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Climate warming holds the potential to cause extensive drying of wetlands in the Arctic, but the warming-drying effects on belowground ecosystems, particularly micro-eukaryotes, remain poorly understood. We investigated the responses of soil micro-eukaryotic communities, including fungi, protists, and microbial metazoa, to decadal drainage manipulation in a Siberian wet tundra using both amplicon and shotgun metagenomic sequencing. Our results indicate that drainage treatment increased the abundance of both fungal and non-fungal micro-eukaryotic communities, with key groups such as Ascomycota (mostly order Helotiales), Nematoda, and Tardigrada being notably abundant in drained sites. Functional traits analysis showed an increase in litter saprotrophic fungi and protistan consumers, indicating their increased activities in drained sites. The effects of drainage were more pronounced in the surface soil layer than the deeper layer, as soils dry and warm from the surface. Marked compositional shifts were observed for both communities, with fungal communities being more strongly influenced by drainage-induced vegetation change than the lowered water table itself, while the vegetation effect on non-fungal micro-eukaryotes was moderate. These findings provide insights into how belowground micro-eukaryotic communities respond to the widespread drying of wetlands in the Arctic and improve our predictive understanding of future ecosystem changes.
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1 Introduction

Over the past few decades, the Arctic has experienced warming at a rate nearly four times faster than the global average, with an increase of 0.73°C per decade between 1979 and 2021 (Rantanen et al., 2022). This warming has significantly altered the Arctic’s terrestrial landscapes, and permafrost-based ecosystems, in particular, are undergoing substantial transformations due to the accelerated thawing of permafrost under a warmer climate (Liljedahl et al., 2016). Permafrost thaw has been demonstrated to accelerate thermo-erosion processes, acting as a trigger for the formation and expansion of thermokarst lakes. These thermokarst lakes, formed by land subsidence resulting from the extensive thawing of ice-rich permafrost soil, release large amounts of greenhouse gases such as CH4 and CO2 into the atmosphere. This emission is attributed to the rapid availability of organic matter in the freshly thawed soil, providing substance for microbial mineralization processes. As a result, it leads to a positive feedback loop amplifying climate warming (Serikova et al., 2019; In't Zandt et al., 2020). Contrary to previous understanding, recent evidence indicates that permafrost thaw can also induce extensive drying of wetlands. This drying is attributed to permafrost thaw followed by lateral drainage, where water moves along the land surface due to permafrost thawing. Consequently, this process leads to drier conditions across large permafrost areas (Liljedahl et al., 2016; Webb et al., 2022). There is a growing concern that increased drying could make peatlands more susceptible to carbon loss through enhanced decomposition of organic matter, leading to the release of more carbon into the atmosphere (Huang et al., 2021). Hence, more research is necessary to understand the drainage dynamics in permafrost regions and the effects of drying on wetland ecosystems in the Arctic.

Although warming-induced drying effects are important, microbial studies examining drainage effects under both, artificial and natural conditions, in the Arctic are limited (Kwon et al., 2016; Keuschnig et al., 2022). Bacteria and archaea have been the main focus of these studies as they are believed to have a direct relationship with methane metabolism and play significant roles in organic matter decomposition in cold regions. However, the distribution and responses of micro-eukaryotes such as fungi and protists to recent climate change in the Arctic remain poorly understood, despite their ubiquity and abundance in Arctic biomes (Malard and Pearce, 2018). Soil micro-eukaryotes are essential components of Arctic terrestrial ecosystems and play pivotal roles in biogeochemical cycles through soil food webs, interactions with plants, and nutrient uptake and fluxes. Ectomycorrhizal fungi, for example, are critical for Arctic plants to uptake nutrients and survive in nutrient-poor tundra ecosystems (Hobbie et al., 2009; Bjorbækmo et al., 2010). Furthermore, the predatory activity by micro-eukaryotes regulates carbon cycling by controlling the abundance of soil prokaryotes. Trophic shifts induced by warming were identified as one of the main controlling factors in the microbial methane cycle in a warming experiment (Tveit et al., 2015). By examining the response of the micro-eukaryotic community to drainage treatment, we can gain a more accurate and predictive understanding of how warming-induced drying affects terrestrial wetland ecosystems in the Arctic.

In this study, we investigated the impact of decadal artificial drainage on the micro-eukaryotic communities in a Siberian wet tussock tundra using both marker gene-based amplicon and shotgun metagenomic sequencing data. To better reflect the inter-sample differences in microbial abundance, community data were interpreted in a semi-quantitative manner by rescaling the read counts per sample with metagenome-derived taxa abundance information. Our previous research has shown that drainage treatment significantly altered bacterial and archaeal communities, with a more prominent effect at the surface layer (0–7.5 cm) compared to the subsurface layer (7.5–15 cm; Kwon et al., 2021). Based on this, we hypothesized that decadal drainage would also lead to significant changes in the abundance, composition, and functional traits of micro-eukaryotic communities, with a more pronounced effect on the surface layer. To explore this hypothesis, we addressed two questions: (i) What are the eukaryotic taxa and functional traits most responsive to drainage treatment? (ii) Does community-level response to drainage treatment differ between fungi and non-fungal micro-eukaryotes? Additionally, we validated our drainage manipulation results by comparing them with those of two other sites within the study area: drained but still wet (drained-wet) and naturally occurring dry (control-dry) sites.



2 Materials and methods


2.1 Site description and soil sampling

The Ambolikha research site is situated on the floodplain of the Kolyma River, adjacent to Chersky, a northeastern Siberian town in Russia. The mean annual temperature within the period 1960 to 2009 was −11°C, with mean monthly temperatures ranging from −33°C in January to +12°C in July, while the average annual precipitation was 197 mm from 1950 to 1999, with mean monthly precipitation varying between 7 mm in March and 30 mm in August (Göckede et al., 2017). The site experiences periodic inundation during the growing season due to snowmelt water and flooding of the river basin. The wet tussock tundra at the site is mainly dominated by tussock-forming sedges (Carex appendiculata and C. lugens) and a cotton grass species (Eriophorum angustifolium), while shrubs (Betula exilis, Salix fuscescens, and S. pulchra) and other Carex spp. are more prevalent in dry sites (Kwon et al., 2016). The soils consist of a 15–25 cm thick organic peat layer with underlying silty clay alluvial soils.

Since 2004, the ‘Drained site’ (68.6131 N, 161.3414 E) has undergone drainage through a ~ 200 m diameter circular drainage ditch (Merbold et al., 2009), resulting in a lowered water table of approximately 20 cm during the growing season. A reference study area, the ‘Control site’ (68.6167 N, 161.3497 E) is situated approximately 600 m from the drained site, and was left untreated (e.g., Göckede et al., 2019). Due to irregularities in the topography of the study area, not all plots in the drained site remained dried, and similarly, some control site plots were not fully saturated with water. Further details regarding the site description are available in Göckede et al. (2017).

In July 2014, a total of 12 soil core samples were collected: six from the drainage site and six from the control site. Samples were taken at 50-m intervals following a pre-established transect for flux chamber sites (e.g., Kwon et al., 2017). Soil cores were taken manually with a 7.6 cm diameter corer down to the permafrost table. Both the corer and the knife used to divide the soil increments were sterilized with alcohol before taking each sample. With respect to the irregularities in topography mentioned above, these 12 plots selected for soil sampling were categorized into four different groups based on the water table depth during the growing season: drained-dry, drained-wet, control-wet, and control-dry (Kwon et al., 2016). We also categorized sampling spots into two groups based on dominant vegetation type: Eriophorum sp. dominated and shrub-Carex sp. dominated (see Supplementary Table S1). It should be noted that the dominant vegetation type did not necessarily correspond with the groups based on the water table depth above. The samples had a diameter of 7.6 cm and a length of 35 cm. Each core was split into two layers, namely the organic peat layer (0–15 cm) and the alluvial layer (15–35 cm), with each layer further divided into 7.5 cm segments. Prior to homogenization in a sample bag, plant roots larger than 1 mm in diameter were removed from each sample. Subsamples of the soils were placed in Falcon tubes filled with aqueous sulfate solutions during transport, and subsequently stored at −20°C until DNA extraction. An aqueous sulfate solution (25 mM sodium citrate, ten mM EDTA, and 70 g ammonium sulfate/100 mL solution, pH 5.2; Salehi and Najafi, 2014) was used to precipitate degenerative RNases and other solubilized proteins.



2.2 Soil chemical properties

Regarding soil chemical properties, we provided the dataset for the upper layer (0–15 cm depth) along with the detailed analytical procedures in our previous paper (Kwon et al., 2021). In this paper, we present the results for the deeper layers below the 15 cm depth (Supplementary Table S1). The measured chemical properties include soil pH, total carbon and nitrogen content, organic carbon content, gravimetric soil water content, and sulfate concentration.



2.3 DNA extraction, amplicon sequencing, and community analysis

Soil DNA was extracted from 2 g of each sample using DNeasy PowerSoil Kit (QIAGEN), following the manufacturer’s instructions. Extracted DNA was purified using DNeasy PowerClean Cleanup Kit (QIAGEN). We utilized a one-step PCR approach with dual-indexed fusion primers, which include Nextera P5/P7 adapters, i5/i7 indices, and target-specific forward/reverse primers, as previously described by Comeau et al. (2017). We conducted amplicon sequencing targeting the ITS2 region for fungal communities and the V4 region of the 18S rRNA gene for non-fungal micro-eukaryotic communities. Specifically, primer pairs ITS2F-ITS4R (Op De Beeck et al., 2014) were employed for amplifying fungal ITS2 region, while primer pairs E527F-E1009R (Comeau et al., 2011) were used for targeting the eukaryotic 18S V4 region. Library preparation and amplicon sequencing were performed at the Integrated Microbiome Resource (Halifax, Canada) using the v3 chemistry of Illumina MiSeq (2 × 300 bp).

To process the ITS2 and 18S sequence data, we used the DADA2 v1.20 algorithm (Callahan et al., 2016) to infer amplicon sequence variants (ASVs). The remaining adapter and primer sequences were removed using Cutadapt v2.10 (Martin, 2011). We specifically used the DADA2 ITS pipeline workflow (v1.8) to process fungal ITS2 sequences. Trimmed reads were quality-filtered using ‘filterAndTrim’ function with the following parameters: maxN = 0, truncQ = 2, maxEE = c (Anderson, 2001; Bjorbækmo et al., 2010), and minLen = 50. Representative ASV sequences were taxonomically assigned using the IDTAXA algorithm (Murali et al., 2018), with a confidence threshold of 60%, against UNITE v9.0 (Nilsson et al., 2019) for fungal ITS2 and PR2 v4.14.0 (Guillou et al., 2012) for micro-eukaryotic 18S sequences. Although amplification of the ITS2 region was targeted to fungi, also some ITS2 sequences from other eukryotic groups were incidentally amplified. Their proportion was overall small and most of them were filtered out by matching them against the UNITE v9.0 (Nilsson et al., 2019). Despite these efforts, certain ITS2 sequences assigned to ‘unclassified fungi’ actually did not represent fungi. Particularly with datasets from polar regions the number of reference sequences available in public databases is rather limited (Gyeong et al., 2021). To refine the exclusion of non-fungal ITS2 sequences, we performed additional BLASTN searches against the NCBI nucleotide collection (nr/nt) (downloaded Dec 2022) for those ITS2 sequences categorized as ‘unclassified fungi’ by the UNITE database. Sequences exhibiting the closest matches to reference sequences of algae or bryophytes (≥ 97% identity and E-value ≤10−32) were subsequently removed from the dataset. Micro-eukaryotic 18S ASV sequences only included protistan lineages (Geisen et al., 2018), and microbial metazoa generally exhibiting a body size of <1 mm in length (Bik, 2019). The raw data from amplicon sequencing are available from the NCBI Sequence Read Archive (SRA) under the BioProject accession number PRJNA588342.



2.4 Cross-validation with shotgun metagenomic data and relative abundance estimation

To compare the proportion of major taxa inferred from amplicon sequencing data and shotgun metagenomic sequencing data at higher taxonomic ranks, we downloaded the shotgun metagenomic dataset from the NCBI SRA database (NCBI SRA PRJNA588342; Kwon et al., 2021). This dataset was generated using the same samples employed for amplicon sequencing in this study. Subsequently, 18S rRNA gene reads were extracted from the corresponding shotgun metagenomic data via SortMeRNA v2.1b based on SILVA the 138.1 rRNA database with default settings (Kopylova et al., 2012). The obtained 18S rRNA gene sequences were classified using the IDTAXA algorithm by matching them against the SILVA 138.1 database for fungi and the PR2 v4.14.0 database for micro-eukaryotes.

To more accurately reflect the relative abundance of each taxon in the samples and provide a closer representation of actual community abundances, we used a method that used weighted relative abundance values for each taxon per sample. Initially, we calculated the ratio of 18S read counts assigned to fungi and non-fungal micro-eukaryotes (protists and microbial metazoa) relative to the total number of metagenomic reads. This served as a proxy for estimating the relative abundance of fungal and non-fungal micro-eukaryotic communities, respectively. Metagenome-extracted 16S and 18S reads have previously been employed as semi-quantitative measures to represent prokaryotic and fungal lineages (Guo et al., 2016). Subsequently, we estimated the coverage of each shotgun metagenomic dataset using Nonpareil v3.4.1 with default settings (Rodriguez-R et al., 2018). The values obtained by multiplying the aforementioned ratio by 1/(sample coverage) effectively indicate the abundance of fungi and micro-eukaryotes within the metagenomic dataset, assuming that the sample coverage is ideally 1. To assign an ‘abundance weight’ to the relative proportions for each taxon in the amplicon sequencing data, we applied a weighting factor derived from these metagenome-based abundance values for fungi and micro-eukaryotes by multiplying them. This approach provides a better representation of taxonomic composition aligning more closely with the true community abundances, rather than relying solely on the percent-based relative abundance of each taxon in the amplicon dataset.



2.5 Inference of functional traits

The functional assignments of fungal taxa were conducted using the FungalTraits database by linking the taxonomic information of fungal ASVs to functional guilds (Põlme et al., 2020). The relative proportion of each trait was calculated using the ‘microeco’ R package (Liu et al., 2021). For non-fungal micro-eukaryotic communities, a broad classification of life history strategies was employed. The major protistan taxonomic groups were classified into three life history strategies: phototrophic (Archaeplastida, Ochrophyta), parasitic (Apicomplexa, Ichtyosporea, MALV, Peronosporomycetes, Syndiniales), and consumer (Ciliophora, Rhizaria, non-Fungi Opisthokonta, Amoebozoa, non-Ochrophyta, and non-Peronosporomycetes Stramenopiles) (Singer et al., 2021).



2.6 Statistical analyses

We used the ‘estimateD’ function in the ‘iNEXT’ R package (Hsieh et al., 2016) to calculate ASV richness at equal sample coverage. The pairwise Bray-Curtis dissimilarities between samples were calculated using the Hellinger-transformed ASV relative abundance matrix and visualized using principal coordinates analysis (PCoA). Each soil chemical variable was fitted onto the ordination space using the ‘envfit’ function in the vegan R package, and the significance of fitted vectors was tested based on 999 permutations (Oksanen et al., 2013). To assess the effects of the drainage treatment, soil depth, and vegetation type on the microbial community structure, we conducted a permutational multivariate analysis of variance (PERMANOVA) and p-values were obtained using 999 permutations (Anderson, 2001). We employed the Wilcoxon rank sum test to identify statistically significant differences in the relative abundance of taxa affected by either drainage treatment or vegetation type. All plots were created using standard functions in R v4.2.2 (R Core Team, 2021).




3 Results


3.1 Drainage effects on fungal communities

Amplicon sequencing of the fungal ITS2 region generated 916,266 high-quality reads, comprising a total of 1,136 fungal ASVs. At the 0–7.5 cm depth, fungal ASV richness was on average 1.4-fold higher in drained-dry plots compared to control-wet, but the difference was not statistically significant (Wilcoxon rank sum test, p > 0.05; Figure 1A). No significant differences in fungal ASV richness between drained-dry and control-wet plots were observed at the lower two soil depths (all p > 0.05; Figure 1A). When the extent of ASV richness was compared by dominant vegetation type, a significant difference was observed at the 0–7.5 cm depth, with fungal ASV richness being on average 2.4-fold higher in shrub-Carex sp. dominated plots compared to Eriophorum sp. dominated plots (W = 32, p < 0.01). At both the 7.5–15 cm and below the 15 cm depths, there was no significant difference in fungal ASV richness between different vegetation types (p > 0.05). Additionally, no significant effects of the interaction terms (drainage x vegetation) on the ASV richness were observed at any of the soil depths (ANOVA, p > 0.05).
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FIGURE 1
 Boxplots showing fungal (A) ASV richness, and stacked bar plots displaying the taxonomic composition at the order level using (B) weighted relative abundance and (C) percent relative abundance. The average weighted relative abundance values for each treatment group are displayed in (B). Samples with low biomass resulting in no metagenomic data available are indicated as NA in (B). Only orders with relative abundance higher than 1% are presented in (B,C).


Ascomycota and Basidiomycota were the most dominant fungal phyla, accounting for on average 84.5 and 15.1% of all fungal ITS reads, respectively. Metagenomic comparisons confirmed a strong correlation between their relative abundances across samples and those obtained from fungal 18S reads in shotgun metagenomic data (Supplementary Figure S1A). To more accurately represent the abundance of taxa in the samples, we compared the samples in a semi-quantitative manner using weighted relative abundance values. The drainage treatment led to a significant increase in the weighted relative abundance of fungi at both the 0–7.5 cm depth and 7.5–15 cm depth (all p < 0.05; Figure 1B). The abundance difference between treatments was more pronounced at the 0–7.5 cm depth than at the 7.5–15 cm depth. At the 0–7.5 cm depth, the weighted relative abundance of Ascomycota (mostly comprising order Helotiales) was significantly higher in drained-dry plots than in control-wet plots (p < 0.05; Figure 1B). The control-dry samples displayed a similar pattern to the drained-dry result, while the drained-wet samples showed a similarity to the control-wet result. On the other hand, the difference in percent relative abundance (%) at the phylum and order levels was indistinguishable between treatments at all depths (all p > 0.05; Figure 1C). The weighted relative abundance of Basidiomycota did not differ by drainage treatment, but significantly varied by vegetation type at the 7.5–15 cm depth, with significantly higher abundance observed in shrub-Carex sp. dominated plots compared to Eriophorum sp. dominated plots (p < 0.05; Supplementary Figure S2A). Among Basidiomycota orders, the relative abundance of Agaricales differed significantly depending on vegetation type at this depth (p < 0.05). At the genus level, genus Hyaloscypha, Lachnum, Tricladium, and Gremmenia showed a higher relative abundance in drained-dry plots than control-wet plots at the 0–7.5 cm depth (all p < 0.05; Figure 2A). Genus Hebeloma, Laccaria, and Tomentella differed in relative abundance only by vegetation type at the 0–7.5 cm depth (all p < 0.05; Figure 2B).
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FIGURE 2
 Differential abundance of dominant genera based on drainage treatment and vegetation type. (A,B) Represent fungal genera, while (C,D) depict non-fungal micro-eukaryotic genera. Weighted relative abundance values at two soil depths (0–7.5 cm and 7.5–15 cm) were used for comparison. The red asterisk indicates a significant difference in both 0–7.5 cm and 7.5–15 cm depths (p < 0.05), while no asterisk and blue asterisk represent a significant difference only at 0–7.5 cm and 7.5–15 cm depth, respectively.


The fungal community structure differed significantly by drainage treatment, vegetation type, and soil depth, with the vegetation effect being the strongest, followed by the treatment and soil depth effects (Table 1 and Figures 3A,B). A drainage-induced compositional shift was evident at the 0–15 cm depth (p < 0.01), but the drainage effect was not significant below the 15 cm depth (p > 0.05; Supplementary Table S2). When the vectors of soil physicochemical variables were fitted onto the ordination space, fungal community variation was associated primarily with sulfate concentration (goodness of fit, R2 = 0.53), followed by organic carbon content (R2 = 0.48) and pH (R2 = 0.44; Supplementary Figure S3A). The comparison sites, both control-dry and drained-wet samples, were placed within the cluster of drained-dry samples (Figure 3A).



TABLE 1 Summary of PERMANOVA partitioning results comparing effects of drainage treatment, soil depth, and vegetation type on fungal and non-fungal micro-eukaryotic community structure.
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FIGURE 3
 Principal coordinate analysis (PCoA) plots of fungal communities based on (A) drainage treatment and (B) vegetation type, and (C) functional group distribution. The primary lifestyle-based weighted relative abundance of functional groups is shown in (C) with the sublevel composition of saprotrophs represented by a pie chart. In (A), drained-wet and control-dry samples are denoted by plus and asterisk symbols, respectively. In (A,B), D1, D2, and D3 represent 0–7.5 cm, 7.5–15 cm, and below 15 cm depths, respectively.


To investigate whether the drainage treatment and vegetation type led to any functional shifts in fungal communities, we assigned functional traits to each ASV sequence using the FungalTraits database. When functional traits were categorized by primary lifestyle, the drainage treatment led to a significant increase in the weighted relative abundance of litter saprotrophs (0.3 ± 0.2 in the control-wet vs. 3.6 ± 2.5 in the drained-dry) at the 0–7.5 cm depth (W = 24, p < 0.05; Figure 3C). An increase in the weighted relative abundance of the litter saprotrophs was also observed at the 7.5–15 cm depth, but the difference was not statistically significant (p > 0.05). The weighted relative abundance of ectomycorrhizal fungi did not vary by drainage treatment, but differed by vegetation type at the 0–7.5 cm depth (W = 25, p < 0.05).



3.2 Drainage effects on non-fungal micro-eukaryotic communities

Non-fungal micro-eukaryotic communities (protists and microbial metazoa) accounted for 20.2% of the total 18S amplicon reads, and were clustered into 1,999 ASVs. Micro-eukaryotic ASV richness did not differ significantly by neither drainage treatment nor vegetation type at all soil depths (all p > 0.05; Figure 4A). The most abundant lineages were Cercozoa (on average 40.9%), Ciliophora (16.9%), and microbial metazoa (11.1%), which collectively accounted for 68.9% of the total 18S reads. We observed a general agreement between amplicon- and metagenome-based 18S reads in terms of the proportions of these three groups (Supplementary Figure S1B). The weighted relative abundance of non-fungal micro-eukaryotic communities significantly increased in drained-dry plots at both the 0–7.5 and 7.5–15 cm soil depths (Figure 4B). Similar to the fungal abundance, the increase was more pronounced at the 0–7.5 cm depth compared to the 7.5–15 cm depth. The weighted relative abundance of major micro-eukaryotic phyla varied between treatments, with drained-dry plots showing a significantly higher relative abundance of microbial metazoa (mostly Nematoda and Tardigrada) compared to control-wet plots at the 0–7.5 cm depth (all p < 0.05; Figure 4B). The similar trend was also observed in drained-wet and control-dry plots. However, the difference in percent relative abundance (%) at the phylum and class levels was indistinguishable between treatments, except for microbial metazoa (Figure 4C). At the genus level, the relative abundance of the genera Metateratocephalus (Nematoda), Paracercomonas (Cercozoa), Prismatolaimus (Nematoda), and Acutuncus (Tardigrada) was significantly higher in drained-dry plots than in control-wet plots at the 0–7.5 cm depth (all p < 0.05; Figure 2C). The genus Cercomonas (Cercozoa) showed a higher relative abundance in shrub-Carex sp. dominated plots only at the 7.5–15 cm depth, whereas a substantial reduction in the relative abundance of the genus Chlamydomonas (Chlorophyta) in shrub-Carex sp. dominated plots at both the 0–7.5 and 7.5–15 cm soil depths, with statistically significance observed only at the 0–7.5 depth (p < 0.05) (Figure 2D). The vast majority of Chlorophyta ASVs were assigned to the order Chlamydomonadales, primarily attributed to the genus Chlamydomonas. A smaller portion, labeled as ‘Chlorophyta other,’ consisted of unclassified Chlorophyta, orders Chaetophorales, Chlorellales, and Sphaeropleales. The relative abundance of ‘Chlorophyta other’ was less than 1% on average, and they are sporadically distributed across the samples (see Figure 4C). Due to their limited representation and a lack of a discernible response to the drainage treatment, they will not be discussed in more detail here.
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FIGURE 4
 Boxplots showing non-fungal micro-eukaryotic (A) ASV richness, and stacked bar plots displaying the taxonomic composition at the phylum or class levels using (B) weighted relative abundance and (C) percent relative abundance. The average weighted relative abundance values for each treatment group are displayed in (B). Samples with low biomass resulting in no metagenomic data available are indicated as NA in (B). Only phyla or classes with relative abundance higher than 1% are presented in both (B,C).


The non-fungal micro-eukaryotic communities were primarily structured by soil depth, followed by vegetation type and drainage treatment, with similar effect sizes (Table 1 and Figures 5A,B). The effect of drainage was statistically significant at the 0–15 cm depth (p < 0.01), but not below the 15 cm depth (p > 0.05; Supplementary Table S2). The non-fungal micro-eukaryotic community variation was associated primarily with total nitrogen content (R2 = 0.71) and organic carbon content (R2 = 0.70), followed by sulfate concentration (R2 = 0.46; Supplementary Figure S3B). Similar to fungal communities, drained-wet and control-dry samples were placed within the cluster of drained-dry samples (Figure 5A). When micro-eukaryotic communities were categorized by life history strategies (e.g., consumer, phototroph, and parasite), the weighted relative abundance of consumers significantly increased in drained-dry plots compared to control-wet plots at the 0–7.5 cm depth (Figure 5C). There was no significant increase in the weighted relative abundance of consumers at the 7.5–15 cm depth (p > 0.05).
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FIGURE 5
 Principal coordinate analysis (PCoA) plots of non-fungal micro-eukaryotic communities based on (A) drainage treatment and (B) vegetation type, and (C) functional group distribution. Panel (C) displays the weighted relative abundance of each protistan life history strategy, namely consumer, parasite, and phototroph, averaged within each group category. In (A), plus and asterisk symbols represent samples from drained-wet and control-dry plots, respectively. In (A,B), D1, D2, and D3 represent 0–7.5 cm, 7.5–15 cm, and below 15 cm depths, respectively.





4 Discussion


4.1 Effects of decadal drainage on the abundance and taxonomy of micro-eukaryotic communities

The abundance of both fungal and non-fungal micro-eukaryotic communities was significantly increased by decadal drainage. As a result of the prolonged drainage, the water table in drained-dry plots has lowered by approximately 20 cm for a decade relative to control-wet plots, which has resulted in surface soils becoming more aerobic (Kwon et al., 2016). Since eukaryotic microorganisms generally prefer aerobic conditions for growth and survival (Jaatinen et al., 2007), the higher abundance of micro-eukaryotes in drained-dry plots is not surprising. However, in contrast to eukaryotes, previous research conducted at the same site revealed lower relative abundances of bacterial and archaeal communities in drained-dry plots compared to control-wet plots (Kwon et al., 2021). Furthermore, during the growing season, heterotrophic respiration (Rh) from soil organisms at the 0–15 cm depth was observed to be higher in drained-dry plots as compared to control-wet plots (Kwon et al., 2021). Although this study did not quantify the relative contributions of prokaryotes and micro-eukaryotes to the total Rh, it is plausible to assume that the increased abundance of micro-eukaryotic communities has some correlation with the elevated Rh in drained-dry plots. It suggests that the increased activity of micro-eukaryotes in response to drying may play a significant role in the overall carbon loss from the ecosystem in dried peatlands. These findings are consistent with a study on a Polish peatland, where ecosystem respiration increased in dried sites where saprotrophic fungi became more prevalent in response to extreme drought (Jassey et al., 2018). This highlights the usefulness of abundance data for both soil eukaryotes and prokaryotes in linking microbial dynamics with heterotrophic respiration belowground.

Following a decade of drainage treatment, there was a notable increase in the abundance of order Helotiales, which corresponded to a functional transition marked by an increase in litter saprotrophic fungi. The order Helotiales comprises the most extensive yet undescribed root-associated fungal species with versatile lifestyles (Wang et al., 2006; Tedersoo et al., 2009). This increase in Helotiales aligns with previous findings that reported their prevalence in dry tundra soils of the Arctic (Dahl et al., 2017; Voříšková et al., 2019). Similarly, other peatland ecosystems have also reported an increase in saprotrophic fungi as a result of reduced water levels (Asemaninejad et al., 2017; Jassey et al., 2018). This increase in abundance may be attributed to their greater organic matter degradability and heterotrophic respiration under aerobic conditions following persistent water table drawdown. Although the relative abundance of ectomycorrhizal fungi did not vary significantly due to drainage treatment, it was found to differ according to vegetation type. The ectomycorrhizal genera Hebeloma and Tomentella, both of which were found in greater abundance in shrub-Carex sp. dominated plots, have been reported to form ectomycorrhizal symbiotic relationships with shrubs in the Arctic (Cripps and Eddington, 2005; Bjorbækmo et al., 2010). Therefore, the increase in shrub cover induced by lowered water levels may have facilitated root mycorrhizal colonization.

Similar to the fungal abundance, the abundance of microbial metazoa, in particular nematoda and tardigrada, also increased in drained-dry plots. It is expected that the abundance of nematodes at the surface layer in drained-dry plots would increase, as they are negatively affected by high moisture content (Kuzmin, 1976; Afzal et al., 2021). A similar finding was also reported in a drained temperate peatland (Weil et al., 2020). At the genus level, two bacterivorous nematode genera, Metateratocephalus and Prismatolaimus, were found to be more abundant in drained-dry plots. They have been reported to occur in various terrestrial and freshwater environments, including Svalbard, Taymyr, and Novaya Zemlya in Russia, in the Arctic (Holovachov, 2014). Furthermore, we observed an increase in protistan consumers at the surface layer in drained-dry plots, suggesting increased trophic interactions between protists and their prey populations. Protistan grazing has been identified as a key factor in controlling bacterial populations in peatlands (Mieczan and Tarkowska-Kukuryk, 2017). However, we could not find any significant drainage effect on the abundance of specific protistan lineages at various taxonomic ranks, except for a cercozoa genus Paracercomonas, which increased in drained-dry plots. Since the protistan consumer group is composed of various taxonomic lineages, the increased trophic interactions by drainage treatment could be the combined effect of multiple protistan groups. It is important to note that protists and microbial metazoa are the least known taxonomic groups in soil microbial ecology (Geisen et al., 2018; Bik, 2019), and their diversity in Arctic terrestrial ecosystems is relatively unknown compared to that in other biomes (Geisen et al., 2015). Therefore, the functional roles of these groups in dried conditions are difficult to infer due to the lack of information about their physiology and diversity. Although we did not observe a significant effect of the lowered water table, there was a notable reduction in the abundance of the green algae genus Chlamydomonas in response to a shift in dominant plant types. In plots dominated by shrub-Carex sp., this genus exhibited an average 74-fold decrease in abundance compared to those dominated by Eriophorum sp. Chlamydomonas is commonly observed in various environments, including soil (Darienko and Friedl, 2021), Arctic wetlands, and freshwater settings (Schartau et al., 2022). The reason why Chlamydomonas abundance was influenced more by dominant vegetation types rather than the lowered water table remains unclear. The strong correlation with plant types suggests a parallel response to the drainage treatment, akin to the delayed response often seen in the plant community transitions when faced with changes in the water table (Jukaine et al., 1995).



4.2 Effects of drainage treatment on alpha- and beta-diversity of micro-eukaryotic communities

In contrast to abundance responses, the drainage treatment had no significant effect on the ASV richness of both fungal and non-fungal micro-eukaryotic communities. This finding contradicts previous studies that reported increased fungal diversity as a result of lowered water tables in other peatland ecosystems (Peltoniemi et al., 2012; Jassey et al., 2018; Xue et al., 2021). This discrepancy could be explained by the duration of drainage treatment. A decade of drainage treatment may be insufficient to detect significant changes in species alpha-diversity, which may be the reason why no significant drainage effects were observed on bacterial and archaeal diversity at the same site (Kwon et al., 2021). Moreover, a study by Xue et al. (2021) found that long-term drainage (48 years) resulted in a decrease in fungal species diversity compared to short-term drainage (3 years) in a Tibetan Plateau peatland. Therefore, it is possible that changes in microbial diversity due to drainage treatment may be detectable in the longer term. The higher ASV richness of both communities in the control-dry plot compared to the control-wet plot observed at this site is the result of long-term ecosystem changes. This further supports the idea that changes in microbial alpha-diversity due to drainage treatment may require a longer observation period to detect.

Unlike the alpha-diversity results, decadal drainage led to significant shifts in the composition of both fungal and non-fungal micro-eukaryotic communities, with more striking differences observed at the surface layer than the deeper layer. The stronger compositional shift at the surface layer is expected since drainage causes the soil to dry from the surface, while deeper soils below the 15 cm depth still remain inundated. These results are consistent with those obtained for bacterial and archaeal communities studied at the same site (Kwon et al., 2021). Interestingly, we found that fungal communities were more strongly influenced by drainage-induced vegetation change than by lowered water tables, whereas both drainage and vegetation had comparable effects on non-fungal community structure. This indicates that fungal communities are less susceptible to the direct effect of a lowered water table compared to other soil micro-eukaryotes, which may be associated with their higher resistance to soil desiccation (Guhr et al., 2015). The stronger influence of host plant type on fungal communities may be attributed to the close relationship between Arctic plants and fungi, as tight associations between root-associated fungi and plants in tundra ecosystems have been reported (Hobbie et al., 2009; Bjorbækmo et al., 2010). Plant-mediated changes in fungal community composition were also reported in a warming experiment in the Arctic (Deslippe et al., 2012), and a stronger role of plant litter type than the water table in structuring fungal communities was found in a peatland ecosystem (Trinder et al., 2008). The lowered water table by decadal drainage treatment did not lead to the complete shift in plant composition at this site, as vegetation changes induced by lowered water tables in general take a longer time (Jukaine et al., 1995).

The community structures of both fungi and non-fungi in control-dry plots were similar to those in drained-dry plots, but the reverse was not true. The drained-wet was placed within the cluster of drained-dry plots, but closer to the direction of control-wet plots for both communities. This pattern was also observed in bacterial communities at the same site (Kwon et al., 2021). The dominant vegetation type in both drained-wet and dry plots was shrub-Carex sp. dominated, which could explain their compositional similarity, likely due to the stronger influence of vegetation type on micro-eukaryotic communities.



4.3 Cross-validation between amplicon and shotgun metagenomic data

The proportion of major taxa detected by shotgun metagenomic sequencing was generally consistent with those by amplicon sequencing at higher taxonomic ranks. This indicates that primer biases during the PCR reaction are not significant across samples (Oliverio et al., 2020). Moreover, this taxonomic concordance reinforces the usefulness of taxa relative abundance weighting by metagenome-derived 18S reads. This semi-quantitative approach was also useful in identifying differentially abundant taxa; significant differences in abundance were detected using weighted relative abundance values, whereas percent relative abundance failed to identify differences between drainage treatments for both communities. Therefore, shotgun metagenomic sequencing with greater depth would be useful in studies where the abundance and molecular diversity of soil micro-eukaryotes are important.




5 Conclusion

Our study highlights the significant impact of decadal drainage manipulation on both fungal and non-fungal micro-eukaryotic communities in an Arctic wetland ecosystem. We observed increases in the relative abundance of key groups, such as Helotiales (Ascomycota) in fungi and various taxa belonging to Nematoda and Tardigrada in non-fungal micro-eukaryotes, in drained sites. Furthermore, drainage induced functional shifts in both communities, with an increase in litter saprotrophic fungi and consumer protists. Unlike the abundance response, we did not find significant effects of drying on ASV richness for both communities. The drainage treatment led to significant compositional shifts for both communities, but the extent of community-level response differed between them. Fungal communities were more strongly influenced by drainage-induced vegetation changes rather than drainage treatment itself, whereas the vegetation effect on non-fungal micro-eukaryotic communities was relatively weak. These findings provide insights into how soil micro-eukaryotes respond to hydrological changes due to climate warming in Arctic wetland ecosystems. Integrating micro-eukaryotes into the belowground microbiome framework will enhance our understanding of the functioning of belowground ecosystems in the Arctic, where studies of soil micro-eukaryotes’ response to climate change are still limited.
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between the compared groups.
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