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Thermokarst lakes are formed following ice-rich permafrost thaw and widely distribute in the cold regions with high latitude and elevation. However, the micro-eukaryotic communities (MECs) in thermokarst lakes are not well studied. Employing 18S rRNA gene sequencing, we assessed the biogeography of MECs and their driving factors in sediments of thermokarst lakes across the Qinghai-Tibet Plateau (QTP). Results showed that Diatom, Gastrotricha, Nematozoa, Ciliophora, and Cercozoa were dominant lineages in relative abundance and OTU richness. MECs varied substantially across the lakes in terms of diversity and composition. Structural equation modeling and mantel test showed that both OTU richness and community structure of MECs had close relationships with spatial factors, climatic factors, and sediment properties, particularly with latitude, mean annual precipitation, pH, as well as nutrient concentrations and stoichiometric ratios. Moreover, different groups of microbial eukaryotes (taxonomic groups and co-occurrence modules) responded differentially to the measured environmental variables. The results suggested that the biogeography of sediment MECs of thermokarst lakes on the QTP were jointly controlled by spatial and climatic factors as well as sediment properties. This study provides the first view of the composition, diversity, and underlying drivers of MECs dynamic in surface sediments of thermokarst lakes across the QTP.
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INTRODUCTION

Formed as a result of ice-rich permafrost thaw, thermokarst lakes and ponds are the most important aquatic ecosystems in the Arctic and sub-Arctic regions (Kokelj and Jorgenson, 2013; Farquharson et al., 2016; In’T Zandt et al., 2020a; Veremeeva et al., 2021) and pervasively distributed on the Qinghai-Tibet Plateau (QTP; Zou et al., 2017) In cold regions with high elevation and altitude, thermokarst lakes have been recognized as biogeochemical hotspots, particularly due to their important roles in organic carbon (OC) stock and greenhouse gases emission (Walter et al., 2006; Du Toit, 2018; In’T Zandt et al., 2020a; Jongejans et al., 2021). In circumpolar thermokarst lakes, the storage of OC is estimated to 102 Pg C (Olefeldt et al., 2016) and the methane (CH4) emission is estimated to be 4.1 ± 2.2 Tg CH4 per year (Wik et al., 2016). Over the past decades, global permafrost temperature increased by 0.3°C per decade (Biskaborn et al., 2019), leading to tremendous permafrost thaw and consequential changes of thermokarst lakes in size and abundance (Karlsson et al., 2012; Luo et al., 2015; Pastick et al., 2019), as well as serious influences on regional and global biogeochemistry (Shirokova et al., 2013; In’T Zandt et al., 2020a; Le Moigne et al., 2020). Given their crucial roles in biogeochemical processes, microbial diversity and community have been attracting increasing research interests, while most of the studies focused on bacteria and archaea, particularly on those mediating carbon dioxide (CO2) and CH4 metabolism (He et al., 2012; Matheus Carnevali et al., 2018; Vigneron et al., 2019; In’T Zandt et al., 2020b). However, the micro-eukaryotic communities in thermokarst lakes are not well known.

In lake ecosystems, microeukaryotes are a versatile group, encompassing an enormous diversity and playing fundamental roles in ecosystem structure and function (Schaechter, 2012; Keck et al., 2020). Microeukaryotes (algae, fungi, protozoa, metazoan, etc.) act as primary producers, consumers, decomposers, parasites, and saprotrophs, structuring aquatic food webs and driving biogeochemical cycles (Schaechter, 2012; Rodríguez-Martínez et al., 2020). Hence, microeukaryotes are crucial in maintaining ecosystem functions and stability. Moreover, microeukaryotes have sensitive responses to local and global environmental changes by shifting their abundance and diversity, and thus being recognized as important ecological indicators of lacustrine ecosystems (Payne, 2013; Capo et al., 2016; Keck et al., 2020; Pearman et al., 2020). Surface sediments also host a huge number and diversity of microorganisms (Lozupone and Knight, 2007; Roeske et al., 2012). Sediment microeukaryotes drive important biogeochemical processes. For example, Bacillariophyta (diatoms) contribute to primary production, and osmotrophic-saprotrophic protists are important for detrital decomposition (Rodríguez-Martínez et al., 2020). Many previous studies focused on the paleolimnology to reveal the long-term dynamics of lacustrine microeukaryotes and their reflected environmental changes by studying sediment cores (Smol, 1992; Capo et al., 2016; Keck et al., 2020). In thermokarst lakes, sediments are originated from thawing permafrost and continuously supplemented by collapse of surrounding permafrost (West and Plug, 2008). These organic-rich sediments represent an important stock of C (Strauss et al., 2013; Anthony et al., 2014) and are an active area of C metabolism (Heslop et al., 2015; Winkel et al., 2019). Aside from the studies associated with C cycling, we lack of knowledge about how micro-eukaryotic communities change across a large spatial scale and how environmental variables drive these communities.

In this study, we investigated the micro-eukaryotic communities (MECs) in sediments of thermokarst lakes across the QTP using 18S rRNA gene sequencing. Our aim was to document the diversity and structural properties of the MECs, and to address the question: how do MECs in thermokarst lake sediments respond to spatial and climatic factors as well as sediment physicochemical properties across the QTP?



MATERIALS AND METHODS


Study Area, Field Sampling, and Chemical Analysis

This work was conducted on the QTP in July 2021. In total, 44 thermokarst lakes (TL01–TL44) were investigated spanning an extensive area with longitude (LON) from 90.6 E to 98.6 E, latitude (LAT) from 30.2 N to 35.0 N, and elevation from 3569 to 4959 m above the sea level (Figure 1). The average elevation of the study sites is 4426 m. The map of permafrost distribution (Figure 1) on the QTP (Zou et al., 2017) was downloaded from the National Tibetan Plateau Data Center. The spatial dataset of climate on the Tibetan Plateau (Zhou, 2018) was also downloaded from the National Tibetan Plateau Data Center1 and used to extract the mean annual temperature (MAT) and mean annual precipitation (MAP) of our study regions. For sediment sampling of each lake, the top 15 cm of the sediment was collected from 3 points and mixed together for the following analyses. The microbial samples were collected in a 45 mL sterile centrifuge tube and frozen in liquid nitrogen immediately in the field. In the laboratory, the sediment samples were air-dried to determine sediment organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP). SOC was measured by the potassium dichromate oxidation spectrophotometric method (Chinese standard method HJ615-2011) (Wang et al., 2020; Luo et al., 2021). TN was measured using the modified Kjeldahl Method (Chinese standard method HJ717-2014) (Qian et al., 2019; Wang et al., 2020). TP was measured using the ascorbic acid colorimetric method after microwave extraction with nitric acid (Dancer et al., 1998).
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FIGURE 1. Map of the 44 study thermokarst lakes across the Qinghai-Tibet Plateau. The distribution of the permafrost was cited from Zou et al. (2017).




DNA Extraction, Polymerase Chain Reaction, and Sequencing

DNA was extracted using the Magen Hipure Soil DNA Kit (Magen, Guangzhou, China) following the manufacture instruction. DNA extracts were quantified using a Qubit 3.0 Fluorometer (Life Technologies, Guangzhou, China). A total of 20 ng DNA was as the template for the polymerase chain reaction (PCR) to generate amplicons. The 18S rDNA hypervariable regions of V9 were amplified using forward primer 1380F (CCCTGCCHTTTGTACACAC) and reverse primer 1510R (CCTTCYGCAGGTTCACCTAC). The 25 μl PCR mixture was prepared with 2.5 μl of TransStart buffer, 2 μl of dNTPs, 1 μl of each primer, 0.5 μl of TransStart Taq DNA polymerase, and 20 ng template DNA. The PCR reaction was conducted on a thermal cycler (ABI GeneAmp® 9700, Guangzhou, China). DNA libraries were verified on 1.5% agarose gels (Biowest Agarose, Guangzhou, China) and quantified using a Qubit 3.0 Fluorometer (Life Technologies, Guangzhou, China). DNA libraries were multiplexed and loaded on an Illumina NovaSeq PE250 platform according to manufacture instructions (Illumina, San Diego, CA, United States). Raw sequence data were analyzed using QIIME 1.9.1 (Caporaso et al., 2010). Sequences were quality filtered and clustered to generate operational taxonomic units (OTUs) at a threshold of 97% similarity against the SILVA 138 database (Quast et al., 2013) using QIIME. Raw sequence data can be accessed at the China National Center for Bioinformation (PRJCA005279).



Statistical Analyses

Spearman correlations were used to assess the relationships between OTU richness of the overall micro-eukaryotic communities (MECs) and major phylum (phylum with relative abundance >1%) versus environmental variables, as well as between the relative abundance of the major phylum versus environmental variables. The first structural equation modeling (SEM) analysis was conducted to depicting the relationships between environmental factors (spatial factors, climatic factors, pH, nutrient, and nutrient ratios) and community structure and alpha diversity of MECs. The second SEM was conducted to depict the relationships between environmental factors and the major modules (contain more than 10% of the nodes) of the co-occurrence network of the MECs. In SEMs, the environmental factors, MECs, and major modules were reduced in dimensions by non-metric multidimensional scaling (NMDS) using the R package vegan 2.5-7 (Oksanen et al., 2007) and the first axis of NMDS was used. SEMs were conducted using the R package lavaan 0.6-10 (Rosseel, 2012). Phylogenetic tree of microbial eukaryotes was constructed in the R package ggtree 3.2.1 (Yu et al., 2017) using OTUs which presented at least 10 lakes and had an average relative abundance >0.01%. A heatmap was built in the phylogenetic tree to show the relationships (Spearman correlation) between these OTUs and environmental factors. Mantel test was used to assess the relationships between environmental variables and the variations of MECs in terms of overall MECs, major phylum, and major network modules.

The co-occurrence network of the MECs was constructed based on the OTUs used in the phylogenetic tree using the R package igraph 1.2.11 (Csardi, 2013) and visualized using Gephi 0.9.2 (Bastian et al., 2009). The spearman correlation between all pairs of OTUs was calculated, and the P-values were adjusted using the FDR method for false discovery (Benjamini and Hochberg, 1995). Only strong and significant correlations (R > 0.5, or R < −0.5, P < 0.05) were used in constructing the network. Topological parameters were calculated, such as clustering coefficient (a measure of local connections), average degree (average number of neighbors for all nodes), and modularity (the tendency to contain subclusters of nodes). Module structures were established and the major modules were identified as those containing more than 10% of the nodes. The topological role of each node (OUT) was identified according to the within-module connectivity (Zi) and among-module connectivity (Pi). Module hubs are the highly linked nodes within the modules (Zi ≥ 2.5 and Pi < 0.62). Connectors are the linking nodes between different modules (Pi ≥ 0.62 and Zi < 2.5). Network hubs are those with Zi ≥ 2.5 and Pi ≥ 0.62. Other nodes were determined as peripherals (Zi < 2.5 and Pi < 0.62). All the analyses were carried out in R 4.1.2 (R Core Team, 2017).




RESULTS


Alpha Diversity and Environmental Association

Across these studied thermokarst lakes, a total of 11,499 OTUs were identified from the quality filtered sequences. The OTU richness ranged from 650 to 1734 (Figure 2) with an average value of 1130 (Figure 3A), and was positively correlated (p < 0.05) with MAP, SOC, TN, C:N, C:P, and N:P, while negatively correlated (p < 0.05) with latitude and pH (Figure 3B). The SEM result further showed that nutrient stoichiometric ratios had significantly direct effects on alpha diversity of the micro-eukaryotic communities (Figure 4). However, pH and climatic factors had significantly indirect effects on alpha diversity through the influences on nutrient concentrations and stoichiometric ratios (Figure 4).
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FIGURE 2. Alpha diversity (OTU richness) of the microbial eukaryotes in sediments of thermokarst lakes across the Qinghai-Tibet Plateau.
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FIGURE 3. (A) OTU richness of the overall micro-eukaryotic communities and major phylum. (B) Spearman correlations show the relationships between alpha diversity and environmental factors. The color represents the correlation coefficient, which is shown in number when the result is significant (p < 0.05).
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FIGURE 4. Structural equation modeling analysis depicting the relationships between spatial factors (including latitude, longitude, and elevation), climatic factors (including mean annual temperature and mean annual precipitation), pH, nutrients (including sediment organic carbon, total nitrogen, and total phosphorus), nutrient ratios (including C:N, C:P, and N:P ratios), micro-eukaryotic community, and alpha diversity. Solid and dashed arrows represent the significant and non-significant relationships, respectively. Red and green arrows represent negative and positive relationships, respectively. The significant path coefficients were shown adjacent to the path with *, **, and *** denote the significant level of p < 0.05, p < 0.01, and p < 0.001, respectively.


In terms of each major phylum, Ciliophora had the highest OTU richness of 161 on average, followed by Diatom (148 OTUs on average), Cercozoa (122 OTUs on average), and others (Figure 3A). The OTU richness of Gastrotricha, Nematozoa, Annelida, Ascomycota, and Apicomplexa was significantly correlated (p < 0.05) with spatial factors (longitude, latitude, and/or elevation) (Figure 3B). The OTU richness of Diatom, Gastrotricha, Annelida, Chlorophyta, and Euglenozoa were significantly correlated (p < 0.05) with a climatic factor (MAP). In addition, the OTU richness of the most phylum was significantly correlated (p < 0.05) with sediment properties, particularly with sediment pH, SOC, TN, C:P, and N:P (Figure 3B).



Community Composition and Variation

The overall micro-eukaryotic communities were dominated by Diatom (16.9%), followed by Gastrotricha (11.3%), Nematozoa (11.0%), Arthropoda (9.2%), Ciliophora (8.8%), Annelida (8.2%), and Cercozoa (5.5%) (Figure 5A). The taxonomic composition was largely different between any pair of lakes, supported by the high community dissimilarities (Bray-Curtis distance), which ranged from 0.534 to 0.986. However, the relative abundance of the major phylum was rarely associated with environmental factors (Figure 5B). On the contrary, in terms of individual OTUs (OTUs with the average relative abundance >0.01% and appeared in at least 10 lakes), most of them had significant relationships with one or more environmental variables, particularly with latitude, MAP, pH, SOC, TN, C:P, and N:P (Figure 6).
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FIGURE 5. (A) Community composition of sediment microbial eukaryotes at the phylum level. Only phyla with a relative abundance >1% are shown. “Overall” represents the whole dataset including all samples. (B) Spearman correlations show the relationships between the relative abundance of the major phylum and environmental factors. The color represents the correlation coefficient, which is shown in number when the result is significant (p < 0.05).
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FIGURE 6. Phylogenetic tree of microbial eukaryotes was constructed by OTUs with relative abundance >0.01%. Tree tips are colored by major phylum. The red and black arrows in the inner ring represent module hubs and connectors of the co-occurrence network. The heatmap indicates the relationships between OTUs and environmental variables (the color represents Spearman’s correlation coefficient and only significant results are shown). The bars in the outer ring represent the relative abundance of the OTUs and are colored by phylum.


Mantel tests showed that the variation of micro-eukaryotic communities across the lakes was significantly associated with all the measured spatial factors (except longitude), climatic factors, and sediment properties (Table 1). The variation of the subcommunities of Diatom, Gastrotricha, Arthropoda, Ciliophora, Cercozoa, Ochrophyta, Chlorophyta, Euglenozoa, and Amoebozoa was also strongly associated with most of the environmental variables (Table 1). The fitted SEM model explained 53.5% of the variation in micro-eukaryotic communities, further suggesting that climatic factors and pH had positive and negative direct effects on MECs, respectively (Figure 4).


TABLE 1. Mantel tests between environmental factors and micro-eukaryotic communities (overall, dominant phyla, and network modules).
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Co-occurrence Network

The resulting eukaryotic co-occurrence network consisted of 690 nodes and 2,909 edges (Figure 7). Only 4.8% of the edges were negative. Some topological properties were calculated to describe the complex co-occurrence relationships between OTUs. The average path length (the average shortest path lengths between all pairs of nodes) was 4.15 edges with a diameter (the maximum length) of 11 edges. The clustering coefficient was 0.33, the average degree was 8.43, and the modularity was 0.57 (>0.4 suggests modular structure of the network). The results suggested clustered topology and modular structure of the eukaryotic co-occurrence network. In this network, OTUs were clustered into four major modules containing more than 10% of the nodes (Figure 7). These modules consisted of OTUs from different taxonomic groups and responded differently to environmental variables (Figure 7). Module-A was dominated by Ciliophora, Cercozoa, Ochrophyta, and Euglenozoa in terms of OTU richness. Module-B was dominated by Diatom, Chlorophyta, and Ciliophora. Module-C was dominated by Ciliophora, Chlorophyta, and Cercozoa. Module-D was dominated by Ciliophora, Ascomycota, Ochrophyta, and Gastrotricha. Mantel tests showed that all the modules were significantly associated with latitude, MAP, and pH (Table 1). In addition, these modules were also associated differently with elevation, conductivity, SOC, TP, C:N, and C:P (Table 1). The SEM result further suggested that module-A was directly affected by nutrient stoichiometric ratios, module-B was directly affected by spatial factors and climatic factors, and module-C was directly affected by nutrient concentration (Figure 8). In the network, keystone taxa were identified according to the within-module and among-module connectivity (Zi and Pi, respectively) of the nodes. There were nine module hubs (Pi < 0.62 and Zi ≥ 2.5) and 38 connectors (Pi ≥ 0.62 and Zi < 2.5) identified in this network (Figure 7). Latitude, MAP, pH, SOC, TN, C:P, and N:P had strong relationships with some of the keystone taxa (Figure 6).
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FIGURE 7. Co-occurrence network and module structure of micro-eukaryotic communities in sediments of the thermokarst lakes. Nodes represent OTUs and are colored by (A) taxonomic groups and (B) major modules (modules contain more than 10% of the nodes). Edges represent strong and significant Spearman’s correlations (R > 0.5, or R < –0.5, P < 0.05). P-values were adjusted using the FDR method for false discovery. (C) Topological roles of the nodes in the network. Zi represents within-module connectivity. Pi represents among-module connectivity. Each dot represents an OTU colored by phylum. (D) The taxonomic composition of the major modules shown in number of OTUs.
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FIGURE 8. Structural equation modeling analysis depicting the relationships between spatial factors (including latitude, longitude, and elevation), climatic factors (including mean annual temperature and mean annual precipitation), pH, nutrient (including sediment organic carbon, total nitrogen, and total phosphorus), nutrient ratios (including C:N, C:P, and N:P ratios), and the major modules (ModA, ModB, ModC, and ModD). Solid and dashed arrows represent the significant and non-significant relationships, respectively. Red and green arrows represent negative and positive relationships, respectively. The significant path coefficients were shown adjacent to the path with *, **, and *** denote the significant level of p < 0.05, p < 0.01, and p < 0.001, respectively.





DISCUSSION

In our study, diverse microbial eukaryotes (a total of 11,499 OTUs) were identified from the sediments of the studied thermokarst lakes with an average OTU richness of 1,130 per lake (Figure 3). In general, Diatom, Gastrotricha, Nematozoa, Arthropoda, Ciliophora, Annelida, and Cercozoa had a high relative abundance of the sequences (>5% of relative abundance on average). In fact, the relative proportion of microbial eukaryotes in a sample inferred from 18S rRNA gene sequencing can be either greater or lower than their actual abundance, because eukaryotic genomes can encode for multiple copies of this gene (Gong et al., 2013). Changes observed in gene reads proportion have to be considered with caution. However, our data also showed that these microbial eukaryotes had a high diversity. For example, Ciliophora, Diatom, and Cercozoa had more than 100 OTUs on average, and Euglenozoa, Chlorophyta, Ochrophyta, and Nematozoa had more than 50 OTUs (Figure 3). These microbial eukaryotes are also observed in many other lacustrine environments with high abundance and diverse (Kammerlander et al., 2015; Filker et al., 2016; Capo et al., 2017; Debroas et al., 2017). MECs are crucial components of aquatic environments, contributing to ecosystem structure and function, such as biodiversity, biogeochemical cycling, and climate regulation (Schaechter, 2012; Simon et al., 2015; Rodríguez-Martínez et al., 2020). However, MECs in aquatic ecosystems vary drastically along time and across space, leading to consequent variations in ecosystem structure and function (Allison and Martiny, 2008; Capo et al., 2016; Keck et al., 2020; Pearman et al., 2020).

Based on accumulating evidence proposed by previous studies, the dynamics of MECs are thought to be influenced by various abiotic and biotic factors (Simon et al., 2015; Wang et al., 2015). For example, the distribution patterns of MECs are proposed to be influenced by spatial factors (Olsen et al., 2013; Wang et al., 2016), local precipitation and irradiation (Williamson et al., 2010; Jones et al., 2013), pH (Liu et al., 2014; Shen et al., 2014; Gong et al., 2015), temperature (Salonen et al., 2018; Liu et al., 2021), and nutrients (Salonen et al., 2018; Liu et al., 2021). Understanding how environmental variables shape community structures of MECs in thermokarst lakes is of importance for comprehensive biogeography studies as well as for predictions of the lake ecosystems in future climate change. In our studied thermokarst lakes, MECs varied substantially across these lakes in terms of diversity, composition, and structure (Figures 3, 4). Multiple analyses showed that both OTU richness and community structure of MECs had close relationships with spatial factors, climatic factors, and sediment properties, particularly with latitude, MAP, pH, as well as nutrient concentrations and stoichiometric ratios. Moreover, different groups of microbial eukaryotes (taxonomic groups and co-occurrence modules) responded differentially to the measured environmental variables.

It has been well demonstrated that pH is an overriding important factor in controlling diversity and composition of both bacterial communities (Fierer and Jackson, 2006; Lauber et al., 2009; Griffiths et al., 2011) and MECs (Mulder et al., 2005; Tsyganov et al., 2013; Shen et al., 2014) in soil from local to global scales. In our study of lake sediments, pH had direct effects on MECs (Figure 4) and had negative relationships with the OTU richness of MECs as well as major phylum, including Gastrotricha, Annelida, Cercozoa, Ochrophyta, Chlorophyta, and Rotifera (Figure 3). The divergence of pH also had significant relationships with the variation of most of the major taxonomic groups and all the major modules (Table 1). These results suggest that pH is an important factor in shaping MECs in sediments of thermokarst lakes. In addition, climatic conditions, particularly warming, have been suggested to influence MECs in terrestrial (Bates et al., 2013) and aquatic (Domis et al., 2014; Rigosi et al., 2014; Capo et al., 2017) ecosystems. In our study, however, MAP had significant relationships with diversity and composition of MECs. Moreover, our study also supported the important role of nutrient concentration and stoichiometric ratios. Nutrients are undoubtedly other major drivers in ecosystem structure and function. Even moderate changes in nutrient concentration and relative balance (stoichiometric ratio) can lead to significant modifications of MECs (Wu et al., 2011; Domis et al., 2014; Rigosi et al., 2014; Capo et al., 2017).

Our data identified a large number of OTUs and a high relative abundance of sequences as Diatom, which predominantly function as phototrophic organisms. In addition, other phototrophic groups, Chlorophyta and Ochrophyta were also high in OTU richness (Figure 3) and sequence proportion (Figure 5). The shallow depth and low suspended sediment concentrations of the thermokarst lakes allow greater light penetration to lake sediments. Moreover, sediments had plenty of nutrients that were further supplemented from the terrestrial input. Thus, phototrophic organisms are presented in sediments with high abundance and diversity. In the studies of limnology and paleolimnology (Davidson et al., 2013; Soares et al., 2013; Capo et al., 2017), Chlorophyta and diatoms are sensitive to nutrient changes and have high abundance in eutrophic conditions. Ciliophora was commonly found to have high abundance in polar sediment and permafrost soil with high organic matter content (Mackelprang et al., 2011; Jansson and Tas, 2014; Geisen et al., 2015; Hindshaw et al., 2017). Ciliophora is predominantly heterotrophic, and often bacterivorous and algae grazers (Sherr and Sherr, 2002), exhibiting a very clear response to nutrient changes (Capo et al., 2017). High abundance of their preys following nutrient enrichment can lead to the predominance of Ciliophora taxa (Capo et al., 2017). Paleolimnological studies have observed a positive relationship between P concentration and relative abundance of Ciliates and suggested that Ciliophora could be ecological indictors of eutrophication levels in aquatic environments (Xu et al., 2014; Pawlowski et al., 2016). In our study, we found that the variation of the Ciliophora had significant relationships with nutrient concentrations and stoichiometric ratios (Table 1). In aquatic ecosystems, Cercozoans are also bacterivorous and algae grazers. Previous studies showed that temperature fluctuations have strong influence on richness and relative abundance of Cercozoa (Tveit et al., 2015; Capo et al., 2016). In our study, however, the richness and relative abundance of Cercozoa were significantly associated with pH and C:N (Figures 3, 5), and the variation of Cercozoa had close relationships with most of the measured spatial, climatic, and physicochemical variables (Table 1).

In our case, the results showed strong relationships between environmental factors and MECs, as well as differential relationships between some microbial eukaryotic groups and measured environmental variables, which are consistent with many previous studies as discussed above. However, a number of gaps still exist in our understanding of the dynamic of MECs. For example, our measured environmental variables only explained half of the variation in MECs, suggesting potential influences of other abiotic variables, but most likely, abiotic variables (such as predation and mutualistic/parasitic interactions) (Zhao et al., 2019; Shi et al., 2020) on MECs. Moreover, in thermokarst lakes, the sediments are initially originated from permafrost soil and continuously supplemented by collapse of surrounding permafrost (Zhao et al., 2019; Shi et al., 2020). The sinking of plankton eukaryotes also contributes significantly to the sequences of MECs from sediment samples (Capo et al., 2017; Broman et al., 2019). Thus, the sediments have a considerable proportion of terrestrial and plankton microbial eukaryotes. The limited abiotic and biotic variables as well as the complex composition of the MECs in sediment samples may impede our comprehensive understanding of the biogeography of MECs in thermokarst lakes and require further studies.



CONCLUSION

Thermokarst lakes are widely distributed on the Qinghai-Tibet Plateau. In this study, we investigated the micro-eukaryotic communities in sediment of the thermokarst lakes across the QTP. We found that Diatom, Ciliophora, Nematozoa, and Cercozoa were dominant in terms of both OTU richness and relative abundance. OTU richness of the overall communities and major phylum were significantly correlated with multiple environmental variables. SEM and mantel test suggested that micro-eukaryotic communities in sediment of thermokarst lakes were jointly controlled by spatial, climatic, and physicochemical factors. Within these factors, latitude, MAP, pH, nutrient concentrations, and stoichiometric ratios were the most relevant variables. Different micro-eukaryotic groups, such as different phyla and network modules, responded differently to these variables. Due to the fact that sediment MECs in thermokarst lakes also contain the microbial eukaryotes from water column and surrounding terrestrial soil, a microbial source tracking will deepen further our understanding of the environmental responses of sediment MECs.
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