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Abstract

Silvicultural practices significantly influence the diversity and composition of soil fungal
communities, which play crucial roles in maintaining forest ecosystem functionality. This
study evaluated the impact of three silvicultural treatments, consisting of liberation cutting,
first thinning, and second thinning, on rhizospheric fungal and ectomycorrhizal (ECM)
fungi communities in Pinus forests located in Puebla, Mexico. Using high-throughput

fl?)e;:tfgsr metabarcoding of the internal transcribed spacer (ITS2) region, we identified 346 fungal
Academic Editor: Huang Zhang genera across all treatments, with Ascomycota and Basidiomycota being the dominant
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Published: 1 September 2025 across treatments, highlighting the influence of the thinning intensity. The proportions
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tional differences were observed, mainly in soil and wood saprotrophs and in pathogenic
Martinez, M.C.; Pérez-Garcia, J.; . . . . .
) taxa. Liberation cutting showed enrichment in ECM taxa such as Russula and Cenococcum,
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L ) whereas Tuber, Humaria, and Tricholoma were decreased for first thinning and Russula
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Diversity and Community was decreased for second thinning. These findings underscore the need for sustainable
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a Pinus Forest in Central Mexico. biodiversity to ensure ecosystem stability and functionality.
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These associations influence the spatial and genetic structure of forest communities [1,2].
Therefore, conserving fungal diversity is vital for maintaining ecosystem services that are
essential for both forest functionality and human well-being [3,4].

Based on their ecological function, soil fungi are categorized as saprotrophic,
pathogenic, or symbiotic. Saprotrophic fungi play a crucial role in nutrient cycling by
decomposing soil organic matter and plant litter, contributing significantly to soil carbon
resources that support plant growth [5]. In contrast, pathogenic fungi can negatively im-
pact forest health by infecting roots or aboveground tissues, leading to reduced growth,
increased mortality, and shifts in the community composition.

Symbiotic fungi, such as ectomycorrhizal (ECM) fungi, have attracted the most atten-
tion due to their role in providing their tree hosts with essential nutrients and protection
against pathogens in exchange for photosynthetically derived carbon [6-8] and by trans-
porting and storing carbon in the deep layers of the soil, playing a role in the regulation of
C dynamics in ecosystems [9]. This relationship begins at the earliest stages of seedling
establishment, integrating the plant and fungi into a mycorrhizal network that is critical for
sapling survival, tree performance, and productivity [10-12]. Furthermore, ECM fungi in-
fluence the spatial and genetic structure of forest communities [1,2] by establishing physical
connections among trees, even between different species [13].

Forest management influences the fungal diversity and composition by modifying
stand structure attributes (such as tree density and species composition), altering soil and
microclimatic conditions, and introducing other anthropogenic disturbances like mushroom
harvesting, animal grazing, logging, controlled burning, and fertilization [14-16]. Thus,
understanding the effect of silvicultural practices on mycological resources must be seen as
an integral part of long-term forest management strategies [13,15,17].

In Mexico, one of the main methods for wood production is the “Silvicultural Devel-
opment Method” (SDM), which has been used since the early 1970s [18]. The SDM is a
high-intensity forest management system designed to maximize the productive potential
of timber sites by applying various silvicultural treatments. These include regeneration
cuts, which keep only selected trees (father trees or seed trees) with desirable physical
traits, such as straight trunks, while removing the rest; liberation cutting, consisting of
the removal of the seed trees; and thinning cuts, in which trees that do not meet specified
commercial characteristics or other management criteria are selectively removed [19]. After
the cut, the natural regeneration of a cohort of the harvestable species occurs in the open
site, resulting in a predominantly even-aged forest at the end of the cycle [20]. The effect
of the SDM on biodiversity is influenced by the cutting/thinning intensities. Therefore,
from a sustainable forest management perspective, its implementation must consider the
conservation of biological diversity, forest productivity, the regenerative capacity, and the
maintenance of ecosystem services [18,19,21,22]

The effect of the SDM on the plant composition and biodiversity depends on fac-
tors such as the extent of the intervention, the original biodiversity of the area, and the
number of cutting/thinning cycles [23-26]. Generally, ecosystems with higher biological
complexity, such as tropical forests, experience more significant changes, especially when
subjected to multiple cutting cycles [27-29]. Forest fungal communities are similarly af-
fected by thinning and other silvicultural practices [15] that result from altering the local
environment (soil properties, light availability, and humidity), as well as shifts in plant
diversity and structures, to which mutualistic organisms, such as ECM fungi, are particu-
larly susceptible [15,30-32]. The analysis of ECM mushroom production in Mediterranean
forests in response to management intensity has shown that low to moderate thinning
can increase yields [15,16], whereas heavy thinning or clear-cutting drastically reduces
production, fungal richness, and diversity due to the removal of host trees and increased
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soil temperature and dryness [15,16]. Furthermore, the intensity of sylvicultural practices
influences the abundance of particular species. Contrasting dynamics in belowground
fungal communities, as evidenced by high-throughput sequencing, have been reported
in Pinus sylvestris L. stands [33,34] and P. pinaster Ait. forests [15] managed under various
thinning intensities. These studies reveal changes in the fungal composition, with ECM
communities decreasing and saprotrophs increasing after treatments.

Although there is substantial evidence supporting the differential response of fungal
communities, especially ECM, to sylvicultural practices in temperate forests of the Northern
Hemisphere, less is known about their impact on highly diverse tropical and subtropical
montane forests [16]. In Mexico, evidence of the impact of different sylvicultural prac-
tices is increasing, exhibiting both general patterns but also preliminary lists of the main
taxa involved. In a managed P. patula Schiede ex Schltdl. & Cham. forest in Puebla in
Central Mexico [14], as well as in a mixed stand of Pinus spp. in the southern Mexican
state of Chiapas [26], a decline in ECM species richness and abundance, as evidenced
by carpophore production, has been observed as the canopy cover decreases, with the
most intensive management practices leading to significantly lower diversity compared
to later successional stages. The ITS-RFLP analysis of ECM root tips in a P. oaxacana forest
in the southern State of Oaxaca showed that although the fungal abundance remained
similar under various sylvicultural treatments, the species composition was altered, and
the sustained presence of seed trees was key to preserving diversity [35]. The sequencing of
mycorrhizal root tips was used to characterize ECM fungal taxa colonizing both young and
mature P. montezumae Lamb. var. montezumae in central Mexico, revealing that the tree age
is key in maintaining ECM fungal richness and diversity, as the fungal species composition
varied with the growth stage [36].

These studies have provided insight into fungal diversity and its response to silvicul-
tural practices in tropical and subtropical pine forests. However, significant gaps persist
in our knowledge of how these communities are structured, maintained, and reshaped
by forest management. The main purpose of this study was to evaluate the impact of
different sylvicultural practices, specifically liberation cutting (LC), first thinning (FT), and
second thinning (ST), on soil fungal communities in a managed Pinus forest in central Mex-
ico. We sought to answer the following questions: (1) Do different sylvicultural practices
affect soil fungal richness and diversity? (2) Do they alter the community composition?
(3)Which sustains greater ECM richness and diversity? (4) Do they favor the presence of
certain species? To address these questions, we employed a high-throughput sequencing
approach targeting the internal transcribed spacer (ITS2) region of ribosomal DNA from
mycorrhizal root tips. Assessing overall fungal biodiversity, identifying ECM associations,
and examining their response to silvicultural treatments can provide indicators to support
sustainable management strategies that better preserve or enhance plant-fungal symbioses,
particularly in forests and plantations overseen by local communities.

2. Materials and Methods
2.1. Study Sites

This study was conducted at the Ejido Rancho Nuevo Nanacamila in the Zacatlan de
las Manzanas municipality in Puebla, Mexico, at coordinates 20°02'54.24"/, 20°04/30.00"’
N, and 98°04'42.24"", 98°06/38.88"" W. The ejido forest management program is certified
by the Rainforest Alliance (FSC certificate, RA-FM/COC-006372) (Figure 1a). The tree
mass under management by the local community covers 283.13 ha. The predominant
vegetation consists of Pinus patula Schiede ex Schltdl. et Cham. forests with the presence,
in smaller proportions, of P. teocote Schiede ex Schltdl. et Cham., P. leiophylla Schiede ex
Schltdl. et Cham., P. rudis Endl., P. pseudostrobus Lindl., Abies religiosa (Kunth) Schltdl.
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et Cham., Quercus spp., and Arbutus xalapensis Kunth. We selected three silvicultural
treatments, aiming to keep the post-intervention times as close as possible across the
sampled plots: liberation cutting (LC) with seven years (Figure 1b), first thinning (FT)
with 9 years (Figure 1c), and second thinning (ST) with 7 years (Figure 1d). The sampled
experimental plots measured 33 x 33 m for each management type in accordance with [14];
there were three for FT and two for LC and ST. Sampling was conducted in November 2016,
at the end of the rainy season.

 HiDAlGe
s W,

Nanacamila

Figure 1. (a) Geographic location of the study area in ejido Nanacamila, Zacatlan de las Manzanas
municipality, Puebla, Mexico (Google Earth, 2025). Plots for the different treatments, (b) liberation
cutting (LC), where seed trees (indicated by arrows) are removed; (c) first thinning (FC); and (d) sec-
ond thinning (ST), the trees lacking specified commercial characteristics are selectively removed
(indicated by arrows). Created with BioRender.com (accessed on 19 August 2025).

2.2. Sample Collection

For each treatment, nine soil cores (2.5 x 30 cm) were collected per experimental plot,
maintaining a minimum distance of 15 m between them; to maintain a balanced number of
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samples across treatments, additional cores were collected from one of the plots for both
the LC and ST treatments. Litter was removed prior to sampling. A total of 81 soil samples
were obtained, individually transferred into plastic storage bags, and refrigerated at 4 °C
for a maximum of 21 days before processing. Each core sample was sieved individually
and washed under cold running tap water, and mycorrhizal root tips were recovered using
an optical microscope, placed in tubes, and stored at —80 °C until DNA extraction.

2.3. DNA Extraction, Amplification, and Sequencing

DNA was obtained from the pooled mycorrhizal root tips of each of the 81 cores
(Supplementary Figure S1 illustrates the methodology). First, mycorrhizas were ground
with liquid nitrogen, and DNA was isolated using XNAT (REDEExtract-N-Amp Tissue
PCR Kit, Sigma-Aldrich, Darmstadt, Germany) Extraction and Dilution Solutions following
the manufacturer’s instructions. The resulting mix was then processed using PowerBead
Soil DNA Isolation kit (MO BIO, Carlsbad, CA, USA), as indicated. The DNA pellets were
resuspended in sterile deionized water, and the concentration and purity were assessed
using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

PCR amplification of the ITS2 region was conducted using four primer combinations
based on [37] (detailed Supplemental Figure S2), for a total of 324 reactions. Each reaction
was carried out in 50 pL volume containing 0.5 U DNA polymerase (Promega, Madison,
WI, USA), 0.4 uM of each primer, 200 uM dNTPs, and 2.5 uL of each DNA sample. The
negative control consisted of a reaction with no DNA. The thermal cycling conditions
included an initial denaturation and enzyme activation step of 5 min at 95 °C, followed by
35 cycles of amplification consisting of 30 s at 95 °C, 30 s at 55 °C, and 60 s at 72 °C, and
then a final 10 min extension step at 72 °C. The PCR amplification products were visualized
on an agarose gel.

Equal amounts of PCR products from each primer pair were combined for each core
sample, and the resulting mix was purified using AMPure XP Beads (Beckman-Coulter
Life Sciences, Indianapolis, IN, USA). Pools were quantified using a Qubit™ dsDNA HS
Assay Kit and a Qubit 2.0 Fluorometer (Thermo Fisher Scientific). A final pooling step was
performed to obtain a total of three sequencing pools per treatment (each representing a
sampling site, for a total of nine pools) with a normalized concentration of 4 nM.

Libraries were constructed following the instructions and using the reagents indicated
in the Fungal Metagenomic Sequencing Demonstrated Protocol (Illumina). Final pooling
and library construction were performed in duplicate. Sequencing was conducted on an
INlumina MiSeq (Illumina, San Diego, CA, USA) using a 2 x 300 cycle configuration.

2.4. Statistical and Bioinformatics Analyses

The statistical and bioinformatic analyses were performed following the protocol de-
scribed by [38]. Briefly, data analysis was conducted using QIIME2 v2024.5 [39]. Sequences
were merged using FLASH v1.2.11 [40], and quality filtering, denoising, dereplication,
and chimera removal were performed using DADA?2 v1.16 [41] to obtain amplicon se-
quence variants (ASVs). Taxonomic assignment was conducted from phylum to genus
level using a naive Bayesian classifier trained on the UNITE v8.99 database clustered at
97% similarity [42].

Multiple sequence alignment of ASV representative sequences was performed using
MAFFT v7 [43], and a phylogenetic tree was constructed using FastTree v2 [44] with default
parameters. The resulting rooted tree was incorporated into the QIIME2 framework for
calculation of phylogeny-based alpha and beta diversity metrics. To assess the - and
-diversities of the fungal communities and conduct corresponding statistical analyses,
the samples were rarefied to the sequencing depth of the library with the lowest number
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of reads. The «-diversity was estimated using the Chaol, Shannon, and Simpson indices.
Differences in diversity between treatments were evaluated using the Kruskal-Wallis test,
considering statistical significance at p-values < 0.05. 3-diversity was explored through a
principal coordinate analysis (PCoA) using unweighted and weighted UniFrac distances,
followed by permutational multivariate analysis of variance (PERMANOVA) with 999 per-
mutations to evaluate community differences. To identify differences in the abundance of
microbial taxa, differential abundance analysis was performed using Analysis of Compo-
sitions of Microbiomes with Bias Correction (ANCOM-BC [45]) in QIIME2 v2024.5. For
each silvicultural treatment, taxa abundances were compared against those present in the
other treatments. p-values were adjusted using the Benjamini—-Hochberg false discovery
rate (FDR), with statistical significance set at & = 0.05. Fungal ecological functions were
inferred using FUNGuild v1.0, which assigns functional guilds based on taxonomic infor-
mation [46]. Finally, to assess the distribution of shared and unique ECM fungal genera
among silvicultural treatments, a Venn diagram was generated based on presence/absence
data at the genus level.

3. Results
3.1. Fungal ASV Taxonomic Composition

From a total of 6,502,616 raw ITS2 region sequences, 1,973,626 high-quality sequences
were obtained and used for subsequent analyses, with an average of 109,646 sequences
per library. The rarefaction curves from all treatments exhibited a tendency to reach the
saturation plateau, suggesting that the sequencing effort was sufficient to capture most
of the fungal diversity (Supplementary Figure S3). Following the quality control and
rarefaction assessment, one low-depth library (LC1) was excluded due to its markedly low
number of high-quality reads; downstream analyses were conducted on the remaining
17 libraries.

The analysis was conducted on sampled root tips to favor the detection of ECM fungi.
However, the high-throughput metabarcoding revealed a wider spectrum of taxa, including
fungi associated with diverse ecological roles. These encompassed other mutualistic
associations (endomycorrhizae, ericoid mycorrhiza), non-mutualistic groups (saprophytic,
parasitic, pathogenic, and endophytic taxa), mixed mutualistic/non-mutualistic groups,
and taxa that remain insufficiently characterized. This approach enabled the identification
of 400 ASVs distributed in 5 fungal phyla, 34 classes, 92 orders, 215 families, and 346 genera.

The most abundant phyla were Ascomycota (55.17%) and Basidiomycota (44.63%), with
the remainder accounting for less than 1.0% of the overall relative abundance. The dominant
fungal family was Myxotrichaceae (11.66%), followed by Sebacinaceae (9.75%), Russulaceae
(9.41%), Thelephoraceae (8.39%), Gloniaceae (7.93%), Inocybaceae (7.67%), Pyronemataceae
(5.17%), and Arachnopezizaceae (5.17%), with others contributing less than 5.0% of the overall
relative abundance (Figure 2a). At the genus level, the prevalent taxa were Oidiodendron
(12.22%), Sebacina (9.96%), Russula (9.76%), Cenococcum (8.30%), Inocybe (7.99%), Tomentella
(6.68%), and Arachnopeziza (5.41%), with others representing less than 5.0% of the overall
relative abundance (Figure 2b).

Focusing on ECM fungi showed 68 ASVs belonging to 25 families (including Agaricales
gen. incertae sedis and Agaricomycetes gen. incertae sedis), collectively accounting for 51.4%
of the overall relative abundance (Figure 2c). Of the 30 genera detected, 8 accounted for
94% of the total abundance in this group (Figure 2d): Sebacina (19.38%), Russula (18.9%),
Cenococcum (16.14%), Inocybe (15.54%), Tomentella (12.99%), Clavulina (4.96%), Amphinema
(4.94%), and Amanita (1.89%).
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Figure 2. Bar plots depicting the relative abundance of whole fungal communities at (a) family and
(b) genus and ECM fungi at (c) family and (d) genus levels. Liberation cutting (LC), first thinning
(FT), and second thinning (ST).
3.2. Effect of Silvicultural Treatments on Fungal Diversity
The fungal «-diversity was similar across thinning treatments (p > 0.05), although both
the richness (Chaol) and diversity (Shannon index) varied depending on the treatment
and tended to show higher average values for the first thinning. Simpson’s diversity index
values were similar across treatments, ranging between 0.98 and 0.99 (Table 1).
Table 1. Summary of sequence quality and «- diversity metrics.
Treatment Raw Sequences  High-Quality Sequences Chaol Shannon Simpson
Liberation Cutting (LC) 1,936,447 577,612 432.8 + 39.52 7.2 4+0.09 0.99 4 0.002
First Thinning (FT) 2,367,577 703,262 459.17 £27.9 7224+ 0.06 0.99 £ 0.002
Second Thinning (ST) 2,198,592 692,752 382 £ 46.5 6.91+0.17 0.98 4= 0.002

In terms of the B-diversity, the first three coordinates of the PCoA analysis, using

the unweighted and weighted dissimilarity matrices, explained 46% and 75% of the total
observed variation in the fungal community, respectively (Figure 3). Overall, the PCoA
analyses revealed significant differences in the fungal community (-diversity (p < 0.05).
However, in the case of the weighted analysis, accounting for species abundance, the first
thinning and liberation cutting treatments did not differ significantly (p = 0.074).



Forests 2025, 16, 1397

8of 17

Figure 3. PCoA based on (a) unweighted and (b) weighted UniFrac distances showing the fungal
community dissimilarity. Liberation cutting (LC), first thinning (FT), and second thinning (ST).

3.3. Effect of Silvicultural Treatments on Fungal Taxa Composition

The differential abundance analysis identified fungal taxa that were enriched in
each silvicultural treatment. Most were Ascomycetes that belonged to the saprotroph,
pathotroph-saprotroph—-symbiotroph, or pathotroph-saprotroph fungal guilds. Functional
assignments revealed treatment-specific shifts in the fungal guild composition. Libera-
tion cutting (Figure 4a) showed the most pronounced changes in litter saprotrophs, with
increases in Sistotrema, Gorgomyces, Uwebraunia, and members of Sordariomycetes, accom-
panied by declines in Tetracladium and the pathotrophic order Hypocreales. In contrast,
first thinning (Figure 4b) exhibited only minor changes (increase in Hypocreales, decrease
in Gorgomyces), while second thinning (Figure 4c) showed increases in Thelonectria and
Venturia. Wood decomposers were significantly more abundant for liberation cutting (e.g.,
Muytilinidiales gen. incertae sedis, Hyaloscyphaceae; decrease in Halokirschsteiniothelia) and
second thinning (Halokirschsteiniothelia, Camposporium), whereas for first thinning only a
reduction was observed (members of Auriculariales). Soil saprobes showed the opposite pat-
tern: first thinning supported the highest abundance (e.g., Pyronemataceae, Pleotrichocladium,
Archaeorhizomyces), liberation cutting presented moderate shifts (increase in Geminibasidium,
decrease in Pleotrichocladium), and second thinning showed a decline (decreases in several
Dothideomycetes and Pyronemataceae, increase in Teratosphaeriaceae).

Likewise, ECM fungi showed differential presences. For liberation cutting, Tricholoma
Ampinema, Russula, and Cenococcum were significantly increased, whereas for first thinning
the presence of various ECM fungi declined, including Tricholoma, Agaricales gen. incerta
sedis, Humaria, and Tuber, while the mixed saprotroph-symbiotrophs Entholomataceae gen.
incerta sedis increased. For second thinning, Russula exhibited a decreased abundance.

Changes in taxa that include tree pathogens were also detected, with increased pres-
ences of Dothideomycetes and Mytilinidiales for liberation cutting, Chalara and Hypocreales
for first thinning, and Dactylonectria for second thinning.

Across all treatments, different taxa including endophytes increased: Lasiodiplodia for
liberation cutting, Pezoloma for first thinning, and Hypocreaceae for second thinning.
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Figure 4. Differentially abundant taxa in (a) liberation cutting (LC) treatment, (b) first thinning (FT)
treatment, and (c) second thinning (ST) treatment. Bars depict ANCOM-BC log fold change (LFC)
values. Blue bars represent enriched taxa, whereas orange bars represent depleted taxa.

3.4. Changes in Fungal Guild Structure Across Treatments

Fungal ASVs were assigned to trophic groups using FUNGuild (Figure 5). Al-
though there is no distinct trophic mode specifically associated with any particu-
lar treatment, symbiotrophs were the most abundant (52%-55%), followed by mixed
pathotroph/saprotroph/symbiotrophic taxa (21%-25%) and saprotrophs (5%-16%). Be-
tween 7% and 18% were unidentified. The non-parametric Kruskal-Wallis test showed
no significant differences among the silvicultural treatments, except for the artificial cate-
gory “others” that collapses various underrepresented mixed categories of pathotrophs,
pathotrophs—saprotrophs, and pathotrophs—ymbiotrophs (Supplementary Table S1).

First Thinning (FT) Second Thinning (ST)

| Trophic Mode

i.
‘ % - u Others

- | Pathotroph-Saprotroph-Symbictroph

Saprotroph
Saprotroph-Symbiotroph
Symbiotroph

Unidentified

Figure 5. Plot of the trophic mode vs. silviculture treatment. The percentage for each treatment was
plotted, grouped according to the trophic mode classification provided by FUNGuild.

Focusing on the ECM fungi revealed 30 genera, of which 14 were common to all
silvicultural treatments (Figure 6), although their relative contributions varied: libera-
tion cutting included Lactarius, Geopora, and Lactifluus as unique taxa, while Hygrophorus,
Croogomphus, Sarcodon, and Laccaria were particular to first thinning, and Strobilomyces was
only found for second thinning. Overall, second thinning exhibited the lowest number of
detected genera.
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ST

X

Figure 6. Venn diagram of ECM fungal genera showing the intersection of the three treatments—
liberation cutting (LC), first thinning (FT), and second thinning (ST)—based on abundances.

4. Discussion

Sylvicultural practices represent ecological disturbances that affect forest dynamics
by altering the stand composition, density, and spatial structure, as well as biotic inter-
actions. These changes extend into the soil environment, where they influence fungal
communities that play key roles in nutrient cycling, symbiosis, and decomposition [1-4].
The characterization of forest fungal communities has relied mostly on assessing the pro-
duction of macroscopic carpophores [35,47,48]. However, due to the fluctuating seasonal
occurrence of carpophores and the absence of visible fruiting bodies in many species,
high-throughput sequencing has emerged as a powerful complementary approach that en-
ables the exploration of belowground fungi, providing a more comprehensive assessment
of their diversity, community composition, and functional responses to environmental
disturbances [16,31,37].

To better capture potential changes in fungal taxa engaged in symbiotic interactions
with trees in response to different silvicultural practices, for our high-throughput analysis,
we focused our sampling colonized mycorrhizal roots rather than bulk soil. Thus, the
strong representation of symbiotrophic taxa obtained in the analysis likely reflects the
targeted nature of our sampling. ECM-forming Basidiomycota and Ascomycota fungi were
the dominant trophic guilds, representing nearly half of the overall relative abundance, of
which Sebacina, Russula, Cenococcum, Inocybe, Tomentella, Clavulina, Amphinema, and Amanita
were the most represented genera and co-occurred in all treatment groups. These genera
have also been found to be dominant in other forest ecosystems both in the Northern
Hemisphere [49,50] and in the tropics [51], although much less is known about the species
involved in the latter. Given that tropical and subtropical forests represent diversity
hotspots for many plant and fungal groups, further research is warranted, particularly
within the context of global climatic change [16,32].

Mexico, due to its geographic location, orography, and diverse vegetation, partic-
ularly Pinus and Quercus, exhibits a high ECM species richness and diversity in these
genera [36,52,53]. This biodiversity underscores the high conservation value of Mexican
tropical rainforests and woodlands [54]. Additionally, many of these genera include ed-
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ible species that are collected and commercialized by local populations, representing an
important part of their cultural heritage and an alternative source of food and income [52].

The ECM genera Sebacina, Cenococcum, and Tomentella are known for their efficient
dispersal and low host specificity, whereas Inocybe is a widely distributed taxon that is
considered to be stress-tolerant; it is abundant in harsh environments [36] and serves as an
early colonizer of habitat patches [53], consistent with gaps created by sylvicultural prac-
tices. Russula and Clavulina are usually found in older trees [36]. The generalized presence
of both early and late colonizers suggests that the stands have reached an intermediate level
of maturity [55] but may also reflect the dispersal of mycorrhizal inocula from surrounding
forest areas.

However, the 400 ASVs that were recovered spanned multiple ecological guilds
in addition to symbiotrophs, including saprotrophs and pathotrophs, highlighting the
complexity and interconnectedness of rhizospheric fungal communities [49]. Saprotrophs
and mixed saprotroph-symbiotrophs were also very highly represented. Members of
these guilds play important roles in organic matter decomposition and carbon cycling in
forest ecosystems, and the higher diversity in these taxa has been associated with early- to
intermediate-stage forests under management [55]. In this respect, the most prevalent genus
recovered across all treatments was Oidiodendron (family Myxotrichaceae), which includes
both saprophytic and symbiotic species (e.g., erichoid mycorrhiza). High-throughput
studies in temperate forests have revealed that Oidiodendron spp. are commonly found in
acidic soils, in association with both ECM and arbuscular mycorrhizal roots, across many
plant hosts, suggesting they play a role in the wider belowground symbiotic networks and
nutrient exchange [56].

The genus Arachnopeziza was another prominent taxon recorded in our survey. De-
spite its widespread distribution, particularly in temperate regions, members of the order
Helotiales remain understudied. There is growing recognition of their role in plant nutrition,
including the mineralization of organic matter and their function as root symbionts (eri-
choid and ECM) or endophytes [57]. However, much remains to be understood about their
interaction with tree roots, contributions to forest health and resilience, and responses to
forest disturbances.

We found that the silvicultural treatments influenced both the x- and p-diversity
indices of the belowground fungal communities. While no significant within-site differ-
ences were detected, a clear trend was observed in which fungal richness and diversity
indices (Chao and Shannon) were highest for first thinning. A parallel study performed at
the same study sites indicated differences in forest stand attributes [14]: the tree density
was lower for liberation cutting (625 indiv.ha=!) and for first thinning (672 indiv.ha=')
than for secondary thinning (800 indiv.ha~!), whereas the basal area was highest for first
thinning (37.4 m?ha~!), followed by secondary thinning (29.67 m*ha '), and was lowest for
liberation cutting (17.55 m?ha~—!). When edaphic parameters were included in the compar-
isons, these revealed significant differences between treatments for various soil attributes.
First thinning had the highest values for organic matter, phosphorus, and sodium, while
registering the lowest values for the soil pH, potassium, magnesium, and calcium. With
this context, the patterns observed in our research align with studies suggesting that early
interventions, with fewer but larger mature trees and a moderate canopy opening, create
moderate levels of disturbance that can enhance fungal diversity by improving root growth,
reducing competition, and creating more heterogeneous microenvironments that support a
broader range of fungal guilds [30-32,58,59]. In contrast, liberation cutting, despite similar
tree densities, was associated with a lower basal area, resulting in a more open stand
and a reduced biomass, likely consisting of smaller or younger trees with less-developed
root systems that did not adequately support peak fungal richness. Secondary thinning,
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which was associated with higher densities of smaller trees and reduced deadwood and
decomposing matter [14], showed a shift in the fungal community composition, leading
to a decline in the ECM fungal richness, diversity, and abundance, as well as an increase
in saprotrophic fungi. The effects of soil attributes, mainly the increased organic matter
and lower soil pH, also correlate with findings in other forest systems [60], especially for
saprophytic and ECM taxa, respectively [55,61]. Similar patterns have been previously
reported and have been shown to persist long after intervention [15,31].

Silvicultural treatments also influenced the prevalence of particular fungal taxa. Our
findings show high Simpson index values (close to 1) across treatments, indicating that a few
taxa are highly abundant: seven account for over 50% of the total registered abundance. This
suggests that, while the richness and diversity may vary with the management intensity,
the dominance by a few taxa remains consistent, showing a skewed community structure
that may favor resilient groups under altered environmental conditions at the expense of
less common taxa. This unevenness could impact ecosystem function, as fewer dominant
taxa may fulfill a narrower range of ecological roles and decrease the capacity to respond to
environmental stress [62]. Further studies considering fungal dynamics at the species level
could provide valuable insights into their affinity for or vulnerability to environmental
disturbances but also regarding the functional overlap and their contribution to overall
forest resilience.

The FUNGuild analysis revealed that the proportions of the different functional guilds
were consistent across treatments. Compositional differences among treatments indicate
that certain fungal taxa responded differently, with some being favored, while the overall
trophic function remained unchanged [48]. Changes were observed mostly in saprophytic
and pathogenic Ascomycota genera. The artificial category of “others”, which includes
pathotrophic, pathotrophic/saprotrophic, and pathotrophic/symbiotrophic taxa due to
the low number of registers, was significantly increased in liberation cutting. Shifts in
saprotrophic and pathotrophic guilds are mostly explained by variations in microclimatic
and edaphic conditions among the stands [37,60], particularly by the accumulation of the
organic matter substrates, pH, and soil texture for saprotrophs, as these factors influence the
availability of the decomposable litter, nutrient supply, and soil moisture [16,55,60]. In the
case of pathotrophs, fluctuations in taxa have been related to changes in the canopy cover
that create illumination, temperature, and humidity gradients resulting from increased
exposure [51].

The functional assignments of the differentially abundant taxa [63] showed that libera-
tion cutting, which creates the most open stands and reduces the basal area, was associated
with stronger shifts in litter saprotrophs and wood decomposers. This is likely due to the
increased input of both fine litter and coarse woody debris due to biomass removal, as
reported both in temperate and boreal forests [64,65]. In contrast, first thinning, charac-
terized by fewer but larger trees and moderate canopy opening, seems to have favored
soil saprobes (Pyronemataceae, Archaeorhizomyces), consistent with studies showing that
moderate disturbances enhance soil microbial diversity through improved root growth and
more heterogeneous microhabitats [66,67].

Second thinning was associated with a pattern of increased wood and litter decomposers,
although the associated taxa differed (Halokirschsteiniothelia and Camposporium for wood and
Thelonectria and Venturia for litter), which is consistent with a report that the availability and
quality of woody substrates strongly regulate the decomposer community composition [65].
Together, these findings indicate that the thinning intensity mediates the balance among
litter, soil, and wood saprotrophs, with liberation cutting exerting the strongest effect on
decomposer guilds, while first thinning supports higher soil fungal activity.
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Given the crucial role that mycorrhizal fungi diversity plays in the functioning and
resilience of forest ecosystems, assessing its variability is important to understand how
management practice influences its dynamics. Our results indicate that the richness and
B-diversity of belowground ECMs reflected the same overall pattern (first thinning > libera-
tion cutting > second thinning), with most taxa being shared across the different silvicultural
treatments, despite variations in their relative prevalence.

The production of ECM fungi fruiting bodies at the treated plots during a previous and
concurrent season [14] followed a similar pattern, although the species richness remained
consistent among treatments. Interestingly, fruiting bodies of Lactarius indigo (Schwein.) Fr.
were only found with liberation cutting, consistent with our metabarcoding data on the
presence of the genus, suggesting that this taxon is sensitive to microhabitat changes. This
highlights how—Dby altering the tree biomass and canopy openness, as well as the accu-
mulation of organic matter, the nutrient status, the soil pH, and the microbial community
composition and structure—silvicultural practices shape both belowground diversity and
the emergence of fruiting bodies. Future studies that focus on the precise identification
of ECM fungal species could be instrumental in guiding the selection of the most suitable
host-mycobiont combinations adapted to local conditions for use in ectomycorrhization,
thereby enhancing nursery production, plantation survival, and productivity, as well as
supporting reforestation and restoration efforts [49,68].

5. Conclusions

These results emphasize the value of alternative and complementary approaches, such
as metabarcoding, for exploring fungal community dynamics and provide insights into
ecosystem functioning. Particularly, they contribute to our knowledge of fungal diversity
in subtropical pine forests in central Mexico, highlighting the importance of silvicultural
practices for soil fungal communities. Regarding x-diversity indices, the Chaol, Shannon,
and Simpson values showed variations among the silvicultural treatments, with a tendency
toward higher richness and diversity for first thinning, followed by liberation cutting,
and lower values for second thinning. Likewise, the 3-diversity analysis showed that
the treatments significantly influenced the fungal community composition, although the
dominant taxa remain similar, especially between the first thinning and liberation cutting.
Thus, moderate intervention practices that support a more heterogeneous environment,
light penetration, and root development (as in stands with intermediate basal area and
tree densities), as seen for first thinning, may serve as a basis for integrating strategies that
minimize severe disturbances.

Ultimately, recognizing the ecological role of fungal communities and integrating their
conservation into forest management not only enhances ecosystem resilience, but also supports
sustainable forestry practices that reconcile productivity with biodiversity conservation.
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