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Abstract
Understanding the regeneration and succession of belowground communities, particularly in forests, is vital for maintaining
ecosystem health. Despite its importance, there is limited knowledge regarding how fungal communities change over time
during ecosystem development, especially under different forest restoration strategies. In this study, we focused on two
restoration methods used in northern Japan: monoculture planting and natural regeneration. We examined the responses of
the fungal community to monoculture plantations (active tree planting) and naturally regenerated (passive regeneration)
forests over a 50-year chronosequence, using natural forests as a reference. Based on DNA metabarcoding, we assessed the
richness of fungal Operational Taxonomic Units (OTUs) and their dissimilarity. Our findings revealed that soil fungal
richness remained stable after natural regeneration but declined in monoculture plantations, from 354 to 247 OTUs. While
the compositional dissimilarity of fungal assemblages between monoculture plantations and natural forests remained
consistent regardless of the time since tree planting, it significantly decreased after natural regeneration, suggesting recovery
to a state close to the reference level. Notably, the composition of key functional fungal groups—saprotrophic and
ectomycorrhizal— has increasingly mirrored that of natural forests over time following passive natural regeneration. In
summary, our study suggests that monoculture plantations may not be effective for long-term ecosystem function and service
recovery because of their limited support for soil fungal diversity. These results underscore the importance of natural
regeneration in forest restoration and management strategies.
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Introduction

Forest restoration initiatives have expanded in response to
the rapid decrease in natural forests worldwide (Lewis et al.
2019). Additionally, there is growing interest in restoring
native ecosystems as well as increasing forest areas, as
many studies have demonstrated that natural forests main-
tain higher biodiversity and ecosystem functioning (Gibson
et al. 2011; Mori et al. 2021). In particular, while above-
ground restoration has attracted considerable interest
(Latawiec et al. 2016; Lewis et al. 2019), the importance of
belowground ecosystems and their diversity has also
recently been recognized (Lehmann et al. 2020; van der
Putten et al. 2023). For example, the European Commis-
sion’s New EU Forest Strategy for 2030 (2021) mentions
the importance of knowledge accumulation associated with
sound and site-adapted forest soil restoration. In recent
years, recovery of belowground ecosystems has become the
next step in forest restoration worldwide.

The development of high-throughput DNA sequencing
has enabled the determination of soil microbial diversity. In
particular, fungi are key components of belowground eco-
systems that occupy a large portion of soil microbial bio-
mass and play important roles in regulating multiple
ecological processes, such as decomposition, nutrient
transformation, and carbon storage (Bardgett and Wardle
2010; Bardgett and Van Der Putten 2014; Shi et al. 2021).
For example, the mycorrhizal network is key to maintaining
healthy forests by enabling trees to share nutrients, water,
and defense signals (Selosse et al. 2006). Moreover, soil
fungi also have strong interactions with plants, which are
the main components of forests, such as symbiosis in the
case of ectomycorrhizal fungi in the rhizosphere and
decomposition in the case of saprotrophic fungi in leaf litter
(Osono 2007; Teste et al. 2017). Therefore, understanding
the diversity and composition of soil fungal communities is
essential for restoring natural forests (Mori et al. 2016; Shi
et al. 2021).

In many parts of the world, natural forests have been
converted to monoculture plantations (active tree planting),
such as Norway spruce (Picea abies) in Europe, Japanese
cedar (Cryptomeria japonica) in Japan and Douglas fir
(Pseudotsuga menziesii) in North America (FAO 2016; Liu
et al. 2018). These artificial forests are effective in produ-
cing timber at the expense of biodiversity and other
important ecosystem functions (Kelty 2006; Wingfield et al.
2015; Hua et al. 2022). This kind of environmental homo-
genization can simplify ecological communities, including
soil fungi (Tatsumi et al. 2021). On the other hand, natural
regeneration (passive regeneration) is gaining attention
because it is effective in restoring the plant diversity and
vital functionality of forests (Poorter et al. 2021). Although
soil fungi play important roles in forest ecosystem

functioning, a knowledge gap still exists regarding soil
fungal communities as a consequence of implementing
these different reforestation activities. One of the main
reasons for this knowledge gap is the lack of long-term data
(Matsuoka et al. 2016) — high-throughput DNA sequen-
cing has only been available for the past 20 years.

In the present study, we addressed this knowledge gap
using the chronosequence approach, which allows us to
estimate long-term changes in fungal communities during
forest growth. Specifically, we compared the long-term
succession of the fungal community between monoculture
conifer plantations and naturally regenerated forests in
northern Japan using this approach, and evaluated the
recovery of natural forests. We hypothesized that tree
planting would result in soil fungal diversity and commu-
nity composition that would differ from those of natural
forests. Conversely, we speculated that with natural regen-
eration, the soil fungal diversity and community composi-
tion could be restored to a pre-disturbed state. Furthermore,
we assumed that the effects of restoration schemes would be
reflected in the fungal functional guilds of the forest eco-
systems. Such an assessment based on a temporal approach
will aid in the development of better methods for forest
restoration, including that of belowground ecosystems.

Materials and methods

Study sites and soil sampling

This study was conducted in the Teshio Experimental
Forest of Hokkaido University (44°54ʹ–45°06ʹN,
141°56ʹ–142°10ʹE; area: 22,517 ha) in the northern part of
Hokkaido, Japan. The mean monthly temperature ranges
from −5.4 to 18.1 °C (January and July, respectively), and
the annual precipitation is approximately 1000 mm. The
study sites were located in the transition zone between cool-
temperate and subboreal forest ecosystems. The soil in this
region is classified as Cambisol (Food and Agriculture
Organization soil taxonomy), with a pH value of 5.0, and
the content of total nitrogen (N), exchangeable magnesium
(Mg), calcium (Ca) and potassium (K) at 16.00, 0.40, 1.30
and 0.36 g kg−1, respectively. The average depth of the FH
and mineral horizons are 2.7 cm and 5.3 cm, respectively
(Makoto et al. 2012).

Approximately 90% of the forest area is covered by
natural forests and naturally regenerated forests, mainly
consisting of deciduous broad-leaved trees (e.g., Quercus
crispula and Betula ermanii) and evergreen conifer trees
(e.g., Picea glehnii and Abies sachalinensis) (Takagi et al.
2015). The remaining 10% of forests have been replaced by
conifer plantations. Soil scarification was conducted at the
beginning of restoration to remove dwarf bamboo (Sasa

Environmental Management



kurilersis), which promoted tree establishment (Yoshida
et al. 2005). Coniferous species such as P. glehnii and A.
sachalinensis were selected for monoculture planting. In
this study, natural regeneration involved spontaneous
recovery with human intervention, such as soil scarification,
which is necessary to facilitate this process, and is
increasingly referred to as assisted natural regeneration
(Latawiec et al. 2016; Crouzeilles et al. 2017; Lewis et al.
2019; Kumar et al. 2006; Shono et al. 2007). Naturally
regenerated forests resulting from natural regeneration are
dominated by Betula spp. (B. ermanii, B. platyphylla, and
B. maximowicziana), which are the pioneer species in this
region. Forests undergoing restoration are distributed in
patches with different stand ages, ranging from 0 to 50 years
(Katayama et al. 2020), which makes them ideal for
applying a chronosequence approach to study fungal com-
munity succession after two forest restoration schemes.

Five successional stages were determined based on the
standard age of the forests undergoing restoration for each
decade as one stage (Table S1). Three P. glehnii and
naturally regenerated forests at each successional stage and
three natural forests aged > 70 years were selected (33
forests in total) as study sites to estimate the restoration of
fungal communities by monoculture planting and natural
regeneration (Fig. 1 and Table S1). The site size ranges
from 0.22 to 16.77 m2 (Table S1).

Soil samples were collected in August 2021. At each site,
three plots (1 × 1 m) were arranged on a line transect,
excluding the forest edge. In each plot, after removing the
litter layer, we collected three soil samples (50 cm apart)
using a sterile soil core (2.5 cm diameter, 5 cm depth), and
mixed them as a single sample (three soil samples for each
site and 99 in total). Soil samples were placed in sterile

plastic bags, passed through a 2 mm sieve, and stored at
−20 °C for analysis.

DNA Extraction, Polymerase Chain Reaction (PCR),
and DNA Sequencing

According to the manufacturer’s instructions, soil genomic
DNA was extracted from fresh soil (0.5 g) using the Fast
DNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA,
USA). The primer sets ITS1Fkyo2 (5’-TCG TCG GCA
GCG TCA GAT GTG TAT AAG AGA CAG TAG AGG
AAG TAA AAG TCG TAA-3’) and ITS2-kyo2 (5’-GTC
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GTT
YRC TRC GTT CTT CAT C-3’) were used to amplify the
internal transcribed spacer region in the fungal genomes by
PCR. Italics and normal letters represent the fungus-specific
and MiSeq sequencing primers, respectively. PCR was
performed in a reaction volume of 25.0 μl with the buffer
system of Ex Taq HS system (TAKARA Bio, Kusatsu,
Japan), which contained 1.0 μl of template DNA, 0.2 μl of
Takara Ex Taq Hot Start Version, 2.0 μl of 10 × Ex-buffer,
1.6 μl of dNTP, 0.8 μl each of the two primers (5 μM), and
18.6 μl of nuclease-free water. The PCR conditions were as
follows: initial denaturation for 2 min at 94 °C, followed by
35 cycles of 30 s at 94 °C, annealing for 30 s at 50 °C, 60 s
at 72 °C, and a final extension for 5 min at 72 °C. The PCR
products were purified using Agencourt AMPure XP (PCR
product: AMPure XP beads= 1:0.8; Beckman Coulter,
Brea, CA, USA) prior to the supplemental PCR. Subse-
quently, supplemental PCR was performed using the primer
set Nextera XT Index Primer1 (N7xx) / Nextera XT Index
Primer2 (S5xx) to add Illumina sequencing adaptors to soil
samples. The PCR was performed in a 50 μl reaction

Forest type

Forest age
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S4
S5

10.50
km

1 42 3

30°N

40°N

50°N

120°E 130°E 140°E 150°E

Monoculture plantation

regenerated forestNaturally 

forestNatural f

Fig. 1 Study site in the Teshio Experimental Forest of Hokkaido
University. We conducted our research at 33 forest sites. The colors of
the points denote the three types of forest: orange, monoculture
plantation; green, naturally regenerated forest; and light blue, natural

forest. The size of the points denotes the age of the forest: S1, 10-year-
old stand; S2, 20-year-old stand; S3, 30-year-old stand; S4, 40-year-
old stand; and S5, 50-year-old stand
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volume containing 5.0 μl of template, 25.0 μl of 2 × KAPA
HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington,
WA, USA), 5.0 μl of each primer, and 10.0 μl of PCR grade
water. The PCR conditions were as follows: initial incu-
bation for 3 min at 95 °C, followed by eight cycles of 30 s at
95 °C, 30 s at 55 °C for annealing, and 30 s at 72 °C, and
final extension for 5 min at 72 °C. PCR products were
purified using AMPure XP beads (Beckman Coulter),
mixed with PhiX control DNA at a ratio of 75:25, and
paired-end sequencing (2 × 300 bp) was performed using
the MiSeq Reagent Kit v3 on an Illumina MiSeq platform
(Illumina, San Diego, CA, USA). Sequence data were
deposited in the Sequence Read Archive of the DNA Data
Bank of Japan (accession number: DRR444239-
DRR444337).

Bioinformatics

Bioinformatic analyses were performed as described by
Matsuoka et al. 2021. For the raw FASTQ files, paired-end
reads were merged using commands implemented in the
Claident pipeline (Tanabe and Toju 2013; software avail-
able online: https://www.claident.org/). Chimeric reads and
sequencing errors were removed using UCHIME v4.2.40
(Edgar et al. 2011) and CD-HIT-OTU (Li et al. 2012),
respectively. The remaining reads were assembled into
operational taxonomic units (OTUs) at a 97% similarity
threshold. OTU taxonomic identity was determined based
on the query-centric auto-k-nearest-neighbor method
(Tanabe and Toju 2013) using the NCBI database and the
lowest common ancestor algorithm (Huson et al. 2007) in
Claident. Functional guilds were determined based on the
Fungal Traits database for each fungal OTU in which the
family and genus could be identified (Põlme et al. 2020).
We successfully sequenced 98 (from 45 naturally
regenerated, 45 plantation and eight natural forests) of the
99 samples and performed fungal community analysis
(n= 98).

Statistical Analyses

All statistical analyses were performed using R version 4.2.0
(R Core Team, 2022). We calculated OTU richness to estimate
α diversity. In this study, we used the Jaccard dissimilarity
distance between communities in restored and natural forests
(hereafter, the Jaccard dissimilarity index) to represent the
restoration rate of fungal community composition. A lower
Jaccard dissimilarity index indicates a community composition
more similar to that of natural forests, indicating a higher
fungal restoration rate (Fang et al. 2023). In each restoration
scheme, linear regression models were used to explore the
changes in OTU richness and Jaccard dissimilarity index with
stand age. Moreover, the community composition of soil fungi

in different forest types was visualized by principal coordinate
analysis (PCoA) based on Jaccard dissimilarity matrices using
the ‘vegan’ package (Oksanen et al. 2022). We then calculated
the Jaccard dissimilarity index of the top two functional guilds
with the highest relative OTU numbers: saprotrophic and
ectomycorrhizal (ECM) fungi (23 and 7.8% on average,
respectively). To assess the restoration of these two important
functional guilds, the richness of shared OTU (observed in
both restoration and natural forest) and unshared OTU
(observed in restoration but not in natural forest) was
calculated.

Results

A total of 5264 fungal OTUs were obtained from 98 soil
samples (45 naturally regenerated forests, 45 monoculture
plantations, and eight natural forests) of 99 soil samples
(Fig. S1). Of the obtained OTUs, 2695 (51% of the total
number of OTUs) were from Ascomycota, 1710 (32%)
from Basidiomycota, 430 (8%) from Mucoromycota, 85
(2%) from Chytridiomycota, 57 (1%) from Zoopagomycota,
3 (0.1%) from Cryptomycota, 2 ( < 0.1%) from Blas-
tocladiomycota, and 282 (5%) could not be identified at the
phylum level.

Fungal OTU richness decreased significantly with forest
age in monoculture plantations (from 354 in S1 to 247 in
S5) but not in naturally regenerated forests (plantation for-
est: R²= 0.25, P < 0.001; naturally regenerated forest:
R²= 0.04, P > 0.05) (Fig. 2). In addition, the Jaccard dis-
similarity index between the fungal communities in the
naturally regenerated forests decreased significantly with
forest age (R²= 0.27, P < 0.001) (Fig. 3), indicating that the
fungal community composition in the naturally regenerated
forest became increasingly similar to that in the natural
forest over time. However, no significant relationship was
observed in the monoculture plantation (R² < 0.00,
P > 0.05). The PCoA ordination plot showed that the
composition of the fungal community in plantations did not
resemble that of the natural forest, even as the forest aged.
By contrast, in naturally regenerated forests, it converged to
that of natural forests with increasing age (Fig. 4).

We used the Fungal Traits database to annotate fungi and
saprotrophic fungi, ECM fungi, parasitic fungi, and patho-
genic fungi, accounting for 1213 (23.0%), 412 (7.8%), 151
(2.9%), and 144 (2.7%) of the total number of OTUs,
respectively. At all successional stages and forest types,
saprotrophic fungi had the highest proportion of OTUs,
followed by ECM fungi (Fig. S2). The Jaccard dissimilarity
index of these two functional guilds in the naturally
regenerated forest significantly decreased with forest age
(saprotrophic fungi: R²= 0.14, P < 0.001; ECM fungi:
R²= 0.09, P < 0.001) (Fig. 5a, b), whereas no trend was
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observed in the monoculture plantation (saprotrophic fungi:
R²= 0.00, P > 0.05; ECM fungi: R² < 0.00, P > 0.05) (Fig.
5a, b). Differences were also observed between the schemes
in terms of the richness of the shared and unshared OTUs.
In the monoculture plantations, there was no correlation
between shared OTU richness and forest age (saprotrophic
fungi: R²= 0.00, P > 0.05; ECM fungi: R²= 0.00, P > 0.05)
(Fig. 5c, d). The richness of the unshared OTUs of sapro-
trophic fungi significantly decreased with forest age,
whereas that of ECM fungi significantly increased (sapro-
trophic fungi: R²= 0.163, P < 0.001; ECM fungi:
R²= 0.162, P < 0.001) (Fig. 5e, f). In the naturally regen-
erated forest, the richness of shared OTUs increased for
both saprotrophic and ECM fungi (saprotrophic fungi:
R²= 0.074, P < 0.001; ECM fungi: R²= 0.161, P < 0.001)
(Fig. 5c, d). However, the dynamics of unshared OTU
richness in the naturally regenerated forest were consistent
with those observed in the monoculture plantations
(saprotrophic fungi: R²= 0.027, P < 0.001; ECM fungi:
R²= 0.231, P < 0.001) (Fig. 5e, f).

Discussion

Impact of Forest Management Practices on Fungal
Communities

Tree planting and natural regeneration are two major ways
to restore forests. We focused on soil fungal communities
and evaluated the effects of these forest regeneration
approaches on soil fungi by comparing 50 years of com-
munity succession between monoculture plantations and

naturally regenerated forests. Information regarding suc-
cession is fundamentally and practically required for forest
restoration.

We found that natural regeneration maintained fungal
richness, whereas monoculture planting reduced it. Single-
species tree planting has been reported to decrease fungal
richness because of environmental homogenization and
host-plant specificities (Vitali et al. 2016; Lan et al. 2017;
Guo et al. 2022). In particular, conifer plantations often
have a lower fungal diversity (Garau et al. 2019a, 2019b;
Guo et al. 2022) because their leaves are characterized by
high lignin content and low pH, which has a significant
impact on fungal host specificity (Guo et al. 2022; Mar-
čiulynas et al. 2022). The negative correlation between
OTU richness and stand age in monoculture plantations
may be mainly ascribed to the reduced enzymatic activity,
soil nutrient availability, and litter decomposition rate
caused by Picea litter accumulation (Štursová et al. 2012;
Wang et al. 2022). Additionally, monoculture plantations
cause biological homogenization, which is a process of
biodiversity loss. Tatsumi et al. 2021 reported that fungal
alpha diversity in monoculture plantations is higher, but
beta diversity is significantly lower compared to natural
forests in Hokkaido. Our study indicates that extreme bio-
logical homogenization in monoculture plantations may
ultimately affect the decline in local alpha diversity by
comparing 50 years of fungal succession. In recent years,
the biodiversity of naturally regenerated forests has been
investigated, particularly in the aboveground areas. Crou-
zeilles et al. (2017) reported that the diversity of plants,
birds, and invertebrates in these areas was higher than that
in plantations. We showed that natural regeneration is an

Forest type
Monoculture plantation
Naturally regenerated fofofforest

Natural fofofforest

R2 = 0.25***
R2 = 00 000000.04n.s.

Fig. 2 Operational taxonomic
unit (OTU) richness over time
for each treatment. A trend line
and 95% credible intervals are
shown in cases where linear
regression with forest age
appeared significant at P < 0.05.
The R² values in the upper right
indicate the variance in the
Jaccard dissimilarity index
explained by forest age;
***P < 0.001; ns. P ≥ 0.05
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effective way to maintain the richness of soil fungi, which is
one of the most important groups in belowground
ecosystems.

PCoA showed that the fungal community composition
changed at different successional stages in both mono-
culture plantations and naturally regenerated forests. This
suggests that the time elapsed after the onset of community

assembly can significantly influence fungal community
patterns observed in the field (Matsuoka et al. 2016).
Moreover, the fungal community assembly may differ
between monocultures and naturally regenerated forests. It
is widely accepted that changes in vegetation formation type
strongly affect fungal community composition by altering
soil properties, such as water content, pH, and nutrient

Forest type

Forest age

S1

S2

S3

S4

S5

plantationMonoculture p

erated forestNaturally regene

estNatural for

Fig. 4 Organization of fungal
communities, highlighting forest
types and their transitions.
Principal coordinate analysis
(PCoA) was performed using the
Jaccard dissimilarity index for
all the 98 plots. The size of the
points denotes the age stage of
the forest: S1, 10-year-old stand;
S2, 20-year-old stand; S3, 30-
year-old stand; S4, 40-year-old
stand; and S5, 50-year-old stand

***n.s.

Fig. 3 Changes over time in the dissimilarity of fungal communities
compared with natural forests. The Jaccard dissimilarity index was
calculated for all plots of (a) monoculture plantations and (b) naturally
regenerated forests. A trend line and 95% credible intervals are shown

in cases where linear regression with forest age appears significant at
P < 0.05. The R² values in the upper left indicate the variance in the
Jaccard dissimilarity index explained by forest age; ***P < 0.001; ns.
P ≥ 0.05

Environmental Management



n.s. n.s.

n.s.

Moooooooonocultuuuuuuuure plannnnntation
NNNNNaaaaaaaaaaaattttttttuuuuuuurrrrraaaaaaaaaallllyyyyyyy rrrr rrrreeeeeeeeegggggeeeeeeeeennnnneeeeeeeeerrrrrrrraaaaaaaaaatttttttteeeeeeeeedddddddd fff ffffoooooffooooooofoorrrrreeeeeeeeessssssssstttttttt

n.s.

Forest age (years)
Fig. 5 Dynamics of the two major fungal functional guilds with forest
age. The Jaccard dissimilarity index was calculated for (a) sapro-
trophic fungi and (b) ectomycorrhizal fungi. Shared operational
taxonomic unit (OTU) richness of (c) saprotrophic fungi and (d)
ectomycorrhizal fungi with natural forests over time. Unshared OTU

richness of (e) saprotrophic fungi and (f) ectomycorrhizal fungi over
time. A trend line and 95% credible intervals are shown in cases where
linear regression with forest age appears significant at P < 0.05. R²
values in the upper left indicate the variance in the variables explained
by forest age; ***P < 0.001; ns. P ≥ 0.05
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content (McGuire et al. 2014; Guo et al. 2022). For
example, Fang et al. (2023) found that total soil phosphorus
explained the fungal community variation during the
growth of subalpine Picea asperata monoculture planta-
tions. In contrast, Jiang et al. 2021 demonstrated that total
carbon is the most important soil factor affecting the fungal
community composition during natural regeneration in
boreal forests. The different consequences of fungal com-
munity assembly between monoculture plantations and
naturally regenerated forests imply that different soil factors
may drive soil fungal community construction, shifting, and
assembly in these two forests. Additional studies are
required to determine the differences in the driving forces of
community assembly between the two reforestation
schemes.

Previous studies have demonstrated that the composition
of fungal communities is highly heterogeneous compared
with that of other microbes (Yan et al. 2021). Nonetheless,
we found that the fungal community composition in natu-
rally regenerated forests converged with that in natural
forests. Our findings imply that temporal aboveground-
belowground linkages generate completely different com-
positions in monoculture plantations and naturally regen-
erated forests, which has been difficult to achieve in
previous studies based on data from a single point in time
(McGuire et al. 2014). However, distinct differences in
fungal communities between naturally regenerated and
natural forests were observed even at the late successional
stage, which is consistent with the results of Adamo et al.
(2021). This can be attributed to the incomplete recovery of
forest vegetation during the 50 years of forest growth
(Poorter et al. 2021), and the absence of keystone fungi in
natural forests may also influence the community compo-
sition (Banerjee et al. 2018; Wall et al. 2020). Additional
studies are needed to identify the essential taxa in fungal
networks and reveal the mechanisms leading to their
establishment, including ecological selection and dispersal
effects.

Further classification of complex fungal species into
guilds with different ecological functions would be bene-
ficial for exploring ecological processes driven by fungi.
Ectomycorrhizal and saprotrophic fungi are the most com-
mon fungal functional groups, and have different life stra-
tegies associated with litter decomposition and nutrient
cycles (Wang et al. 2019; Li et al. 2020). Although these
functional guilds are often filtered in different environments
(Mooshammer et al. 2014; Shigyo et al. 2019), we found
that the community composition of these two functional
guilds in the naturally regenerated forest was recovered to
the natural forest consistently. In contrast, no such trend
was observed in the monoculture plantation. Indeed, these
functional guilds have been shown to have host preferences
(Osono 2007; Matsuoka et al. 2020), and the change in

fungi may cause a shift in the nutrient cycle during forest
growth based on their relationship with plants, such as
Picea in monoculture plantations and Betula in naturally
regenerated forests (Matsuoka et al. 2020).

We found some specific fungi that characterized the
specific environment of the Picea glehnii plantation. For
example, Coccomyces, observed in later successional
stages, are saprotrophic fungi known to be associated with
bleached leaf litter and have vigorous ligninolytic abilities
(Osono 2007). The saprotrophic fungal community may be
dominated by a few host-specific fungi owing to the accu-
mulation of conifer litter with a high lignin content,
resulting in a decrease in unshared species in monoculture
plantations. However, a decrease in unshared species rich-
ness was also observed in naturally regenerated forests.
Oligotrophic saprotrophic fungi may be gradually replaced
by eutrophic saprotrophic fungi along a gradient of
increasing soil nutrients (Sterkenburg et al. 2015; Ning et al.
2021), and a decrease in unshared richness in monoculture
plantations may reflect a general trend of change from
saprotrophic fungi of grassland origin to those of forest
origin as well. In contrast, leaves of Betulat dominat in
naturally regenerated forests can facilitate community
replacement in the natural state, as broad-leaved litter
decomposes more easily than conifer needles and has the
potential to host a variety of fungi (Osono 2007, 2011).
Saprotrophs are capable of decomposing complex poly-
mers, such as cellulose and chitin, although both the sub-
strates that they decompose and the enzymatic pathways
that they use vary considerably in individual species (Peay
et al. 2016). In naturally regenerated forests, the increase in
shared fungal richness with natural forests strongly indi-
cated the recovery of the saprotrophic fungal community
and fungi-mediated nutrient cycling to those of natural
forests.

For ECM fungi, we confirmed the presence of Wilcoxina
mikolae and tomentella, which are symbiotic with Picea
(Ingeborg HAUG 2002; Trocha et al. 2006), as unshared
species in monoculture plantations. As reported in a pre-
vious study, ECM fungal diversity increases with forest
growth, and root growth of host species might create new
niches for ECM fungi that prefer the host tree (Twieg et al.
2007; Marčiulynas et al. 2022), which may explain the
increase in unshared ECM fungi in monoculture plantations.
In addition, we found that fungi were linked to ecosystem
functioning in plantations. For example, Cortinarius acutus,
observed only in plantations, negatively affects soil carbon
accumulation (Lindahl et al. 2021). Changes in ECM fungi
in plantations can be major drivers that make forest eco-
system functions significantly different from those of nat-
ural forests (Guo et al. 2022). In naturally regenerated
forests, other ECM tree fungal species such as Quercus and
Abies were observed during later successional stages of the
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naturally regenerated forests. Therefore, an increase in
shared ECM fungi may also be promoted by plant species
other than Betula spp. However, the increase in unshared
ECM fungi could explain why it is difficult to fully recover
natural forest fungal communities. It is known that the
priority effect drives community assembly in ECM fungi
(Kennedy and Bruns 2005; Kennedy et al. 2009), suggest-
ing that establishing fungi from natural forests would be
difficult. Overall, we conclude that the convalescence of
fungi in the naturally regenerated forest may have caused
the recovery of the nutrient cycle during succession in the
natural forest.

Management Implications

Our findings demonstrate the effectiveness of natural
regeneration in recovering soil fungal communities to a
natural state compared to monoculture Picea glehnii plan-
tations, which form fungal communities with different
structures. This is the first study to show differences in
fungal community succession among forest restoration
practices, and it provides a significant understanding of the
consequences of fungal community structure between for-
estry schemes, as the main components of restoration
(planning, implementation, and evaluation) are linked to
succession and community assembly (Walker et al. 2007).
Moreover, we found that microbiological recovery in
naturally regenerated forests might take a long time. This
may be due to plant-fungal interactions associated with
difficulties in facilitating full vegetation recovery (Chen
et al. 2019; Matsuoka et al. 2020; Poorter et al. 2021).
Additional studies are required to determine the effects of
fungal community assembly on forest ecosystem function-
ing (van der Putten et al. 2023), to provide a better under-
standing of the impacts of restoration practices.
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Acknowledgements We thank the Teshio Experimental Forest of
Hokkaido University staff, the students at Tokyo University of Agri-
culture, and the Akira S Mori Lab members for their support with field
and laboratory work. We also thank Kenichi Watanabe for his assis-
tance with the soil sample analyses. The Arctic Challenge for Sus-
tainability II provided logistical support for the study.

Author contributions MN: Conceptualization, Methodology, Investi-
gation, Data curation, Formal analysis, Writing—original draft, Writ-
ing—review & editing, Visualization. SM: Conceptualization,
Investigation, Writing—review & editing. KN: Conceptualization,
Investigation, Writing—review & editing. SM: Methodology, Writing
—review & editing. ST: Conceptualization, Investigation, Writing—
review & editing. YK: Investigation, Writing—review & editing. KFS:
Investigation, Writing—review & editing. XX: Writing—review &
editing. TK: Conceptualization, Investigation, Writing—review &
editing. NK: Conceptualization, Investigation, Writing—review &

editing. KM: Resources, Writing—review & editing. K-iO: Investi-
gation, Writing—review & editing. MU: Resources, Writing—review
& editing. KT: Conceptualization, Resources, Writing—review &
editing. ASM: Conceptualization, Investigation, Writing—review &
editing, Funding acquisition, Supervision, Project administration.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

References

Ingeborg HAUG (2002) Identification of Picea-ectomycorrhizae by
comparing DNA-sequences. Mycol Prog 1:167–178

Adamo I, Ortiz-Malavasi E, Chazdon R, et al. (2021) Soil fungal
community composition correlates with site-specific abiotic fac-
tors, tree community structure, and forest age in regenerating
tropical rainforests. Biology (Basel) 10: https://doi.org/10.3390/
biology10111120

Banerjee S, Schlaeppi K, van der Heijden MGA (2018) Keystone taxa
as drivers of microbiome structure and functioning. Nat Rev
Microbiol 16:567–576. https://doi.org/10.1038/s41579-018-
0024-1

Bardgett RD, Wardle DA (2010) Aboveground-Belowground Lin-
kages: Biotic Interactions, Ecosystem Processes, And Global
Change. Oxford University Press, Oxford

Bardgett RD, Van Der Putten WH (2014) Belowground biodiversity
and ecosystem functioning. Nature 515:505–511. https://doi.org/
10.1038/nature13855

Chen C, Chen HYH, Chen X, Huang Z (2019) Meta-analysis shows
positive effects of plant diversity on microbial biomass and
respiration. Nat Commun 10:1–10. https://doi.org/10.1038/
s41467-019-09258-y

Crouzeilles R, Ferreira MS, Chazdon RL, et al. (2017) Ecological
restoration success is higher for natural regeneration than for
active restoration in tropical forests. Sci Adv 3:1–8. https://doi.
org/10.1126/sciadv.1701345

Edgar RC, Haas BJ, Clemente JC, et al. (2011) UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics
27:2194–2200. https://doi.org/10.1093/bioinformatics/btr381

European Commission (2021) New EU Forest Strategy for 2030.
Communication from the Commission to the European Parlia-
ment, the Council, the European Economic and Social Committee
and the Committee ofthe Regions, COM(2021) 572 Final; Eur-
opean Commission: Brussels, Belgium

Fang K, Liu YJ, Zhao WQ, et al. (2023) Stand age alters fungal
community composition and functional guilds in subalpine Picea
asperata plantations. Appl Soil Ecol 188:104860. https://doi.org/
10.1016/j.apsoil.2023.104860

FAO (2016) Forests and agriculture: land-use challenges and
opportunities

Garau G, Morillas L, Roales J, et al. (2019b) Effect of monospecific
and mixed Mediterranean tree plantations on soil microbial
community and biochemical functioning. Appl Soil Ecol
140:78–88. https://doi.org/10.1016/j.apsoil.2019.04.005

Garau G, Morillas L, Roales J, et al. (2019a) Effect of monospecific
and mixed Mediterranean tree plantations on soil microbial
community and biochemical functioning. Appl Soil Ecol
140:78–88. https://doi.org/10.1016/j.apsoil.2019.04.005

Gibson L, Lee TM, Koh LP, et al. (2011) Primary forests are irre-
placeable for sustaining tropical biodiversity. Nature
478:378–381. https://doi.org/10.1038/nature10425

Guo J, Feng H, Roberge G, et al (2022) The negative effect of Chinese
fir (Cunninghamia lanceolata) monoculture plantations on soil

Environmental Management

https://doi.org/10.1007/s00267-023-01917-7
https://doi.org/10.3390/biology10111120
https://doi.org/10.3390/biology10111120
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1038/s41579-018-0024-1
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/s41467-019-09258-y
https://doi.org/10.1038/s41467-019-09258-y
https://doi.org/10.1126/sciadv.1701345
https://doi.org/10.1126/sciadv.1701345
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1016/j.apsoil.2023.104860
https://doi.org/10.1016/j.apsoil.2023.104860
https://doi.org/10.1016/j.apsoil.2019.04.005
https://doi.org/10.1016/j.apsoil.2019.04.005
https://doi.org/10.1038/nature10425


physicochemical properties, microbial biomass, fungal commu-
nities, and enzymatic activities. For Ecol Manage 519: https://doi.
org/10.1016/j.foreco.2022.120297

Hua F, Adrian Bruijnzeel L, Meli P, et al. (2022) The biodiversity and
ecosystem service contributions and trade-offs of forest restora-
tion approaches. Science (80-) 376:839–844. https://doi.org/10.
1126/science.abl4649

Huson DH, Auch AF, Qi J, Schuster SC (2007) MEGAN analysis of
metagenomic data. Genome Res 17:377–386. https://doi.org/10.
1101/gr.5969107

Jiang S, Xing Y, Liu G, et al. (2021) Changes in soil bacterial and
fungal community composition and functional groups during the
succession of boreal forests. Soil Biol Biochem 161:108393.
https://doi.org/10.1016/j.soilbio.2021.108393

Katayama N, Kishida O, Miyoshi C, et al (2020) Demography and
productivity during the recovery time sequence of a wild edible
bamboo after large-scale anthropogenic disturbance. PLoS One
15: https://doi.org/10.1371/journal.pone.0243089

Kelty MJ (2006) The role of species mixtures in plantation forestry.
For Ecol Manag 233:195–204. https://doi.org/10.1016/j.foreco.
2006.05.011

Kennedy PG, Bruns TD (2005) Priority effects determine the outcome
of ectomycorrhizal competition between two Rhizopogon species
colonizing Pinus muricata seedlings. New Phytol 166:631–638.
https://doi.org/10.1111/j.1469-8137.2005.01355.x

Kennedy PG, Peay KG, Bruns TD (2009) Root tip competition among
ectomycorrhizal fungi: Are priority effects a rule or an exception?
Ecology 90:2098–2107. https://doi.org/10.1890/08-1291.1

Kumar S, Takeda A, Shibata E (2006) Effects of 13-year fencing on
browsing by sika deer on seedlings on Mt. Ohdaigahara, central
Japan. J For Res 11:337–342. https://doi.org/10.1007/s10310-
006-0216-9

Lan G, Li Y, Jatoi MT, et al (2017) Change in Soil Microbial Com-
munity Compositions and Diversity Following the Conversion of
Tropical Forest to Rubber Plantations in Xishuangbanan, South-
west China. Trop Conserv Sci 10: https://doi.org/10.1177/
1940082917733230

Latawiec AE, Crouzeilles R, Brancalion PHS, et al. (2016) Natural
regeneration and biodiversity: a global meta-analysis and impli-
cations for spatial planning. Biotropica 48:844–855. https://doi.
org/10.1111/btp.12386

Lehmann J, Bossio DA, Kögel-Knabner I, Rillig MC (2020) The
concept and future prospects of soil health. Nat Rev Earth
Environ 1:544–553. https://doi.org/10.1038/s43017-020-0080-8

Lewis SL, Wheeler CE, Mitchard ETA, Koch A (2019) Restoring
natural forests is the best way to remove atmospheric carbon.
Nature 568:25–28. https://doi.org/10.1038/d41586-019-01026-8

Li S, Huang X, Shen J, et al. (2020) Effects of plant diversity and soil
properties on soil fungal community structure with secondary
succession in the Pinus yunnanensis forest. Geoderma
379:114646. https://doi.org/10.1016/j.geoderma.2020.114646

Li W, Fu L, Niu B, et al. (2012) Ultrafast clustering algorithms for
metagenomic sequence analysis. Brief Bioinform 13:656–668.
https://doi.org/10.1093/bib/bbs035

Lindahl BD, Kyaschenko J, Varenius K, et al. (2021) A group of
ectomycorrhizal fungi restricts organic matter accumulation in
boreal forest. Ecol Lett 24:1341–1351. https://doi.org/10.1111/
ele.13746

Liu CLC, Kuchma O, Krutovsky KV (2018) Mixed-species versus
monocultures in plantation forestry: Development, benefits, eco-
system services and perspectives for the future. Glob Ecol Con-
serv 15:e00419. https://doi.org/10.1016/j.gecco.2018.e00419

Makoto K, Shibata H, Kim YS, et al. (2012) Contribution of charcoal
to short-term nutrient dynamics after surface fire in the humus
layer of a dwarf bamboo-dominated forest. Biol Fertil Soils
48:569–577. https://doi.org/10.1007/s00374-011-0657-y

Marčiulynas A, Marčiulynienė D, Mishcherikova V, et al (2022) High
Variability of Fungal Communities Associated with the Func-
tional Tissues and Rhizosphere Soil of Picea abies in the Southern
Baltics. Forests 13: https://doi.org/10.3390/f13071103

Matsuoka S, Kawaguchi E, Osono T (2016) Temporal distance decay
of similarity of ectomycorrhizal fungal community composition
in a subtropical evergreen forest in Japan. FEMS Microbiol Ecol
92:1–11. https://doi.org/10.1093/femsec/fiw061

Matsuoka S, Doi H, Masumoto S, et al. (2021) Taxonomic, functional,
and phylogenetic diversity of fungi in a forest-tundra ecotone in
Québec. Polar Sci 27:100594. https://doi.org/10.1016/j.polar.
2020.100594

Matsuoka S, Sugiyama Y, Tateno R, et al (2020) Evaluation of host
effects on ectomycorrhizal fungal community compositions in a
forested landscape in northern Japan. R Soc Open Sci 7: https://
doi.org/10.1098/rsos.191952

McGuire KL, D’Angelo H, Brearley FQ, et al. (2014) Responses of
soil fungi to logging and oil palm agriculture in Southeast Asian
Tropical Forests. Microb Ecol 69:733–747. https://doi.org/10.
1007/s00248-014-0468-4

Mooshammer M, Wanek W, Zechmeister-Boltenstern S, Richter A
(2014) Stoichiometric imbalances between terrestrial decomposer
communities and their resources: Mechanisms and implications
of microbial adaptations to their resources. Front Microbiol
5:1–10. https://doi.org/10.3389/fmicb.2014.00022

Mori AS, Isbell F, Fujii S, et al. (2016) Low multifunctional redun-
dancy of soil fungal diversity at multiple scales. Ecol Lett
19:249–259. https://doi.org/10.1111/ele.12560

Mori AS, Dee LE, Gonzalez A, et al. (2021) Biodiversity–productivity
relationships are key to nature-based climate solutions. Nat Clim
Chang 11:543–550. https://doi.org/10.1038/s41558-021-01062-1

Ning Q, Chen L, Zhang C, et al. (2021) Saprotrophic fungal com-
munities in arable soils are strongly associated with soil fertility
and stoichiometry. Appl Soil Ecol 159:103843. https://doi.org/10.
1016/j.apsoil.2020.103843

Oksanen J, Simpson GL, Guillaume Blanchet F et al. Vegan: Com-
munity Ecology Package. 2022. (12 October 2022, date last
accessed). https://CRAN.R-project.org/package=vegan

Osono T (2007) Ecology of ligninolytic fungi associated with leaf
litter decomposition. Ecol Res 22:955–974. https://doi.org/10.
1007/s11284-007-0390-z

Osono T (2011) Diversity and functioning of fungi associated with leaf
litter decomposition in Asian forests of different climatic regions.
Fungal Ecol 4:375–385. https://doi.org/10.1016/j.funeco.2011.02.004

Peay KG, Kennedy PG, Talbot JM (2016) Dimensions of biodiversity
in the Earth mycobiome. Nat Rev Microbiol 14:434–447. https://
doi.org/10.1038/nrmicro.2016.59

Põlme S, Abarenkov K, Henrik Nilsson R, et al (2020) FungalTraits: a
user-friendly traits database of fungi and fungus-like strameno-
piles. Fungal Divers 105: https://doi.org/10.1007/s13225-020-
00466-2

Poorter L, Craven D, Jakovac CC, et al. (2021) Multidimensional
tropical forest recovery. Science (80-) 374:1370–1376

van der Putten WH, Bardgett RD, Farfan M, et al. (2023) Soil bio-
diversity needs policy without borders. Science 379:32–34.
https://doi.org/10.1126/science.abn7248

R Core Team (2022) R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org

Selosse MA, Richard F, He X, Simard SW (2006) Mycorrhizal net-
works: des liaisons dangereuses? Trends Ecol Evol 21:621–628.
https://doi.org/10.1016/j.tree.2006.07.003

Shi X, Wang J, Lucas-Borja ME, et al. (2021) Microbial diversity
regulates ecosystem multifunctionality during natural secondary
succession. J Appl Ecol 58:2833–2842. https://doi.org/10.1111/
1365-2664.14015

Environmental Management

https://doi.org/10.1016/j.foreco.2022.120297
https://doi.org/10.1016/j.foreco.2022.120297
https://doi.org/10.1126/science.abl4649
https://doi.org/10.1126/science.abl4649
https://doi.org/10.1101/gr.5969107
https://doi.org/10.1101/gr.5969107
https://doi.org/10.1016/j.soilbio.2021.108393
https://doi.org/10.1371/journal.pone.0243089
https://doi.org/10.1016/j.foreco.2006.05.011
https://doi.org/10.1016/j.foreco.2006.05.011
https://doi.org/10.1111/j.1469-8137.2005.01355.x
https://doi.org/10.1890/08-1291.1
https://doi.org/10.1007/s10310-006-0216-9
https://doi.org/10.1007/s10310-006-0216-9
https://doi.org/10.1177/1940082917733230
https://doi.org/10.1177/1940082917733230
https://doi.org/10.1111/btp.12386
https://doi.org/10.1111/btp.12386
https://doi.org/10.1038/s43017-020-0080-8
https://doi.org/10.1038/d41586-019-01026-8
https://doi.org/10.1016/j.geoderma.2020.114646
https://doi.org/10.1093/bib/bbs035
https://doi.org/10.1111/ele.13746
https://doi.org/10.1111/ele.13746
https://doi.org/10.1016/j.gecco.2018.e00419
https://doi.org/10.1007/s00374-011-0657-y
https://doi.org/10.3390/f13071103
https://doi.org/10.1093/femsec/fiw061
https://doi.org/10.1016/j.polar.2020.100594
https://doi.org/10.1016/j.polar.2020.100594
https://doi.org/10.1098/rsos.191952
https://doi.org/10.1098/rsos.191952
https://doi.org/10.1007/s00248-014-0468-4
https://doi.org/10.1007/s00248-014-0468-4
https://doi.org/10.3389/fmicb.2014.00022
https://doi.org/10.1111/ele.12560
https://doi.org/10.1038/s41558-021-01062-1
https://doi.org/10.1016/j.apsoil.2020.103843
https://doi.org/10.1016/j.apsoil.2020.103843
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1007/s11284-007-0390-z
https://doi.org/10.1007/s11284-007-0390-z
https://doi.org/10.1016/j.funeco.2011.02.004
https://doi.org/10.1038/nrmicro.2016.59
https://doi.org/10.1038/nrmicro.2016.59
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1007/s13225-020-00466-2
https://doi.org/10.1126/science.abn7248
https://www.R-project.org
https://doi.org/10.1016/j.tree.2006.07.003
https://doi.org/10.1111/1365-2664.14015
https://doi.org/10.1111/1365-2664.14015


Shigyo N, Umeki K, Hirao T (2019) Seasonal dynamics of soil fungal
and bacterial communities in cool-temperate montane forests.
Front Microbiol 10:1–14. https://doi.org/10.3389/fmicb.2019.
01944

Shono K, Cadaweng EA, Durst PB (2007) Application of assisted natural
regeneration to restore degraded tropical forestlands. Restor Ecol
15:620–626. https://doi.org/10.1111/j.1526-100X.2007.00274.x

Sterkenburg E, Bahr A, Brandström Durling M, et al. (2015) Changes
in fungal communities along a boreal forest soil fertility gradient.
New Phytol 207:1145–1158. https://doi.org/10.1111/nph.13426

Štursová M, Žifčáková L, Leigh MB, et al. (2012) Cellulose utilization
in forest litter and soil: Identification of bacterial and fungal
decomposers. FEMS Microbiol Ecol 80:735–746. https://doi.org/
10.1111/j.1574-6941.2012.01343.x

Takagi K, Yone Y, Takahashi H, et al. (2015) Forest biomass and
volume estimation using airborne LiDAR in a cool-temperate
forest of northern Hokkaido, Japan. Ecol Inform 26:54–60.
https://doi.org/10.1016/j.ecoinf.2015.01.005

Tanabe AS, Toju H (2013) Two New Computational Methods for Uni-
versal DNA Barcoding: A Benchmark Using Barcode Sequences of
Bacteria, Archaea, Animals, Fungi, and Land Plants. PLoS One 8:
https://doi.org/10.1371/journal.pone.0076910

Tatsumi S, Matsuoka S, Fujii S, et al. (2021) Prolonged impacts of past
agriculture and ungulate overabundance on soil fungal commu-
nities in restored forests. Environ DNA 3:930–939. https://doi.
org/10.1002/edn3.198

Teste FP, Kardol P, Turner BL, et al. (2017) Plant-soil feedback and the
maintenance of diversity in Mediterranean-climate shrublands. Sci-
ence (80-) 355:173–176. https://doi.org/10.1126/science.aai8291

Trocha LK, Rudawska M, Leski T, Dabert M (2006) Genetic diversity
of naturally established ectomycorrhizal fungi on norway spruce
seedlings under nursery conditions. Microb Ecol 52:418–425.
https://doi.org/10.1007/s00248-006-9110-4

Twieg BD, Durall DM, Simard SW (2007) Ectomycorrhizal fungal
succession in mixed temperate forests. New Phytol 176:437–447.
https://doi.org/10.1111/j.1469-8137.2007.02173.x

Vitali F, Mastromei G, Senatore G, et al. (2016) Long lasting effects of
the conversion from natural forest to poplar plantation on soil
microbial communities. Microbiol Res 182:89–98. https://doi.
org/10.1016/j.micres.2015.10.002

Walker LR, Walker J, Hobbs RJ (2007) Linking Restoration and
Ecological Succession. Springer, Berlin

Wall CB, Egan CP, Swift SIO, Hynson NA (2020) Three decades
post-reforestation has not led to the reassembly of arbuscular
mycorrhizal fungal communities associated with remnant primary
forests. Mol Ecol 29:4234–4247. https://doi.org/10.1111/mec.
15624

Wang J, Shi X, Lucas-Borja ME, et al. (2022) Plants, soil properties
and microbes directly and positively drive ecosystem multi-
functionality in a plantation chronosequence. L Degrad Dev
33:3049–3057. https://doi.org/10.1002/ldr.4371

Wang P, Chen Y, Sun Y, et al. (2019) Distinct biogeography of dif-
ferent fungal guilds and their associations with plant species
richness in forest ecosystems. Front Ecol Evol 7:1–13. https://doi.
org/10.3389/fevo.2019.00216

Wingfield MJ, Brockerhoff EG, Wingfield BD, Slippers B (2015)
Planted forest health: The need for a global strategy. Science (80-)
349:832–836. https://doi.org/10.1126/science.aac6674

Yan Z-Z, Chen Q-L, Li C-Y, et al (2021) Biotic and abiotic factors
distinctly drive contrasting biogeographic patterns between
phyllosphere and soil resistomes in natural ecosystems. ISME
Commun 1: https://doi.org/10.1038/s43705-021-00012-4

Yoshida T, Iga Y, Ozawa M, et al. (2005) Factors influencing early
vegetation establishment following soil scarification in a mixed
forest in northern Japan. Can J For Res 35:175–188. https://doi.
org/10.1139/x04-156

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

Environmental Management

https://doi.org/10.3389/fmicb.2019.01944
https://doi.org/10.3389/fmicb.2019.01944
https://doi.org/10.1111/j.1526-100X.2007.00274.x
https://doi.org/10.1111/nph.13426
https://doi.org/10.1111/j.1574-6941.2012.01343.x
https://doi.org/10.1111/j.1574-6941.2012.01343.x
https://doi.org/10.1016/j.ecoinf.2015.01.005
https://doi.org/10.1371/journal.pone.0076910
https://doi.org/10.1002/edn3.198
https://doi.org/10.1002/edn3.198
https://doi.org/10.1126/science.aai8291
https://doi.org/10.1007/s00248-006-9110-4
https://doi.org/10.1111/j.1469-8137.2007.02173.x
https://doi.org/10.1016/j.micres.2015.10.002
https://doi.org/10.1016/j.micres.2015.10.002
https://doi.org/10.1111/mec.15624
https://doi.org/10.1111/mec.15624
https://doi.org/10.1002/ldr.4371
https://doi.org/10.3389/fevo.2019.00216
https://doi.org/10.3389/fevo.2019.00216
https://doi.org/10.1126/science.aac6674
https://doi.org/10.1038/s43705-021-00012-4
https://doi.org/10.1139/x04-156
https://doi.org/10.1139/x04-156

	Long-term Consequences on Soil Fungal Community Structure: Monoculture Planting and Natural Regeneration
	Abstract
	Introduction
	Materials and methods
	Study sites and soil sampling
	DNA Extraction, Polymerase Chain Reaction (PCR), and DNA Sequencing
	Bioinformatics
	Statistical Analyses

	Results
	Discussion
	Impact of Forest Management Practices on Fungal Communities
	Management Implications
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




