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ABSTRACT

Approximately 64% of the Republic of Korea comprises mountainous areas, which as
cold and high-altitude regions are gravely affected by climate change. Within the
mountainous and the alpine-subalpine ecosystems, microbial communities play a
pivotal role in biogeochemical cycling and partly regulate climate change through such
cycles. We investigated the composition and function of microbial communities, with a
focus on fungal communities, in Republic of Korea’s second tallest mountain, Mt. Jiri,
along a four-point-altitude gradient: 600-, 1,000-, 1,200-, and 1,400-m. Soil pH and
elevation were negatively correlated, with soils becoming more acidic at higher altitude.
Of the five soil enzyme activities analyzed, cellobiohydrolase, -1,4-glucosidase, and -
1,4-xylosidase activity showed differences among the elevation levels, with lower
activity at 600 m than that at 1,400 m. Soil microbial biomass correlated positively with
increasing elevation and soil water content. The decrease in -1,4-N-
acetylglucosaminidase suggests a reduction in fungal biomass with increasing altitude,
while factors other than elevation may influence the increase in activity of the
cellobiohydrolase, -1,4-glucosidase and -1,4-xylosidase. Fungal alpha diversity did
not exhibit an elevational trend, whereas beta diversity formed two clusters (600-1,000
m and 1,200-1,400 m). Community composition was similar among the elevations,
with Basidiomycota being the most predominant phylum, followed by Ascomycota.
Conversely, among the fungal communities at 1,000 m, Ascomycota was the most
dominant, possibly due to increased pathotroph percentage. Elevational gradients
induce changes in soil properties, vegetation, and climate factors such as temperature
and precipitation, all of which impact soil microbial communities and altogether create
a mutually reinforcing system. Hence, inspection of elevation-based microbial
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communities can aid in inferring ecosystem properties, specifically those related to
nutrient cycling, and can partly help assess the oncoming direct and indirect effects of
climate change.

Subjects Biodiversity, Bioinformatics, Ecology, Microbiology, Molecular Biology

Keywords Soil microbiome, Elevational gradient, Alpine and subalpine ecosystem, Fungal
communities, Enzyme activity, Republic of Korea, Mt. Jiri, Microbiome diversity, Symbiotic fungi,
Soil pathotrophs

INTRODUCTION

Approximately 64% of the Republic of Korea consists of mountainous regions, which can
be further divided into subalpine areas below the tree line and alpine areas above the tree
line, starting at the 1,400 m mark (Johnson, 2004). The overall mountainous, and the alpine
and subalpine ecosystems, including those on Mt. Jiri, are sensitive to climate change,
particularly as cold and high-altitude regions (D’Alo et al., 2021).

Microorganisms play crucial roles in subalpine ecosystems, contributing significantly to
processes such as nutrient cycling, organic matter decomposition, and soil development.
Specifically, soil microorganisms regulate the flow of necessary nutrients, such as
phosphorus, sulfur, potassium, iron, manganese, and zinc, or contribute to nitrogen (N)
cycling through transformations, such as nitrification, denitrification, and ammonification
(Mukhtar et al., 2023). Through enzymatic activity, they decompose complex compounds,
such as lignin and cellulose, contributing to the overall carbon cycle (Prescott ¢ Vesterdal,
2021). Finally, they build mutualistic, commensalistic, or parasitic relationships that
influence vegetation development and health (Lv et al., 2023). However, despite their
potential role in regulating climate change, especially in colder and higher altitude
ecosystems such as alpine and subalpine areas, the role of microorganisms in the climate
change loop is rarely the focus of related studies (Cavicchioli, Ripple & Timmis, 2019).

The variations in temperature and precipitation levels induced by increases in altitude
serve as an appropriate approximation of a climate gradient, where the microbiome plays
an important role in biogeochemical cycling. Large-scale climatic shifts modify local
vegetation and edaphic conditions, such as soil pH and soil moisture content, which
further influence microbial communities (Sun et al., 2020). For instance, warmer
temperatures increase microbial activity, leading to generally higher rates of N
mineralization and nitrification. Higher N availability makes plants less inclined to form
mutualistic relationships with mycorrhizal fungi, resulting in a shift in the mycobiome
towards more generalized species with lower diversity (Li et al., 2022). The soil
microbiome may be a valuable indicator of the direct and indirect effects of climate change
on ecosystems, and inspection of soil microbial communities can offer insights into how
changes in microbial diversity and activity patterns contribute to alterations in soil
nutrient dynamics, plant-microbe interactions, and ecosystem health. Hence, as a key
microbial category, this study focused on the soil-inhabiting fungal communities of Mt.
Jiri, an area particularly susceptible to climate alterations as a cold and high-altitude
region.
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Factors influencing soil microbial communities in alpine and subalpine ecosystems have
been studied for decades (Schinner, 1982; Margesin et al., 2009; D’Alo et al., 2021). Biotic
and abiotic components, such as vegetation type, temperature, pH, moisture content, and
soil type, are key determinants of the functions and diversity of microbial communities.
Additionally, elevation has been reported to significantly impact microbial diversity,
activity, and community composition, with relative abundances of main functional groups
varying along the elevational gradient. For example, a decreasing fungi to bacteria ratio
with increasing elevation was found in the Austrian Limestone Alps (900-1,900 m) (Djukic
et al., 2010), but the opposite trend was reported in the Austrian Central Alps (Margesin
et al., 2009). Fungal communities generally exhibited contrasting patterns, such as a
decrease in diversity with increasing altitude (Schinner, 1982) or a hump-shaped trend
with highest alpha diversity reported at mid-altitudes (Zuo et al., 2024). The
within-community responses to elevation were likewise not uniform. In an East African
Mt. Kilimanjaro study (767-4,190 m), major phyla Ascomycota decreased with elevation,
Glomeromycota followed a hump-shaped curve, while Chytridiomycota showed a
U-shaped trend (Shen et al., 2020). Broadly, these contradictory discoveries may be
attributable to the confounding effects of regional-scale environmental factors, such as
geography, rock parent material, and seasonality (Li et al., 2022), making it difficult to
establish consensus in the literature regarding general diversity patterns or community
composition. However, among different functional groups, fungal communities were
shown to respond more strongly to regional-scale factors, such as mean annual
temperature and precipitation, rather than local-scale factors, such as soil pH and total
carbon (Shen et al., 2020), highlighting their importance in climate change impact studies.

To deepen our understanding of the factors shaping the soil microbial communities in
alpine and subalpine ecosystems under climate change, we analyzed the soil microbial
functions and fungal community composition along an elevational gradient on Mt. Jiri.
MLt. Jiri is a significant natural and cultural resource in the Republic of Korea, renowned for
its rich biodiversity and representative subalpine and alpine landscapes. However, it has
undergone significant destruction and changes in land use, particularly in the lower
regions, due to human activities including post-Korean War logging and slash-and-burn
agriculture. In 1967, Mt. Jiri was designated as Republic of Korea’s first National Park, and
since then, substantial conservation efforts have been made to restore and protect the
mountain’s ecosystem (Kim, 2024). Thus, understanding its internal working mechanisms
and the effects of climate change are of great national relevance. We aimed to address the
following exploratory questions: (i) How is microbial activity on Mt. Jiri influenced by
altitude? (ii) What are the dominant fungal phyla in Mt. Jiri soils and how do their relative
abundances vary with elevation? (iii) How does the overall fungal diversity vary along the
altitudinal gradient on Mt. Jiri? (iv) What edaphic factors predict soil fungal community
composition on Mt. Jiri?

MATERIALS AND METHODS

To establish an elevational gradient on Mt. Jiri (35°17'23.64"-35°1926.76"N, 127°29’
36.6"-127°34'11.64"E), four sampling altitudes (600, 1,000, 1,200, and 1,400 m) along the
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western slope were selected (Fig. 1). Designated elevational sites belong to the permanent
research station of Seoul National University. Soil samples were collected from each site in
September 2021, October 2021, April 2022, and September 2022. For the 2021 samplings,
we collected samples from two sites per altitude level, and for the 2022 samplings, we
increased the number of sites to three per altitude level. All sites were 20 x 20 m in size and
set up within a 500-m area, but the distances between them and their arrangement varied
at each altitude due to the constrictive topological features present at each level. The
dominant species were Pinus densiflora and Acer pseudosieboldianum at the 600-m site,
Fraxinus rhynchophylla and Acer pictum Thunb. var. mono at the 1,000-m site, Quercus
mongolica and Fraxinus sieboldiana at the 1,200-m site, and Rhododendron schlippenbachii
and Quercus mongolica at the 1,400-m site. As understory vegetation, Sasamorpha borealis
was present across all sites. Each sample was collected in two replicates and the same
sampling method was used throughout. After removal of the organic layer, approximately
700 g of soils were collected between the 0 and 25 cm depth, stored in sealed bags and
transported on ice to the laboratory. Soils were sieved with a 2-mm sieve and any roots,
debris or residues were removed to an approximate soil weight of 500 g. Resulting soils
were stored at —20 °C before starting the subsequent analyses. Due to restricted access to
certain sites, we were unable to collect samples from said sites in September 2021

(1,200 m), October 2021 (1,000 and 1,400 m) and April 2022 (1,200 m). The sand, silt, and
clay percentages were 41.8%, 40.4%, and 17.8% at the 600-m sites, and 36.7%, 50.2%, and
13.1% at the 1,200-m sites, respectively, with only the silt content showing a significant
difference (Pei, 2024). The §"*C—soil organic carbon (SOC) was about —25%o, which is
expected for forested areas with no known history of agricultural C4 plants (Pei, 2024). The
A'™C-SOC at a depth of 0-15 cm was similar between the 600- and 1,200-m sites, but at a
depth of 15-30 cm it was approx. —12%o at 600 m and —80%o at 1,200 m, suggesting that
SOC at the 1,200-m site is significantly older than that of the 600-m site (Pei, 2024).

Soil analyses

Soil pH was determined using a pH meter (Mettler Toledo, Greifensee, Switzerland) after
shaking 10 grams of soil in distilled water at a ratio of 1:5 (w/v) for 30 min. Water content
was measured gravimetrically for 20 g of soil. Organic matter content, total N and its
inorganic fractions, total carbon, and cation exchange capacity were measured at the
National Instrumentation Center for Environmental Management (NICEM, Seoul,
Republic of Korea).

Soil microbial characteristics

Soil enzyme activity

To determine microbial community metabolism, fluorometric assays were performed
using methylumbelliferone (MUB)-linked substrates, as previously described in Ko et al.
(2017). In short, the activities of -1,4-glucosidase (BG), cellobiohydrolase (CBH),
N-acetylglucosaminidase (NAG), acid phosphatase (AP), and B-1,4-xylosidase (BX) were
measured; these are extracellular enzymes involved in nutrient cycling that increase their
availability or degrade cellulose, hemicellulose, and chitin in the soil (Saiya-Cork,
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Figure 1 Map of the Republic of Korea and Mt. Jiri National Park with associated coordinates. The
research area was limited to four altitude levels (600-, 1,000-, 1,200- and 1,400-m) on the western slope of
the mountain. Maps data: Google @2024. Full-size K&l DOT: 10.7717/peerj.18762/fig-1

Sinsabaugh & Zak, 2002). Two grams of soils were placed in 125 mL of sodium acetate
buffer, and the slurry was transferred to a 96-well microplate that included eight analytical
replicates of each enzyme assay. Plates containing all five enzymes were incubated at 24 °C
for 2 h. Fluorescence was measured using a Synergy HT multi-mode microplate reader
(BioTek Instruments Inc., Winooski, VT, USA), in which the excitation energy was set at
360 nm, and emission was measured at 460 nm. The enzyme activity was expressed as
nmol 4-MUB g~ ' h™" (Saiya-Cork, Sinsabaugh & Zak, 2002).

Soil microbial biomass

Soil microbial biomass carbon was measured using the chloroform fumigation-extraction
method (Vance, Brookes ¢ Jenkinson, 1987). Ten grams of non-fumigated and
chloroform-fumigated soils were extracted using 0.5 M potassium persulfate (K,S,0s).
The C concentration was determined using a SIEVERS 900 TOC analyzer (GE Analytical
Instruments, Boulder, CO, USA), and a conversion factor of 0.45 (Wu et al., 1990) was
applied to estimate the biomass C content from the carbon concentrations recorded by the
analyzer.
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Soil fungal communities

DNA extraction and MiSeq sequencing

Soil genomic DNA was extracted using a DNeasy PowerSoil Pro Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. The extracted soil DNA was
quantified by a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) and stored at —20 °C until further use. PCR amplification was performed using the
universal internal transcribed spacer (ITS) region targeting primers ITS3F (5'-GCATCG
ATGAAGAACGCAGC-3'; White et al., 1990) and ITS4R (5'-TCCTCCGCTTATTG
ATATGC-3'; White et al., 1990). The amplification was performed similarly to Nam et al.
(2016), under the following conditions: initial denaturation at 95 °C for 5 min, followed by
30 cycles of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 30 s, and
extension at 72 °C for 30 s, with a final elongation at 72 °C for 5 min. PCR products were
confirmed using 2% agarose gel electrophoresis and visualized using a Gel Doc system
(BioRad, Hercules, CA, USA). The amplified products, which were 250 bp in size, were
purified using a QIAquick PCR purification kit (Qiagen, Hilden, Germany). DNA
sequencing was performed by CJ Bioscience (Seoul, Republic of Korea) using the MiSeq
platform (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions.
Sequencing data are available at NCBI SRA under the project accession code
PRJNA1144666.

Fungal community analyses

The demultiplexed FASTQ files received from CJ Bioscience were inputted into the
bioinformatics platform QIIME2 (version 2022.11.1) (Bolyen et al., 2019) and prepared for
further downstream analysis.

Front and reverse reads were merged using the DADA?2 plugin (Callahan et al., 2016)
while performing quality control by trimming and truncating the sequences, denoising,
and removing existing chimeras. Taxonomy was assigned to the obtained amplicon
sequence variants (ASV) using the q2-feature-classifier plugin (Bokulich et al., 2018)
employing a pre-trained Naive-Bayes classifier (Pedregosa et al., 2011) on the UNITE
database version 9.0 (Abarenkov et al., 2022). The OTU tables and associated taxonomies
were further imported into R version 4.3.0, where alpha and beta diversities were
computed using the R package vegan (version 2.6-4) (R Core Team, 2023). We used the
open annotation tool FunGuild (version 1.1) (Nguyen et al., 2016) to match ASVs to
potentially corresponding functional guilds, with a mention of the confidence level of the
match and more subdivisions, such as the trophic mode and growth morphology. The
input sequences had a median value of 69,151 reads per sequence, and an average of
56.83% of the original reads was retained after quality filtering. The 24 samples had a total
of 6,105 observed features, of which 2,613 were assigned to a functional guild by FunGuild.

Statistical analyses

Statistical variance and correlation analyses were performed using SPSS statistics for
Windows (version 25.0; IBM Corp., Armonk, NY, USA). Data are presented as arithmetic
means with standard errors. For exploring the altitude variance, since achieving uniform
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sampling across all elevation levels was challenging, the non-parametric Kruskal-Wallis
test, which relies on ranks rather than means and Dunn’s post-hoc test were employed.
Dunn’s test has been previously reported to reduce the effects of uneven sample size (Elliott
¢ Hynan, 2011), hence was the preferred test in this study. Spearman’s rank correlation
was performed to test for correlations between elevation and both environmental and
microbial properties. For analyses concerning variables independent of elevation level, as
most violated the assumption of normality, we likewise opted for Spearman’s rank
correlation (Xiao et al., 2015). All analyses were performed at a significance level of

o = 0.05.

Multivariate analyses of fungal community were performed using the R software version
4.3.0. Principal coordinates analysis (PCoA), based on the Bray-Curtis distance, was
utilized to assess the beta diversity across the four elevational levels. Additionally,
Kruskal-Wallis variance testing, followed by the Wilcoxon rank-sum test as the post-hoc
method, was employed to identify significantly different phyla and genera between the
elevation levels. To account for multiple comparisons, the Benjamini-Hochberg correction
was applied, as it is reported to be well-suited for noisy data such as microbial datasets
(Jiang et al., 2017). Redundancy analysis testing (RDA) was performed to determine the
environmental factors which best correlate with the dominant fungal phyla across all sites.
Only variables that were relevant to the model and free from collinearity were included in
the final analysis.

Seasonal influences

Sampling was performed four times during two seasons, spring and autumn. To ensure
that the observed changes in edaphic properties, microbial quantity and activity are an
effect of altitude rather than seasonality, we tested for differences between seasons and
found no statistically significant differences, except for soil pH at the 600-m site. DNA
extraction and sequencing for fungal community analysis were performed only on soils
sampled in September 2021 and 2022, and therefore were not subjected to seasonal

influences.

RESULTS

Soil physicochemical characteristics

Soil temperature and pH in Mt. Jiri decreased significantly with increasing elevation
(Spearman’s correlation: Riemp = —0.923, p < 0.001; R,y = —0.445, p < 0.001), whereas soil
water content was positively correlated with elevation (Spearman’s correlation: R = 0.702,
p <0.001). The soil was acidic with pH of 4.23-6.08, and soil pH was negatively correlated
with soil water content (Spearman’s correlation: R = —0.689, p < 0.001), with more acidic
soils retaining more moisture. Significant elevation differences were identified with pH
values being higher at the 600- and 1,000-m sites, and lower for the 1,200- and 1,400-m
sites. The opposite trend was visible for soil water content, supporting the found inverse
correlation between the two properties (Figs. 2A and 2B). Soil water content was positively
correlated with CEC (Spearman’s correlation: R = 0.622, p = 0.031), and TN and TC were
likewise positively correlated (Spearman’s correlation: R = 0.829, p < 0.001). Soil organic
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matter, cation exchange capacity (CEC), total nitrogen (TN, Fig. 2C) and total carbon (TC,
Fig. 2D) showed no statistically significant elevational trends.

Microbial biomass and enzyme activity

To identify the soil microbial characteristics on Mt. Jiri, we investigated five extracellular
enzymes and microbial biomass carbon. Among the activities of the five soil extracellular
enzymes, cellobiohydrolase, 3-1,4-glucosidase, and -1,4-xylosidase activity exhibited
differences among the elevation levels (Kruskal-Wallis: Hcpy = 21.81, p < 0.001;

Hp = 14.75, p = 0.002; Hpx = 18.93, p < 0.001) (Fig. 3B), with pairwise comparison test
indicating lower activity at 600 m than that at 1,400 m (p < 0.001). Soil microbial biomass
was significantly lower at the 600- and 1,000-m sites than at the 1,200- and 1,400-m sites
(Fig. 3A). Moreover, microbial biomass was positively correlated with elevation (Fig. 3A)
and soil water content (Spearman’s correlation: R,jeyarion = 0.421, p < 0.001; Rgyc = 0.735,
p < 0.001), whereas the opposite was observed for soil pH (Spearman’s correlation:

R = -0.590; p < 0.001). To identify how microbial biomass carbon affects the trend of
enzyme activity along the elevation slope, we performed the altitude variance test for
enzyme activity on a gram microbial biomass carbon basis. The results of the three
aforementioned enzymes remained within the same ranges. However, the activity of the
B-1,4-N-acetylglucosaminidase enzyme normalized by microbial biomass carbon
decreased with increasing elevation (Fig. 3B).

Soil fungal communities
Alpha and beta diversity
For this experiment, we clustered 517,442 quality sequences classified into 14,277 OTUs at
297% similarity level, distributed across all samples. The number of observed features and
Shannon, Simpson, and inverse Simpson indices from the vegan package were used as
metrics to assess fungal alpha diversity against the total feature count. An almost even
distribution was observed among all the sites, with a high degree of diversity and
heterogeneity. Two samples, one from the 600-m and one from the 1,000-m site, pulled the
curve down, but they could be considered possible outliers existing in nature (Fig. 4A).
Additionally, the altitude variance test revealed no difference in alpha diversity among
the elevation levels, and no correlation was identified with soil properties (p > 0.05).
Using vegan’s avgdist() algorithm at a subsampling depth of 21,900, we computed the
beta diversity and observed three clusters, which may be supported by similar groupings
found in the soil pH and soil moisture properties (for soils of the 600-1,000 and
1,200-1,400 m elevations) (Fig. 4B).

Community composition

The relative abundances of the five most common phyla in Mt. Jiri were plotted, with
Basidiomycota being the most abundant phylum accounting for approximately 45.5% of
the total sequences obtained, followed by Ascomycota and Mortierellomycota at 20.6% and
14.4% of the total sequences, respectively (Fig. 5A). Figure 5B presents the nine most
abundant OTUs at each altitude site, regardless of the taxonomic level, which included
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Figure 2 Variance and correlations of soil physiochemical properties with altitude. Elevational
variance of soil pH (A), and water content (B), correlation between total N and elevation (C), and that
between total C and elevation (D). Full-size k4] DOT: 10.7717/peer;j.18762/fig-2

either families, such as Mortierellaceae, or genera, such as Amanita. The fungal
communities in the 600-, 1,200-, and 1,400-m sites showed similar distributions of the five
dominant phyla (Fig. 6), but they were also clustered with the 1,000 m-plot3 samples. This
was supported by the PCoA beta diversity analysis results, which grouped the

1,000 m-plot3 samples together with those of the 600-m site (Fig. 4B). The remaining
1,000-m site samples presented relatively lower symbiotic fungi, but higher abundance of
pathogenic fungi, with the latter more often belonging to the phylum Ascomycota

(Fig. 5C). Significance testing was performed to identify statistically different phyla and
initially found Ascomycota, Basidiomycota and Olpidiomycota to show differences.
However, after applying the Benjamini-Hochberg correction, these differences were no
longer statistically significant. Despite this, the elevational trend for Ascomycota and
Basidiomycota can still be visualized in Fig. 6.

Relation between main fungal phyla and environmental variables

The environmental factors, that were identified as relevant to the model and that best
correlated with the dominant fungal phyla in Mt. Jiri, are graphically represented in Fig. 7.
Figure 7A reflects the influence of pH, moisture, and elevation on the fungal communities
present in both years of sampling, 2021 and 2022, with pH showing the strongest relation
(F = 40.26, p < 0.001), followed by soil moisture (F = 4.56, p = 0.039). Additionally, we
confirmed the influence of organic matter, temperature, TN, and CEC on the 2021
samples, with CEC (F = 13.14, p = 0.006), TN (F = 8.16, p = 0.015), and organic matter
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(F = 5.08, p = 0.052) exhibiting statistically significant relations to fungal community

composition (Fig. 7B).

DISCUSSION

In the case of Mt. Jiri, soil pH decreased with altitude, likely in response to changes in

vegetation cover and increased soil moisture retention at higher elevations. An
independent investigation of soil pH at 600- and 1,200-m altitudes also demonstrated a
decrease of soil pH with altitude (Pei, 2024). In studies that have analyzed soils at higher
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altitudes (3,100-5,200 m), the soil pH value decreased with an increase in elevation,
possibly due to the decline in vegetation cover and increase in precipitation rates, causing
leaching of basic cations (Xu et al., 2014; Yuan et al., 2014). In contrast, soil pH values
increased with elevation for medium-altitude ranges (1,000-3,700 m) (Singh et al., 2012),
whereas in other studies, no specific pattern could be observed (Shen et al., 2013).
Although less data are available on soil moisture, the negative correlation between soil pH
and soil moisture, which was also apparent in our study, was previously reported

(Yuan et al., 2014), and moisture levels increased linearly at altitudes above the tree line
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(Li et al., 2016). Differences in the results reported throughout the literature may be
attributed to edaphic, climatic, or region-specific differences in the study areas.

Among the five soil enzymes investigated, cellobiohydrolase, 3-1,4-glucosidase, and B-
1,4-xylosidase activities increased with elevation. According to D°Alo et al. (2021),
B-glucosidase and acidic phosphatase activities were enhanced with elevation, showing the
most significant correlations with C, N, and soil microbial biomass. However, in our study,
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no influence of microbial biomass carbon could be observed on the activity of the three
enzymes, signifying that the increase in soil enzyme activity along the elevated slope was
not a result of the larger microbial biomass. Possible influencing factors include the effect
of soil properties, such as soil pH and moisture, various nutrient availability, such as TN
and indirectly through organic matter, or other environmental factors, such as vegetation.
In the case of the B-1,4-N-acetylglucosaminidase, its activity showed no clear trend with
altitude before normalizing to microbial biomass. However, when normalized, the activity
decreased with increasing elevation. Since overall microbial biomass was greatest at higher
altitudes and B-1,4-N-acetylglucosaminidase is often an indicator of fungal activity and
biomass in the soils (Allison, Czimczik ¢ Treseder, 2008), this suggests that either fungal
activity lessened, or the bacteria-to-fungi biomass ratio increased in favor of bacteria at
higher elevations.

In regards to fungal community composition, in the present study, the 600, 1,200 and
1,400 m soils presented similar community distribution at the phylum (Fig. 5A) and
taxonomic (Fig. 5B) level with Basidiomycota phylum and its Russula, Amanita and
Sebacina-genus—and Thelephoraceae and Inocybaceae-family-taxonomic subunits
dominating communities at the three altitudes. Russula is an ectomycorrhizal symbiont
that plays an important role in the global forest ecosystems (Wang et al., 2015) and
typically thrives in neutral or acidic soils, such as is the case of the Mt. Jiri soils (Liu et al.,
2024). Additionally, Russula is closely linked to tree community composition and has been
found to associate with the Pinaceae and Fagaceae families (Liu et al., 2024), which are the
primary tree families reported in Mt. Jiri (Kim et al., 2024). In this study, Pinus densiflora,
belonging to the Pinaceae family, at the 600-m sites, and Quercus mongolica, belonging to
the Fagaceae family, at the 1,200- and 1,400-m-sites, were identified as dominant species,
hence explaining the prevalence of the genus at the three altitudes. In both the Northern
Limestone and the Central Austrian Alps, the class Agaricomycetes decreased with
elevation (Bhople et al., 2022). In this study, the trend was reflected by the mycorrhizal
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symbiont genus Sebacina, which decreased gradually at the 600-, 1,200-, and 1,400-m sites,
unlike the other genus belonging to the class Agaricomycetes, Russula. The higher
abundance of the ectomycorrhiza-rich Thelephoraceae and Amanitaceae families, likewise,
contributed to the dominance of phylum Basidiomycota. In the Northern Limestone and
the Central Austrian Alps, symbiotrophs were most abundant at lower elevation sites (900,
and 1,300 m, respectively) and were gradually replaced by saprotrophic fungi at middle
and high elevations (1,300-1,900, and 1,600-2,100 m, respectively) (Bhople et al., 2022).
The same elevational trend could not be observed in our research, but it was the case of the
1,000-m site, where Ascomycota phylum, with the saprotrophic genus Ciboria (Lumbsch ¢
Huhndorf, 2007) and Mycoarthris (Marvanova et al., 2002) not present at other altitudes,
dominated. Moreover, this study marks one of the rare records of Mycoarthris in the
Republic of Korea, previously being recorded in fresh waters (Lim, Nguyen ¢ Lee, 2021).
Other abundant saprotrophic taxon was genus Mortierella, that remained constant at all
altitudes of the gradient. Additionally, the beta diversity analysis revealed clustering
between the 1,000 m-plot3 and the 600-m-sites, with dominant taxa being shared between
them. While the exact cause of this clustering is unclear, it is worth noting that unlike 1,000
m-plotl and -plot2, which are situated close to one another, plot3 is located in a more
remote area at a slightly lower altitude.

Generally, environmental factors, such as pH, soil moisture, soil organic carbon or
various nutrients have been shown to shape fungal communities in elevational gradients
(Zhou et al., 2021). For example, in the Eastern Andes, Peru, the fungal alpha diversity in
the mineral horizon decreased linearly with elevation, with mean annual temperature as
the deterministic factor, whereas fungal alpha diversity in the organic horizon followed a
concave shape with the lowest point in mid-altitude (Nottingham et al., 2018). In Norikura
Mountain, Japan, overall diversity showed a dip along the elevation gradient, with the
lowest value in the middle around 1,700 m, with the two most influential factors being the
elevation gradient and mean annual temperature. However, the main phyla present—
Ascomycota, Basidiomycota, Chytridiomycota, and Zygomycota—showed a linear increase
in abundance with higher elevation (Ogwu et al., 2019). Additionally, the fungal
co-occurrence network, which depicts species as nodes and relationships for matter,
energy, or information exchange as links, indicated towards decreased connectivity, with
fewer links observed with increasing altitude. It also showed fewer keystone taxa, marked
by fewer network nodes, compared with those at lower elevations (Yang et al., 2021). This
indicates a less compact fungal network structure at higher altitudes, potentially because of
decreased vegetation diversity and enhanced environmental stress, which manifests
through soil physical properties. In this study, we observed similar components, such as
soil moisture, organic matter, total N, temperature, and CEC, to be influential in Mt. Jiri
(Fig. 7). However, we discovered pH to be the leading driver of community changes,
finding supported by other research (Liu et al., 2018; Bhople et al., 2022). Additionally, pH
exhibited a close relation with phylum Ascomycota (Fig. 7A) and the two main phyla,
Ascomycota and Basidiomycota, had opposing responses to the environmental factors,
which was reported in previous studies (Ageel et al., 2024).
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In a study that investigated fungal community differences based on the health of the
Korean fir tree species on Mt. Halla in the Republic of Korea, the same three main phyla
present in our research were identified; however, Ascomycota had the highest percentage,
followed by Basidiomycota, and Mortierellomycota (Jeong et al., 2023). Similarly, a higher
abundance of Ascomycota was associated with the increased presence of pathogenic fungi
in bulk soil and the rhizosphere of dead Korean fir trees, such as is the case of the 1,000-m
soils in our study (Fig. 5C).

Overall, in Mt. Jiri an increasing trend in fungal activity with elevation was observed and
Basidiomycota, Ascomycota and Mortierellomycota were identified as the predominant
phyla. However, their relative abundance did not show any statistically significant
elevational trend and neither did the alpha diversity at the four altitude levels. Both local
factors such as soil pH, total N, organic matter content and CEC, as well as regionally
influenced factors, such as soil water content and temperature were found to influence soil
fungal communities. Hence, our study adds to the understanding that the diversity,
structure, and driving mechanisms of fungal communities in alpine and subalpine
ecosystems may be influenced by a vast number of contributing factors, leading to no
universal pattern along the elevation slope.

CONCLUSIONS

In this study, we investigated the elevation gradient from 600- to 1,400-m on the second
tallest mountain in the Republic of Korea, Mt. Jiri, and analyzed the soil properties and
microbial community trends with elevation. Elevation was negatively correlated with soil
pH, with soils becoming more acidic at higher altitudes. In addition, we confirmed the
negative correlation between soil pH and soil moisture, the latter of which increased with
elevation. These trends may be attributed to meteorological conditions, such as higher
precipitation rates at higher altitudes leading to increased moisture, or the changes in
vegetation cover. Microbial biomass also increased with elevation, and cellobiohydrolase,
B-1,4-glucosidase, and B-1,4-xylosidase showed increased activity at higher elevations.
However, no correlation was found between microbial biomass and enzyme activities,
signifying that the increase in microbial biomass did not correspond to higher soil enzyme
activity. Instead, it can be inferred as a byproduct of the effects of pH, soil moisture, CEC
and TN—environmental factors designated through RDA analysis as impacting
community composition. Fungal alpha diversity showed no elevational trend, but did
indicate a stable, rich fungal community throughout Mt. Jiri, which had a different
community composition with diversification observed at mid-altitudes (two clusters at
600-1,000 and 1,200-14,000 m elevations). Long-term monitoring and further
comprehensive analyses of vegetation and soil biogeochemical properties are
recommended to reveal the main factors controlling soil microbial community
composition in the subalpine areas of Mt. Jiri.

ACKNOWLEDGEMENTS

We thank Daniel Ha, Minji Jin, Jaeyeon Kwon, and Solin Lee for their help with sampling
during fieldwork and Chanoh Park for his help collecting and providing vegetation data.

Mitcov et al. (2025), PeerdJ, DOI 10.7717/peerj.18762 15/20


http://dx.doi.org/10.7717/peerj.18762
https://peerj.com/

Peer/

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korean government (Ministry of Science and ICT) (No.
NRF-2021R1A4A1025553). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Research Foundation of Korea (NRF) grant funded by the Korean Government
(Ministry of Science and ICT): NRF-2021R1A4A1025553.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

¢ Ana Mitcov performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

 Daegeun Ko conceived and designed the experiments, performed the experiments,
analyzed the data, authored or reviewed drafts of the article, and approved the final draft.

» Kwanyoung Ko performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.

* Jaeho Kim performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

* Neung-Hwan Oh conceived and designed the experiments, authored or reviewed drafts
of the article, and approved the final draft.

» Hyun Seok Kim conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

» Hyeyeong Choe conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

e Haegeun Chung conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:
The sequencing data are available at NCBI SRA: PRJNA1144666.

Data Availability

The following information was supplied regarding data availability:
The data is available in the Supplemental Files.
The sequencing data are available at NCBI SRA: PRINA1144666.

Mitcov et al. (2025), Peerd, DOI 10.7717/peerj.18762 16/20


http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1144666
http://dx.doi.org/10.7717/peerj.18762#supplemental-information
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1144666
http://dx.doi.org/10.7717/peerj.18762
https://peerj.com/

Peer/

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.18762#supplemental-information.

REFERENCES

Abarenkov K, Zirk A, Piirmann T, Pohonen R, Ivanov F, Nilsson H, Kéljalg U. 2022. UNITE
QIIME release for Fungi. Version 16.10.2022. UNITE Community DOT 10.15156/BI0/2483915.

Allison S, Czimczik C, Treseder K. 2008. Microbial activity and soil respiration under nitrogen
addition in Alaskan boreal forest. Global Change Biology 14(5):1156
DOI 10.1111/j.1365-2486.2008.01549 x.

Aqeel M, Khalid N, Noman A, Ran J, Manan A, Hou Q, Dong L, Sun Y, Deng Y, Lee S, Hu W,
Deng J. 2024. Interplay between edaphic and climatic factors unravels plant and microbial
diversity along an altitudinal gradient. Environmental Research 242:117711
DOI 10.1016/j.envres.2023.117711.

Bhople P, Samad A, Sisi¢ A, Antonielli L, Sessitsch A, Keiblinger K, Djukic I, Zehetner F,
Zechmeister-Boltenstern S, Joergensen R, Murugan R. 2022. Variations in fungal community
structure along elevation gradients in contrasting Austrian Alpine ecosystems. Applied Soil
Ecology 177(1):104508 DOI 10.1016/j.aps0il.2022.104508.

Bokulich N, Kaehler B, Rideout J, Dillon M, Bolyen E, Knight R, Huttley G, Caporaso G. 2018.
Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-
feature-classifier plugin. Microbiome 1(1):90 DOI 10.1186/s40168-018-0470-z.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Caporaso JG. 2019. Reproducible, interactive,
scalable and extensible microbiome data science using QIIME 2. Nature Biotechnology
37(8):852-857 DOI 10.1038/s41587-019-0209-9.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. 2016. DADA2:
high-resolution sample inference from Illumina amplicon data. Nature Methods 7(7):581
DOI 10.1038/nmeth.3869.

Cavicchioli R, Ripple W, Timmis K. 2019. Scientists’ warning to humanity: microorganisms and
climate change. Nature Reviews Microbiology 17(9):569-586 DOI 10.1038/s41579-019-0222-5.

D’Alo F, Odriozola I, Baldrian P, Zucconi L, Ripa C, Cannone N, Malfasi F, Brancaleoni L,
Onofri S. 2021. Microbial activity in alpine soils under climate change. Science of the Total
Environment 783(S1):147012 DOI 10.1016/j.scitotenv.2021.147012.

Djukic I, Zehetner F, Mentler A, Gerzabek MH. 2010. Microbial community composition and
activity in different alpine vegetation zones. Soil Biology and Biochemistry 42(2):155-161
DOI 10.1016/j.50ilbi0.2009.10.006.

Elliott A, Hynan L. 2011. A SAS® macro implementation of a multiple comparison post hoc test
for a Kruskal-Wallis analysis. Computer Methods and Programs in Biomedicine 102(1):75-80
DOI 10.1016/j.cmpb.2010.11.002.

Jeong M, Tagele SB, Kim M, Ko S, Kim K, Koh J, Jung D, Jo Y, Jung Y, Park Y, Kim M, Lim K,
Shin J. 2023. The death of Korean fir (Abies koreana) affects soil symbiotic fungal microbiome:
preliminary findings. Frontiers in Forests and Global Change 5:281
DOI 10.3389/ffgc.2022.1114390.

Jiang L, Amir A, Morton JT, Heller R, Arias-Castro E, Knight R. 2017. Discrete false-discovery
rate improves identification of differentially abundant microbes. mSystems 2(6):289
DOI 10.1128/mSystems.00092-17.

Mitcov et al. (2025), Peerd, DOI 10.7717/peerj.18762 17/20


http://dx.doi.org/10.7717/peerj.18762#supplemental-information
http://dx.doi.org/10.7717/peerj.18762#supplemental-information
http://dx.doi.org/10.15156/BIO/2483915
http://dx.doi.org/10.1111/j.1365-2486.2008.01549.x
http://dx.doi.org/10.1016/j.envres.2023.117711
http://dx.doi.org/10.1016/j.apsoil.2022.104508
http://dx.doi.org/10.1186/s40168-018-0470-z
http://dx.doi.org/10.1038/s41587-019-0209-9
http://dx.doi.org/10.1038/nmeth.3869
http://dx.doi.org/10.1038/s41579-019-0222-5
http://dx.doi.org/10.1016/j.scitotenv.2021.147012
http://dx.doi.org/10.1016/j.soilbio.2009.10.006
http://dx.doi.org/10.1016/j.cmpb.2010.11.002
http://dx.doi.org/10.3389/ffgc.2022.1114390
http://dx.doi.org/10.1128/mSystems.00092-17
http://dx.doi.org/10.7717/peerj.18762
https://peerj.com/

Peer/

Johnson C. 2004. Alpine and subalpine vegetation of the Wallowa, Seven Devils and Blue
Mountains. USDA-Forest Service Pacific Northwest Region. Available at https://www.fs.usda.
gov/detail/wallowa-whitman/landmanagement/resourcemanagement/?cid=stelprdb5261016.

Kim JY. 2024. Developmentalist mobilization of Nature: a historical geographical study on the
production of Jiri National Park. Journal of the Korean Geographical Society 59(2):143-162
DOI 10.22776/KGS.2024.59.2.143.

Kim H, Kim E, Lee S, Cho Y. 2024. Abnormal winter drought-induced transient dieback of
Korean Fir in the montane forests of Mt. Jirisan, South Korea. Journal of Plant Biology
67(2):123-136 DOI 10.1007/s12374-023-09413-5.

Ko D, Yoo G, Yun ST, Jun SC, Chung HG. 2017. Bacterial and fungal community composition
across the soil depth profiles in a fallow field. Journal of Ecology and Environment 41(34):859
DOI 10.1186/541610-017-0053-0.

Li JG, Chen L, Wang H, Ouyang S, Liu XH, Lu J. 2022. Pattern and drivers of soil fungal
community along elevation gradient in the Abies georgei forests of Segila mountains, Southeast
Tibet. Global Ecology and Conservation 39:¢02291 DOI 10.1016/j.gecco.2022.e02291.

Li G, Xu G, Shen C, Tang Y, Zhang Y, Ma K. 2016. Contrasting elevational diversity patterns for
soil bacteria between two ecosystems divided by the treeline. Science China Life Sciences
59(11):1177-1186 DOI 10.1007/s11427-016-0072-6.

Lim J, Nguyen T, Lee H. 2021. Six newly recorded fungal taxa from freshwater niche in Korea.
Mpycobiology 49(2):105-121 DOI 10.1080/12298093.2020.1862472.

Liu D, Liu G, Li C, Wang J, Zhang L. 2018. Soil pH determines fungal diversity along an elevation
gradient in Southwestern China. Science China Life Sciences 61(6):718-726
DOI 10.1007/s11427-017-9200-1.

Liu J, Zeng D, Huang Y, Zhong L, Liao J, Shi Y, Jiang H, Luo Y, Liang Y, Chai S. 2024. The
structure and diversity of bacteria and fungi in the roots and rhizosphere soil of three different
species of Geodorum. BMC Genomics 25:108 DOI 10.1186/s12864-024-10143-2.

Lumbsch T, Huhndorf S. 2007. Outline of Ascomycota—2007, Myconet. Vol. 13. Chicago, USA:
The Field Museum, Department of Botany, 1-58.

Lv C, Wang C, Cai A, Zhou Z. 2023. Global magnitude of rhizosphere effects on soil microbial
communities and carbon cycling in natural terrestrial ecosystems. Science of the Total
Environment 856(Part 1):158961 DOI 10.1016/j.scitotenv.2022.158961.

Margesin R, Jud M, Tscherko D, Schinner F. 2009. Microbial communities and activities in alpine
and subalpine soils. FEMS Microbiology Ecology 67(2):208-218
DOI 10.1111/j.1574-6941.2008.00620.x.

Marvanova L, Landvik S, Fisher P, Moss S, Ainsworth A. 2002. A new fungus with arthroconidia
from foam. Nova Hedwigia 75(1-2):255-269 DOI 10.1127/0029-5035/2002/0075-0255.

Mukhtar H, Wunderlich RF, Muzaffar A, Ansari A, Shipin O, Cao T, Lin YP. 2023. Soil
microbiome feedback to climate change and options for mitigation. Science of the Total
Environment 882(7):163412 DOI 10.1016/j.scitotenv.2023.163412.

Nam SO, Joung JY, Lee JY, Kim SH, Kim YH. 2016. Characterization of the microbial diversity
and chemical composition of gouda cheese made by potential probiotic strains as an adjunct
starter culture. Journal of Agricultural and Food Chemistry 64(39):7357-7366
DOI 10.1021/acs.jafc.6b02689.

Nguyen N, Song Z, Bates S, Branco S, Tedersoo L, Menke J, Schilling J, Kennedy P. 2016.
FUNGuild: an open annotation tool for parsing fungal community datasets by ecological guild.
Fungal Ecology 20:241-248 DOI 10.1016/j.funeco.2015.06.006.

Mitcov et al. (2025), Peerd, DOI 10.7717/peerj.18762 18/20


https://www.fs.usda.gov/detail/wallowa-whitman/landmanagement/resourcemanagement/?cid=stelprdb5261016
https://www.fs.usda.gov/detail/wallowa-whitman/landmanagement/resourcemanagement/?cid=stelprdb5261016
http://dx.doi.org/10.22776/KGS.2024.59.2.143
http://dx.doi.org/10.1007/s12374-023-09413-5
http://dx.doi.org/10.1186/s41610-017-0053-0
http://dx.doi.org/10.1016/j.gecco.2022.e02291
http://dx.doi.org/10.1007/s11427-016-0072-6
http://dx.doi.org/10.1080/12298093.2020.1862472
http://dx.doi.org/10.1007/s11427-017-9200-1
http://dx.doi.org/10.1186/s12864-024-10143-2
http://dx.doi.org/10.1016/j.scitotenv.2022.158961
http://dx.doi.org/10.1111/j.1574-6941.2008.00620.x
http://dx.doi.org/10.1127/0029-5035/2002/0075-0255
http://dx.doi.org/10.1016/j.scitotenv.2023.163412
http://dx.doi.org/10.1021/acs.jafc.6b02689
http://dx.doi.org/10.1016/j.funeco.2015.06.006
http://dx.doi.org/10.7717/peerj.18762
https://peerj.com/

Peer/

Nottingham AT, Fierer N, Turner BL, Whitaker J, Ostle NJ, McNamara NP, Bardgett RD,
Leff JW, Salinas N, Silman M, Kruuk LEB, Meir P. 2018. Microbes follow Humboldt:
temperature drives plant and soil microbial diversity patterns from the Amazon to the Andes.
Ecology 99(11):2455-2466 DOI 10.1002/ecy.2482.

Ogwu MC, Takahashi K, Dong K, Song HK, Moroenyane I, Waldman B, Adams JM. 2019.
Fungal elevational Rapoport pattern from a high mountain in Japan. Scientific Reports 9:6570
DOI 10.1038/541598-019-43025-9.

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, Blondel M, Miiller A,
Nothman J, Louppe G, Prettenhofer P, Weiss R, Dubourg V, Vanderplas J, Passos A,
Cournapeau D, Brucher M, Perrot M, Duchesnay E. 2011. Scikit-learn: machine learning in
Python. JMLR 12:2825-2830 DOI 10.5555/1953048.2078195.

Pei Y. 2024. Correlations between forest soil organic carbon concentration and soil aggregate size,
MS Thesis, Seoul National University, Seoul, Republic of Korea.

Prescott C, Vesterdal L. 2021. Decomposition and transformations along the continuum from
litter to soil organic matter in forest soils. Forest Ecology and Management 498(1-4):119522
DOI 10.1016/j.foreco.2021.119522.

R Core Team. 2023. R: a language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. Available at https://www.R-project.org/.

Saiya-Cork KR, Sinsabaugh RL, Zak DR. 2002. The effects of long term nitrogen deposition on
extracellular enzyme activity in an Acer saccharum forest soil. Soil Biology and Biochemistry
34(9):1309-1315 DOI 10.1016/50038-0717(02)00074-3.

Schinner F. 1982. Soil microbial activities and litter decomposition related to altitude. Plant and
Soil 65:87-94 DOI 10.1007/BF02376806.

Shen C, Gunina A, Luo Y, Wang J, He J-Z, Kuzyakov Y, Hemp A, Classen AT, Ge Y. 2020.
Contrasting patterns and drivers of soil bacterial and fungal diversity across a mountain
gradient. Environmental Microbiology 22(8):3287-3301 DOI 10.1111/1462-2920.15090.

Shen C, Xiong J, Zhang H, Feng Y, Lin X, Li X, Liang W, Chu H. 2013. Soil pH drives the spatial
distribution of bacterial communities along elevation on Changbai Mountain. Soil Biology and
Biochemistry 57:204-211 DOI 10.1016/j.s0ilbio.2012.07.013.

Singh D, Takahashi K, Kim M, Chun J, Adams JM. 2012. A hump-backed trend in bacterial
diversity with elevation on Mount Fuji, Japan. Microbial Ecology 63(2):429-437
DOI 10.1007/500248-011-9900-1.

Sun HY, Wu YH, Zhou J, Bing HJ, Zhu H. 2020. Climate influences the alpine soil bacterial
communities by regulating the vegetation and the soil properties along an altitudinal gradient in
SW China. CATENA 195:104727 DOI 10.1016/j.catena.2020.104727.

Vance ED, Brookes PC, Jenkinson DS. 1987. An extraction method for measuring soil microbial
biomass C. Soil Biology and Biochemistry 19(6):703-707 DOI 10.1016/0038-0717(87)90052-6.

Wang P, Zhang Y, Mi F, Tang X, He X, Cao Y, Liu C, Yang D, Dong J, Zhang K, Xu J. 2015.
Recent advances in population genetics of ectomycorrhizal mushrooms Russula spp. Mycology
6(2):110-120 DOI 10.1080/21501203.2015.1062810.

White TJ, Bruns TD, Lee SB, Taylor JW. 1990. Amplification and direct sequencing of fungal
ribosomal RNA genes for phylogenetics. In: Innis MA, Gelfand DH, Sninsky JJ, White TJ, eds.
PCR Protocols: A guide to Methods and Applications. Cambridge: Academic Press, 315-322.

Wu J, Joergensen R, Pommerening B, Chaussod R, Brookes P. 1990. Measurement of soil

microbial biomass C by fumigation-extraction—an automated procedure. Soil Biology and
Biochemistry 22(8):1167-1169 DOI 10.1016/0038-0717(90)90046-3.

Mitcov et al. (2025), Peerd, DOI 10.7717/peerj.18762 19/20


http://dx.doi.org/10.1002/ecy.2482
http://dx.doi.org/10.1038/s41598-019-43025-9
http://dx.doi.org/10.5555/1953048.2078195
http://dx.doi.org/10.1016/j.foreco.2021.119522
https://www.R-project.org/
http://dx.doi.org/10.1016/S0038-0717(02)00074-3
http://dx.doi.org/10.1007/BF02376806
http://dx.doi.org/10.1111/1462-2920.15090
http://dx.doi.org/10.1016/j.soilbio.2012.07.013
http://dx.doi.org/10.1007/s00248-011-9900-1
http://dx.doi.org/10.1016/j.catena.2020.104727
http://dx.doi.org/10.1016/0038-0717(87)90052-6
http://dx.doi.org/10.1080/21501203.2015.1062810
http://dx.doi.org/10.1016/0038-0717(90)90046-3
http://dx.doi.org/10.7717/peerj.18762
https://peerj.com/

Peer/

Xiao CW, Ye JQ, Esteves R, Rong CM. 2015. Using Spearman’s correlation coefficients for
exploratory data analysis on big dataset. Concurrency and Computation: Practice and Experience
28(14):3866-3878 DOI 10.1002/cpe.3745.

XuM, Li X, Cai X, Gai ], Li X, Christie P, Zhang J. 2014. Soil microbial community structure and
activity along a montane elevational gradient on the Tibetan Plateau. European Journal of Soil
Biology 64:6-14 DOI 10.1016/j.js0bi.2014.06.002.

Yang Y, Shi Y, Kerfahi D, Ogwu MC, Wang J, Dong K, Takahashi K, Moroenyane I, Adams JM.
2021. Elevation-related climate trends dominate fungal co-occurrence network structure and the
abundance of keystone taxa on Mt. Norikura, Japan. Science of the Total Environment
799(10):149368 DOI 10.1016/j.scitotenv.2021.149368.

Yuan Y, Si G, Wang J, Luo T, Zhang G. 2014. Bacterial community in alpine grasslands along an
altitudinal gradient on the Tibetan Plateau. FEMS Microbiology Ecology 87(1):121-132
DOI 10.1111/1574-6941.12197.

Zhou Y, Jia X, Han L, Liu Z, Kang S, Zhao Y. 2021. Fungal community diversity in soils along an
elevation gradient in a Quercus aliena var. acuteserrata forest in Qinling Mountains, China.
Applied Soil Ecology 167:104104 DOI 10.1016/j.aps0il.2021.104104.

Zuo Q, Dang K, Yin J, Yuan D, Lu J, Xiang X. 2024. Characteristics of Pinus hwangshanensis
rhizospheric fungal community along Huangshan Mountain’s elevation gradients, China.
Journal of Fungi 10(10):673 DOI 10.3390/jof10100673.

Mitcov et al. (2025), Peerd, DOI 10.7717/peerj.18762 20/20


http://dx.doi.org/10.1002/cpe.3745
http://dx.doi.org/10.1016/j.ejsobi.2014.06.002
http://dx.doi.org/10.1016/j.scitotenv.2021.149368
http://dx.doi.org/10.1111/1574-6941.12197
http://dx.doi.org/10.1016/j.apsoil.2021.104104
http://dx.doi.org/10.3390/jof10100673
http://dx.doi.org/10.7717/peerj.18762
https://peerj.com/

	Composition of soil fungal communities and microbial activity along an elevational gradient in Mt. Jiri, Republic of Korea
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


