wetland and grassland were significantly higher than those of shrubland. TK and VC values were higher in forestland and grassland than in shrubland and wetland. The value of TN, SOM and TP in grassland were higher than in shrubland than in wetland than in forestland. The values of RAK, AP, and ST were higher in grassland than in shrubland, forestland, and wetland. The SWC value was higher in wetland than in forestland, shrubland, and grassland. However, there was no significant (p < 0.05) difference in these factors among the different habitat types.
In this study, 58 samples were obtained, of which 29 were wet samples and 29 were dry samples (Supplementary Table S1). In total, we obtained 138 species of ciliates from all samples. These ciliates were belonged to 20 orders, 37 families, 57 genera of wet season, and 20 orders, 37 families, 55 genera of dry season (Supplementary Table S2). The alpha diversity of ciliates varied among different seasons and habitat types for the different indices (Supplementary Table S3). For different seasons, the mean value of richness indices, Shannon indices and Simpson indices in wet was higher than in dry season, but these was no significant (p > 0.05) difference (Figure 2A). Of different habitat types, the mean value of richness and Simpson indices in wetland were higher than in forestland, shrubland and grassland, with significant difference (p < 0.05). The mean value of Shannon indices in wetland were higher than in shrubland and grassland, with significant difference. The mean value of Pielou indices in wetland were higher than in shrubland and grassland, with no significant difference. In general, alpha diversity of ciliates varied in a spatiotemporal manner. In addition, the alpha diversity indices suggested significant differences in ciliates diversity among environment types: wetland samples had the greatest diversity, forestland samples had the lowest Pielou index, and grassland had the lowest diversity (Figure 2B).
[image: Figure 2]FIGURE 2 | Alpha diversity of soil ciliate communities. Seasonal comparisons of alpha diversity estimators for soil ciliate communities (A). Comparisons of alpha diversity estimators for soil ciliate communities in different habitat types (B). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland.
3.2 Community structure of soil ciliates in the middle reaches of Yarlung Zangbo River
The application of principal coordinate analysis (PCoA) and PERMANOVA analysis unveiled noteworthy dissimilarities in the composition of soil ciliates communities across various seasons and environmental habitat types. The findings indicated that PcoA1 and PcoA2 accounted for 9.0% and 8.2%, respectively, of the overall variation in ciliates communities among different seasons and habitat types (Figures 3A, B). The PERMANOVA analysis provided evidence that the composition of ciliates communities across different habitat types (R2: 0.88, p = 0.001) displayed statistically significant disparities (p < 0.05), whereas variations in different seasons (R2: 0.02, p = 0.22) were not statistically significant. Analysis of the seasonal richness of species revealed that 58.7% (n = 81) of species were present in samples from all two seasons (Figure 3C), 17.4% (n = 24) unique species in the dry season, 23.9% (n = 33) unique species in the wet season. Furthermore, we analyzed the ciliates community composition in different seasons and habitat types based on species abundance information (Figure 3E). In the wet season, the top three ciliate taxa at class levels with their mean relative abundance are as follows: Colpodea (28.2%), Spirotrichea (24.52%) and Oligohymenophorea (14.7%). In the dry season, the top three ciliate taxa at class levels with their mean relative abundance are as follows: Spirotrichea (31.42%), Colpodea (23.75%) and Oligohymenophorea (18.64%) (Supplementary Table S4). In the wet season, the top three ciliates taxa at genus levels with their mean relative abundance are as follows (Supplementary Table S5): Colpoda (21.83%), Plagiocampa (6.31%) and Cyrtolophosis (6.3%). In the dry season, the top three ciliates taxa at genus levels with their mean relative abundance are as follows: Colpoda (14.33%), Cyrtolophosis (9.42%) and Halteria (8.09%).
[image: Figure 3]FIGURE 3 | Species composition and abundance of soil ciliate communities. Principal coordinate analysis (PcoA) and PERMANOVA analysis of ciliate communities in the two seasons (A) and four habitat types (B). Venn diagram showing the number of shared and specific species of soil ciliates for each season (C) and habitat types (D). Relative abundance of the main phyla of soil ciliates in the two seasons and four habitat types (E). Relative abundance of the main general of soil ciliates in the two seasons and four habitat types (F). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland.
Analysis of samples from the four different habitats types showed that species from soil samples clustered separately, and the differences were statistically significant (Figure 3B): 18.1% (n = 25) were shared by the four different types (Figure 3D), 2.9% (n = 4) were shared wetland and grassland, 8% (n = 11) were shared by forestland and wetland, 5.1% (n = 7) were shared by wetland and shrubland, 2.2% (n = 3) were shared by forestland and grassland. Furthermore, we conducted an analysis of ciliate community composition in different habitat types based on species abundance information at the class level (Figure 3E). The results revealed the top three ciliate taxa at the class level for each habitat: In grassland: Colpodea (28.96%), Litostomatea (21.64%), and Oligohymenophorea (16.46%). In shrubland: Colpodea (30.37%), Spirotrichea (27.61%), and Oligohymenophorea (13.3%). In forestland: Spirotrichea (35.55%), Colpodea (25.14%), and Oligohymenophorea (13.54%). In wetland: Spirotrichea (32.97%), Oligohymenophorea (23.81%), and Colpodea (19.53%) (Supplementary Table S6). At the genus level, the top three ciliate taxa with their mean relative abundance are as follows: In grassland: Colpoda (24.11%), Lagynophrya (11.14%), and Plagiocampa (7.47%). In shrubland: Colpoda (21.58%), Cyrtolophosis (8.79%), and Halteria (5.89%). In forestland: Colpoda (17.01%), Halteria (15.6%), and Cyrtolophosis (8.14%). In wetland: Colpoda (9.92%), Cyrtolophosis (9.62%), and Colpidium (6.53%) (Figure 3F, Supplementary Table S7).
To unveil the associations driving these spatiotemporal patterns, we focused on characterizing the composition of soil ciliate communities. Specifically, we identified distinct ciliate communities associated with different seasons and environmental habitat types. Subsequently, we employed the LEfSe tool to identify biomarkers ranging from the phylum level down to the species level Figure 4. In the dry season, the ciliate biomarkers included Sporadotrichia, Oxytrichidae, and Spirotrichea. In the wet season, the biomarkers consisted of Loxodidae, Loxodes, Plagiocampa, Plagiocampidae, Operculariidae, Plagiocampa longis, Karyorelictea, and Protostomztida. Regarding habitat types, in shrubland, the ciliate biomarkers were Trachelophyllidaec and Colpodeac. In grassland, they included Litostomateas, Colpoda, Colpodida, Colpodidae, and Colpoda. In forestland, the biomarkers were Halteriidae, Halteria, Grandinellas, Lagyonphrya mucicola, Lagynophrya, Glaucomidae, and Glaucoma. In wetland, they consisted of Spirotrichea, Sporadotrichia, Haptorida, Oligohymenophorea, Hymenostomatida, and Oxytrichidae.
[image: Figure 4]FIGURE 4 | Indicator ciliate with LDA scores and relative abundance in soil ciliate communities associated with rhizosphere of different seasons (A) and habitat types (B). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland.
3.3 Linkages between environmental factors and ciliate composition and diversity
We analyzed the relationship between the alpha diversity of ciliate communities and environmental factors. The Shannon index showed a significant positive correlation with VC and exhibited an initial increase followed by a decrease in relation to SWC. The Pielou index displayed a positive correlation with TN and SWC. The Simpson index was positively correlated with VC and displayed an initial increase followed by a decrease in relation to SWC. These results suggest a restricted alpha diversity of ciliate communities in conditions of extremely high SWC levels. The Richness index showed a positive correlation with VC, TN, and SOM. These findings indicate that alpha diversity was significantly influenced by TN, SOM, VC, and SWC. Particularly, VC and SWC were identified as the most important factors affecting alpha diversity (Figure 5A). To explore the associations underlying these spatiotemporal patterns, we employed the Mantel test to determine which environmental parameters significantly correlated with the abundance of ciliate communities. Ciliate communities exhibited significant correlations with TK values in the wet season, and with SOM and SWC values in the dry season (Figure 5B). The analysis of different habitat types revealed significant correlations between ciliate communities and SOM in forestland and SWC in wetland. In summary, SWC, TK, and SOM were identified as the major factors influencing the turnover in the seasonal and environmental type composition of ciliate communities (Figure 5C).
[image: Figure 5]FIGURE 5 | Relationship between soil ciliate communities and environmental factors. (A) Relationship between soil ciliate diversity and environmental factors. Environmental drivers of soil ciliate communities, as evaluated by Mantel tests in two seasons (B) and four habitat types (C). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland; TN: Total nitrogen; TP: Total phosphorus; SOM: Soil organic matter; RAK: Rapidly available potassium; AP: Available phosphorus; TK: Total potassium; ST: Soil temperature; VC: Vegetation coverage; SWC: Soil water content.
3.4 Co-occurrence network analysis of ciliate communities
Co-occurrence network analysis was performed to explore potential relationships between ciliate communities (Figure 6A). The co-occurrence network of ciliate communities followed different patterns on the basis of six network topological parameters (Figure 6B). Modularity coefficients for all co-occurrence networks were >0.4, indicating clear modularity. Different network metrics were found for all two seasons and four habitat types (Supplementary Table S3); particular differences were seen in node and edge numbers, indicating dynamic changes within soil ciliate communities. Analysis of the seasons showed that the co-occurrence network for wet season had the higher total number of edge and total number of nodes. This season also had the lower average path length, network diameter, and modularity than dry season. These results indicate that interactions within the ciliate communities are more complex in wet than in dry. Analysis of the four habitat types (Figure 6B) showed that the co-occurrence network for wetland and forestland types had the highest total number of nodes, edge, and average degree. This environmental type also had the lowest mean clustering coefficient. These results indicate that interactions within the ciliate community are more complex in wetland and forestland than in grassland and shrubland types.
[image: Figure 6]FIGURE 6 | Co-occurrence network analysis. Co-occurrence ecological network of ciliates communities in middle of Yarlung Zangbo River (A), and network topological parameters (B). Notes: SL: Shrubland; GL: Grassland; FL: Forestland; WL: Wetland. The nodes in Figure 6A represent the different classes of ciliates.
4 DISCUSSION
4.1 Comprehensive analysis of soil ciliate diversity in the Yarlung Zangbo River
Ciliates, as a major group of protists, play important roles in microorganism communities, exhibiting high diversity in various environments, including rivers, lakes, and soil ecosystems (Bahram et al., 2018; Oshima et al., 2020). In this study, we identified 138 soil ciliate species across two seasons and four habitat types in the middle reaches of the Yarlung Zangbo River. While previous research has reported on the biodiversity of protist in the river environment, there has been relatively limited research on soil ciliates in this region (Zhang et al., 2022; Yang Q. et al., 2023). To our knowledge, this is the first study to investigate protist diversity using morphological methods and to explore the diversity, composition, and seasonal and biogeographic dynamics in the Yarlung Zangbo River. Our findings revealed that soil ciliate diversity was slightly higher in the wet season compared to the dry season, although the differences were not statistically significant, this is consistent with previous studies on soil ciliates communities in the Gannan, which also found higher soil ciliates diversity in wet season than in dry season (Yang C. et al., 2023). The middle reaches of the Yarlung Zangbo River is an arid area with great seasonal temperature variation. Temperature is an important environmental factor regulating the biochemical processes of terrestrial ecosystems (Leavit, 1998). The accumulation and decomposition of litter, soil respiration and CO2 release, and the feeding activities and metabolism of soil animals are all regulated by soil temperature (Kardol et al., 2011; AlSayed et al., 2018). In the seasonal changes, more precipitation in wet season, abundant nutrients available to soil ciliates, frequent feeding activities of soil ciliates, and higher soil temperature in wet season lead to increased metabolic rate of soil ciliates and rapid reproduction, which may be the main reason for the higher diversity of soil ciliates community in wet season than in dry season (Reth et al., 2005). However, this seasonal pattern differs from the biodiversity of protists found in the aquatic environment of the middle reaches of the Yarlung Zangbo River, suggesting significant seasonal variations in the region’s biodiversity (Zhang et al., 2022; Yang Q. et al., 2023). Additionally, our research indicated that soil ciliate diversity varies significantly across different habitat types, with the highest diversity in wetlands, followed by farmland and forestland, and the lowest in grasslands. These findings align with the conclusions of previous studies. Furthermore, we observed substantial variations in soil ciliate diversity among sampling points, indicating the significant environmental variations in the middle reaches of the Yarlung Zangbo River, closely related to the large and dynamic environmental conditions in the region. Despite the relatively high diversity of soil ciliates in the middle reaches of the Yarlung Zangbo River, our use of morphological identification methods may inevitably underestimate their diversity (Li et al., 2021). In today’s era of rapid development in high-throughput sequencing technologies, we propose that future research should comprehensively explore the diversity of soil ciliates in the Yarlung Zangbo River’s middle reaches using environmental DNA (eDNA) techniques such as metagenomics and metabarcoding (Bello et al., 2018; Ke et al., 2022). This research will significantly contribute to our understanding of the biodiversity patterns and maintenance mechanisms of the largest river basin in the Tibetan Plateau—the Yarlung Zangbo River—and hold crucial importance in the context of global biodiversity studies.
4.2 Spatiotemporal patterns of soil ciliate in Yarlung Zangbo River
Ciliates communities form large and highly diverse groups of microbiotas in soil ecosystems (Watson, 1943; Gabilondo, 2018). Our study gives a clear picture of the spatiotemporal patterns of soil ciliates communities in the Yarlung Zangbo River. Significant fluctuations in community composition were found between wet and dry seasons. Similarly, seasonal differences in soil ciliates communities have been reported for other areas (Jousset et al., 2010; Li et al., 2010; Kumar and Foissner, 2016). During the wet season, Colpodea exhibits the highest relative abundance at the class level, whereas in the dry season, Spirotrichea dominates with the highest relative abundance at the class level. This finding aligns with the results observed in Yang et al. ‘s study conducted in the Gannan region (Yang C. et al., 2023). Additionally, we observed that species unique of ciliate community to the wet season outnumber those unique to the dry season, consistent with the findings in Kumar et al.'s research (Kumar and Foissner, 2016). This indicates a higher complexity in the ciliate community during the wet season. These seasonal patterns were also revealed by our analysis of co-occurrence networks. The wet network had the highest node number and network connectivity, indicating that the soil ciliates community is more complex in wet than in dry. Soil ciliates have a complex relationship with their living environment, and they can promote the circulation of nutrients in litter and soil system through their life activities (Schulz-Bohm et al., 2017; Fiore-Donno et al., 2019), especially in the circulation of soil nutrients, especially nitrogen and phosphorus (Adl and Gupta, 2006). In this study, soil TN in wet season was higher than that in dry season (Supplementary Figure S1A). Correlation analysis showed that soil ciliate community richness was significantly positively correlated with TN, while negatively correlated with Pielou index (Figure 5A). The greater the richness and the less the uniformity of the community, the higher the complexity and stability of the co-occurrence network, indicating that the stability of the soil ciliate community in the middle reaches of the Yarlung Zangbo River in the wet season is higher than that in the dry season, and the seasonal difference of TN is the main reason for this phenomenon. In diffident habitat types, significant differences exist in the composition of soil ciliate communities, potentially linked to ecological niche variations among different ciliate taxa in response to soil conditions. The research results of Zhang et al. showed that the species, quantity and biomass of soil ciliates were positively correlated with the content of soil organic matter (Zhang et al., 1999; Abraham et al., 2019). In this study, soil ciliate richness showed a significant positive correlation with SOM (Figure 5A), while SOM showed significant differences in different habitat types (Supplementary Figure S1B), indicating that SOM was a key factor affecting the community structure characteristics of soil ciliates in different habitats. We observed the least divergence in soil ciliate community composition between wetlands and shrubland habitats, while the most significant differences were found between grassland and wetland communities. This divergence may be associated with the heterogeneity of soil physicochemical properties across different habitat types (Bahram et al., 2018; Philippot et al., 2023). For instance, Plagiocampa longis are saprotrophic and exhibit a higher prevalence in wetland environments, whereas Colpoda inflata thrive in dry conditions, leading to a more abundant distribution in grassland habitats (Robinson et al., 2002; Li et al., 2005).
4.3 SWC is an important determinant of soil ciliate composition and diversity
Determining the relationship between soil ciliate composition and diversity and environmental factors is key to understanding the spatiotemporal distribution patterns of the soil ciliate community (Li et al., 2013; Shi et al., 2013; Gabilondo et al., 2015). The diversity of soil ciliate was significantly affected by several water environmental factors, including VC, SWC, SOM and TN. This finding is consistent with the results of previous studies, which showed that SWC is important ecological factor for structuring ciliates community diversity, this is consistent with previous findings in Li et al. and Robinson et al. (Robinson et al., 2002; Li et al., 2013). In addition, we found that SWC seems to limit the diversity of ciliates communities. This discrepancy may be attributed to the predominantly soil moisture conditions in the Yarlung Zangbo River area during the wet season. The combination of low precipitation and high evaporation leads to reduced soil moisture, consequently resulting in decreased diversity (Gui et al., 2023; Roy et al., 2023). This also elucidates the observed pattern of diversity, wherein soil ciliate diversity is highest in wetland habitats and lowest in grassland habitats. Soil water content is the main limiting factor for the survival, reproduction and distribution of soil protozoa (Zou et al., 2009). Most soil organisms live in soil pores and their activities depend on the availability of water (Lee and Foster, 1991; Lavelle and Spain, 2001). In this study, SWC was significantly different in different seasons. Due to more rainfall in the wet season, soil water content was higher, soil ciliates could obtain sufficient water for their own metabolism, and the reproductive ability of the community was enhanced, which may lead to the survival of some species limited by soil water content, and the diversity of the community increased accordingly. Among different habitat types, SWC of wetland was significantly higher than that of the other three types (Supplementary Figure S1B), and the Shannon diversity index, Simpson dominance index and richness index of soil ciliate community of wetland type were higher than those of the other three types (Figure 2B). SWC and soil ciliate abundance and diversity index were significantly positively correlated (Figure 5), indicating that SWC differences affected the spatial and temporal distribution characteristics of soil ciliates and shaped the diversity pattern of soil ciliate community in the middle reaches of Yarlung Zangbo River.
In summary, our study provides a comprehensive examination of the spatiotemporal dynamics of soil ciliates diversity and composition in the Yarlung Zangbo River, enhancing our understanding of the environmental adaptation of ciliates inhabiting soil habitats at the high altitude of the Tibetan Plateau.
5 CONCLUSION
In conclusion, our study firstly investigated the seasonal and biogeographic dynamics of the soil ciliates community in the Yarlung Zangbo River. The results show that soil ciliates communities and environmental factors exhibited significant seasonal and geographic variations. The alpha diversity of soil ciliates was highest in wet and declined in dry season. Moreover, alpha diversity was much higher in the wetland than in the grassland. The co-occurrence network analysis showed that soil ciliate community was more complex in wet season than in dry season, and the stability of soil ciliate community in wet season was higher than that in dry season. The stability of soil ciliate community in wetland was higher than that in forestland, shrubland and grassland, and the anti-interference ability was stronger. ST, TN, SOM and SWC are important factors affecting the structure of soil ciliate community. By influencing the metabolic rate and nutrient acquisition of soil ciliates, the distribution pattern of soil ciliate community diversity in the middle reaches of Yarlung Zangbo River is shaped. This study may be a valuable contribution to advance the understanding of the global biogeographic diversity of soil ciliates communities.
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Site Longitude (E) Latitude (N) Altitude Soil types
s1 90.768292 29.275992 355594 SL sandy soil
s2 90.937386 29288484 353445 WL clay soil
3 91085251 29286345 3530.30 WL clay soil
s4 91.331067 29262169 3533.80 FL sandy soil
5 91612019 29258597 352110 FL sandy soil
s6 91.705393 29104931 3625.28 GL sandy soil
s7 91624075 28923538 4038.18 GL sandy soil
8 91.664332 28776647 458146 WL clay soil
s9 91.850085 28805475 4614.14 WL clay soil
s10 91921878 28913834 404073 GL sandy soil
su 91.882193 28997407 380651 GL sandy soil
s12 91.840264 29104441 3641.66 GL sandy soil
s13 91.921600 29269853 3517.73 WL clay soil
s14 92.018830 29254577 3512.68 SL dlay soil
S5 92.166001 29279894 352090 FL loam soil
s16 92.337692 29229733 3499.66 SL sandy soil
517 92.562916 29.151465 324231 FL loam soil
s18 92.699804 29.109214 312161 GL sandy soil
s19 92.865627 20079116 309778 GL sandy soil
520 93.078333 29.071086 3089.37 SL sandy soil
s21 93176376 29014414 303619 SL clay soil
s22 93.368569 29048844 300872 SL clay soil
523 93543089 20171325 299720 FL loam soil
s 93.795871 29116889 2942.66 FL loam soil
525 94.027581 29.194081 293420 WL clay soil
526 94244026 29233782 293801 FL loam soil
s27 94.420024 29357805 2900.10 WL clay soil
528 94.637056 29462648 2887.72 FL Toam soil
529 94.887494 29524680 2883.01 FL loam soil

SL, shrubland; GL, grassland; FL, forestland; WL, wetland.
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