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Abstract

Forests sustain high levels of biodiversity and essential ecosystem services, yet the impact
of management practices on below-ground functioning remains difficult to assess. A com-
prehensive evaluation of ectomycorrhizal (ECM) fungal diversity is, therefore, required
to better understand ecosystem dynamics. This study, conducted within the SelpiBioLife
project, examined ECM community structure in two Pinus nigra J.F. Arnold forests in cen-
tral Italy by integrating above- and below-ground sampling. Across 108 plots, ECM fruit-
ing bodies (EMFb) were recorded during one fruiting season, and 54 soil cores were col-
lected to characterize ECM root tips (EMRt) through morpho-anatomical analyses and ITS
sequencing. Species richness and community composition were compared using rarefac-
tion, PERMANOVA, NMDS, Mantel tests, and SIMPER analysis. A total of 70 EMFDb spe-
cies and 54 EMRt morphotypes were identified, displaying significant differences between
sites and sampling types. EMFb surveys revealed greater richness, whereas EMRt reached
sampling saturation only at one site, suggesting additional hidden diversity. Distinct com-
munity patterns were detected in ordination space, and weak correlations emerged be-
tween EMFb and EMRt dissimilarities, indicating complementary ecological information.
These findings show that single-method monitoring underrepresents ECM diversity.
Combined above- and below-ground investigations provide a more accurate basis for
evaluating silvicultural impacts and maintaining forest ecosystem resilience.
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1. Introduction

Forests are among the most diverse terrestrial ecosystems, providing vital services
such as carbon sequestration, climate regulation, and water and air purification. In the
European Union, they absorb about 10% of annual greenhouse gas emissions while sup-
porting biodiversity and moderating temperature extremes [1]. Yet, they face increasing
pressures from land-use change and climate warming, threatening their resilience. One of
the major challenges of forestry research lies in evaluating the costs and benefits of human
activities for ecosystem functioning across different spatial and temporal scales. Address-
ing such complexity requires applied scientific research that undertakes experimentation
and testing in order to develop new models capable of promoting economic progress,
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fostering technological advancements, contributing to healthcare solutions, and address-
ing environmental challenges.

Ectomycorrhizal (ECM) fungi form symbiotic associations with tree roots and play
central roles in nutrient cycling, carbon storage, and tree health. They are estimated to
receive \~9.07 Gt of CO:2 equivalents annually from plants, highlighting their global sig-
nificance in carbon dynamics [2,3]. Understanding ECM communities is, therefore, critical
to predicting forest responses to environmental change.

Traditional studies relied on fruiting body surveys, but many ECM fungi produce
few or sporadic fruiting bodies, limiting detection [4-10]. Root tip morphological analyses
improved detection, while DNA-based methods now reveal both visible and cryptic spe-
cies [11-16]. Integrating these approaches provides a full picture of ECM diversity and
distribution, essential for assessing responses to environmental and management pres-
sures [17,18].

The SelpiBioLife project (LIFE13 BIO/IT/000282) applies this integrative framework
to black pine forests, evaluating the effects of innovative silvicultural treatments on soil
biodiversity, including fungi, bacteria, mesofauna, nematodes, and microarthropods [19].
By combining molecular and traditional sampling, it establishes a robust baseline of ECM
communities before treatment, enabling accurate tracking of changes following manage-
ment interventions. This approach bridges fundamental ecological research with applied
forest management, providing actionable insights for biodiversity conservation and eco-
system resilience.

In this contribution, we report the sampling criteria adopted in the SelPiBioLife pro-
ject to comprehensively describe the composition of ectomycorrhizal communities above
and below ground.

2. Materials and Methods
2.1. Study Areas

This research was conducted in two different Pinus nigra reforestations located in
central Italy (Tuscany) in the following municipalities: Siena (Monte Amiata, Castiglion
d’Orcia, lat 42°56'8" N, long 11°38'13" E, altitude 780 m a.s.l.) and Arezzo (Pratomagno,
lat 43°35'55.3"N, long 11°42'33.9"E, altitude 960 m a.s.1.).

The Mt. Amiata area (zone 1) lies within the forest known as “Madonna delle
Querce.” The dominant exposure is toward the northeast, with an average slope of about
15%. The site extends along a long, undulating hillside and features diverse geological
substrates mainly composed of clay, including the so-called “Unita delle Argille a Pal-
ombini.” These formations comprise calcareous and marly facies, as well as fissile, silty,
and marly clays. Rock outcrops and medium- to large-sized stones are occasionally pre-
sent, while fine surface stoniness is common. No significant signs of erosion have been
observed. The soils in the sampling area are deep and rich in organic matter within the A
horizon. They are predominantly silty clay loam to clay in texture, slightly to moderately
calcareous, and weakly alkaline, and they exhibit a high degree of base saturation. Ac-
cording to data from the Castiglion d’Orcia thermo-pluviometric station (516 m a.s.l.),
provided by Regione Toscana (https://www.sir.toscana.it, accessed on 7 August 2025), the
climate of the study area is classified as warm—temperate, characterized by markedly wet-
ter winters than summers. In the Képpen-Geiger system, it corresponds to the Csb type.
During the monitoring period (2014-2015), the average annual temperature was 13.3 °C,
with July being the warmest month (mean 22.2 °C) and January—February the coldest
(mean 6.2 °C). Total annual precipitation reached 1081.1 mm, with August registering the
highest rainfall (138.4 mm) (Figure 1a). The forest composition is dominated by Pinus
nigra, which accounts for over 90% of the tree population and is approximately 44 years



Forests 2025, 16, 1712

3 of 16

old. Other species include Quercus cerris L., Q. pubescens Willd., and a few scattered decid-
uous oaks typical of mixed oak forests [20,21].

The Pratomagno area (zone 2) lies along a slope characterized by small “V”-shaped
valleys facing southwest. The steepness varies from moderately steep in the upper section
to very steep in the lower part. Geologically, the area is entirely dominated by the for-
mation known as “Arenarie del Monte Falterona,” which forms the bedrock of the
“Massiccio del Pratomagno.” From a lithological standpoint, this formation consists pri-
marily of quartz—feldspar sandstones interbedded with siltstones and argillites. Regard-
ing root penetration depth, the soils are generally moderately deep, though in some local-
ized spots, they appear deeper due to intense erosion. The main limiting factor for root
development is the presence of compact bedrock, together with a high number of coarse
rock fragments—gravel, pebbles, and stones—further restricting soil depth. The area ex-
periences a sub-mountain Apennine rainfall regime, with an average annual precipitation
of 997 mm. Rainfall peaks in autumn, shows a secondary maximum in spring, and reaches
its lowest levels in July. According to the Koppen—Geiger classification, the local climate
corresponds to type Dfc, characterized by cool, humid winters and relatively dry sum-
mers—typical of sub-mountain environments in the northern and central Apennines.
During the observation period (2014-2015), climatic data from the Pratomagno thermo-
pluviometric station (695 m a.s.l.), provided by Regione Toscana (https://www.sir.tos-
cana.it, accessed on 7 August 2025), recorded a mean annual temperature of 13.5 °C, with
July being the warmest month (22.8 °C) and January the coldest (Figure 1b). The Prato-
magno pine stand is approximately 57 years old and represents an even-aged, single-lay-
ered forest dominated almost exclusively by Pinus nigra. Small groups of Abies alba Mill.
occur mainly at higher elevations, while scattered broadleaved species such as Cedrus li-
bani A. Rich., Fagus sylvatica L., Fraxinus ornus L., and Quercus cerris contribute marginally
to the forest composition [20,21].
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Figure 1. Thermopluviometric diagrams of Mt. Amiata-Zone 1 (a) and Pratomagno-Zone 2 (b).

2.2. Experimental Design

In autumn 2014, two experimental areas were delineated based on the most recent

orthophotos provided by the Regional Administration of Tuscany through a Web Map

Service (WMS). Each area, covering approximately 20 ha, was spatially stratified into nine

1 ha sectors. Within each sector, three circular sampling plots (10 m radius) were ran-

domly established (Figure 2), resulting in a total of 27 plots. Further details on the sam-

pling design and layout are reported in [21].

Since in each sampling plot ecto-mycorrhizal communities were analyzed both above

(ecto-mycorrhizal fruiting body community, EMFb) and below (ecto-mycorrhizal root tips

community, EMRt) ground, 54 plots were considered for analysis in each zone, for a total
of 108 plots.

Zone 2 Pratomagno

A

Figure 2. Experimental design of two zones (Zone 1—Mt. Amiata and Zone 2—Pratomagno). Each

zone comprises nine rectangular sectors (1-9; red dashed outlines), each with three circular plots

(1-3; black dashed lines) labeled using a decimal code (e.g., 4.2 = sector 4, plot 2).

2.3. Analysis of Ecto-Mycorrhizal Fruiting Body (EMFb) Community

Observation of the ecto-mycorrhizal community, restricted to epigeous and hypoge-

ous macromycetes, i.e., visible to the naked eye, larger than 1 mm [22], was performed

every two weeks from September 2014 to December 2014. The spring fruiting season was

sampled once (June 2015). The abundance and frequency of EM fruiting bodies (EMFb) in

the whole plot were considered above ground and at the same time, with the help of truf-

fle hunters and trained dogs, as well as below ground (EMFb). Species identification was
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carried out using standard morphological methods supported by general analytical keys
and monographic references [23]. The exsiccata are preserved in the Herbarium Universi-
tatis Senensis (SIENA). Fungal nomenclature follows the CABI Bioscience Database of Fun-
gal Names, available on the internet, http://www.indexfungorum.org/Names/Names.asp,
which was updated in 9 September 2025.

2.4. Analysis of Ecto-Mycorrhizal Root Tips (EMRt) Community

A tree having the best vegetational conformation was selected [21]. The soil sampling
was performed at a distance of 1 m south of the chosen tree. The collection point was
marked for future samplings. After removing litter and the organic soil horizon, soil cores
30 cm in length and 6 cm in diameter were taken from 54 plots (27 in Mt. Amiata and 27
in the Pratomagno zone) before silvicultural treatments. Anatomical structures of the
mantles, external elements (hyphae, rhizomorphs, and cystidia), and longitudinal and
cross-sections of each morphotype were examined under a stereomicroscope (x12) and
described according to Agerer [24,25]. EM root tips of each morphotype were counted,
and then, morphotypes were molecularly identified using a direct PCR approach, as de-
scribed by [26] and by [27]. After preliminary cleaning, a very small fragment of mantle
was directly amplified with PCR, using the primer pair ITS1F-ITS4 [28,29] in a 50 pL final
volume. In total, 2 uL of 20 mg/mL BSA solution (Thermo Scientific Scientific Inc., Wal-
tham, MA, USA) was added to each reaction tube to prevent PCR inhibition. DNA from
fresh and dried fruiting bodies (FBs) (25-100 mg) was isolated as described by [30]. The
amplifications were carried out using the same primer pairs and the following cycling
parameters: an initial denaturation at 94 °C for 2 min and 30 s; 25 cycles consisting of 30 s
at 94 °C, 30 s at 55 °C, and 45 s at 72 °C; a final extension at 72 °C for 7 min. The product
of each PCR reaction was checked on 1% agarose gel, purified, and then sequenced by
Eurofins MWG Operon (Ebersberg, Germany). The sequences of the ITS-1, 5.8S, and ITS-
2 regions of the nuclear rDNA obtained were compared with those present in the GenBank
database (http://www.ncbinlm.nih.gov/BLAST/, accessed on 23 January 2016) and with
those obtained from the FB using a BLASTN search [31]. Sequences of ECM fungi were
regarded as belonging to Operational Taxonomic Units (OTUs) following the criteria cited
in [32]. Fungi were identified as species if their ITS sequences matched a named sporocarp
or voucher specimen with at least 97% sequence similarity over at least 500 base pairs with
an 80% query coverage according to [12]. The same criterion was used to check undeter-
mined OTUs belonging to the same genus clade. ITS sequences obtained in this study
have been deposited in the GenBank database.

2.5. Statistical Analysis

Sample-based rarefaction curves [33-36] were used to estimate and compare species
richness as a function of the number of sample plots in each fungal community type (EMRt
and EMFDb) for each zone (1, Mt. Amiata; 2, Pratomagno) separately. Analyses were per-
formed both on the complete dataset and after excluding sporadic species (i.e., species
occurring in fewer than two plots).

To investigate the effects of Zone (fixed at two levels: Zone 1—Mt. Amiata and Zone
2—Pratomagno), Plot (random 9 levels nested in zones), and Type (fixed at two levels,
EMFb and EMRt) on community composition (presence/absence data), we used permuta-
tional analysis of variance (PERMANOVA). The advantage of the permutation approach
is that the resulting test is “distribution free” and not constrained by many of the typical
assumptions of parametric statistics. Type III SS was used. All tests were performed with
999 permutations of residuals under a reduced model. Factors or interactions were con-
sidered statistically significant if p < 0.05. Significant interactions of the zone x type terms
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were then investigated using a posteriori pairwise comparison with the PERMANOVA t
statistic and 999 permutations.

Differences in community structure between zones were visualized with non-metric
multidimensional scaling (hereafter NMDS) [37].

Similarity Percentage Analysis (SIMPER) was used to determine the percentage con-
tribution of each species to the observed dissimilarity between EMRt and EMFb for each
zone. The ratio of the average dissimilarity and standard deviation (diss/SD) is provided
as a measure of how consistently the species contributes to the characterization of differ-
ences between communities. All the multivariate analyses were performed based on the
Jaccard dissimilarity matrix.

Mantel’s test [38] was then used to evaluate the correspondence between composi-
tion dissimilarity matrices obtained by Gower’s distance on EMRt and EMFb abundance
data, both using the original matrix and excluding sporadic species. Correlation in com-
munity structure was assessed using the whole EMRt and EMFDb dataset, as well as for
each zone separately. The tests were performed using Spearman’s rank correlation with p
<0.05 from 999 randomizations.

Analyses were performed using the PERMANOVA routine in the PRIMER v6 com-
puter program, including the add-on package PERMANOVA+ [39], except for Mantel’s
tests and rarefaction curves, which were computed using the vegan package in RStudio
version 1.0.136 [40].

3. Results

The biweekly sampling of ectomycorrhizal fruiting body communities across the 54
sample plots in each zone was conducted during a single autumn season (September—
December 2014), with an additional survey carried out in late spring (June 2015). This
effort resulted in the identification of 70 fungal species (Supplementary Table S1), includ-
ing 61 epigeous and 9 hypogeous taxa. Among these, 21 genera belonged to the Basidio-
mycota and 3 to the Ascomycota. The genus Inocybe had the highest number of species
(13), followed by Russula with 9, Tuber and Tricholoma with 7 species each, Cortinarius and
Lactarius with 4 species, Amanita and Hebeloma with 3, and others with 2 or a single species.
Regarding the abundance in the whole area studied, Phellodon niger (Fr.) P.Karst. pro-
duced the highest number of fruiting bodies (660 EMFb), followed by Hydnellum ferrugi-
neum (Fr.) P. Karst. (309 EMFDb), while Chroogomphus rutilus (Schaeff.) O.K. Mill., found in
26 out of 54 plots, was the most frequent. The most abundant and frequent species in Zone
1 (Mt. Amiata) was Phellodon niger, and in Zone 2 (Pratomagno), it was Russula xerampelina
(Schaeft.) Fr. (Supplementary Table S1). Among the species found in both zones, Inocybe
geophylla P. Kumm. was the most abundant (194 EMFb).

The 2946 colonized root tips present in 54 soil cores were examined and assigned to
54 different EMRt according to their morpho-anatomical features (Supplementary Table
S2).

Regarding their identities, 44 were Basidiomycota, 8 Ascomycota, and 2 uncultured ec-
tomycorrhizal fungi. The most common family was Thelephoraceae with 11 different ecto-
mycorrhizal morphotypes, 6 of which were identified at the genus level (Supplementary
Table S2), followed by Atheliaceae with 7 different EMRt and Russulaceae and Inocybaceae
with 5 (all of the genus Inocybe). Regarding relative abundance, Cenococcum geophilum Fr.
had the largest number of colonized root tips (347), followed by R. xerampelina (253 root
tips), Lactarius sanguifluus (Paulet) Fr. (241 root tips), Cenococcum sp. 1 (202 root tips), and
Thelephoraceae sp. 1 (180 root tips).

In Zone 1 (Mt. Amiata), C. geophilum was again the most abundant, whereas in Zone
2 (Pratomagno), the most abundant species were R. xerampelina, with 253 colonized root
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tips, and Cenococcum sp. 1, with 202. The most frequent EMRt in both studied zones as a
whole and in Zone 2 was R. xerampelina (13 plots), while in Zone 1, it was C. geophilum.

Rarefaction curves (Figure 3A) concerning variation in species richness among fungal
communities (EMRt and EMFDb) for each zone supported the lowest species richness in the
EMRt with respect to the EMFb community. However, while EMRt in Pratomagno
showed an asymptote, Mt. Amiata reached no saturation, indicating that the total number
of species likely exceeded the number sampled. Concerning patterns inside the EMFb
community, Mt. Amiata increased less steeply with respect to Pratomagno, which resulted
in the highest estimates of richness at a given extent.

Excluding sporadic species (Figure 3B), the slope of all rarefaction curves became
nearly asymptotic, supporting the efficiency of the sampling design. Furthermore, a com-
plete overlay of EMRt rarefaction curves belonging to different zones was found, showing
a comparable pattern in cumulative species richness between study areas.
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Figure 3. Sample-based rarefaction curves of fungal communities, EMRt (ecto-mycorrhizal root tips
community) and EMFb (ecto-mycorrhizal fruiting body community), for Mt. Amiata and Prato-
magno zones for the whole dataset (A) and after the exclusion of sporadic species (B).
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Multivariate permutational analysis of variance revealed that the zone, plot, and type
factors significantly affected community composition, as well as the interactions of zone x
type and plot x type (Table 1).

Table 1. PERMANOVA results for the whole presence/absence dataset in 108 plots for Mt. Amiata
and Pratomagno zones. “Type”: EMRt = ecto-mycorrhizal root tips community, EMFb = ecto-my-

corrhizal fruiting body community.

Source of Variation df MS F
Zone 1 30,797 8.5637 *
Type 1 29,519 8.3906 *
Plot (Zone) 16 3596.2 1.4652 *
Zone x Type 1 15,583 4.4296 *
Plot (Zone) x Type 16 3518.1 1.4334 *
Residual 72 2454.4
Total 107
*p<0.05.

The pairwise test showed significant differences between EMRt and EMFb for each
Zone (Table 2). The exclusion of sporadic species showed comparable results (Tables 3
and 4).

Table 2. Results of PERMANOVA pairwise test for Mt. Amiata and Pratomagno Zones for each pair
of levels of factor “Type”: EMRt = ecto-mycorrhizal root tips community, EMFb = ecto-mycorrhizal

fruiting body community.

Type Mt. Amiata Pratomagno
t t
EMRt, EMFb 2.1459 ** 2.8237 %
*p <0.05; ** p < 0.01.

Table 3. PERMANOVA results for the whole presence/absence dataset in 108 plots for Mt. Amiata
and Pratomagno zones after the exclusion of sporadic species. “Type”: EMRt = ecto-mycorrhizal

root tips community, EMFb = ecto-mycorrhizal fruiting body community.

Source of Variation df MS F
Zone 1 33,409 9.7458 *
Type 1 33,970 10.305 *
Plot (Zone) 16 3428 1.5868 *
Zone x Type 1 15,301 4.6416 *
Plot (Zone) x Type 16 3296.5 1.5259 *
Residual 72 2160.4
Total 107
*p <0.05.

Table 4. Results of PERMANOVA pairwise test for Mt. Amiata and Pratomagno zones for each pair
of levels of factor “type” after the exclusion of sporadic species. EMRt = ecto-mycorrhizal root tips

community, EMFb = ecto-mycorrhizal fruiting body community.

Type Mt. Amiata Pratomagno
t t
EMRt, EMFb 2.4087 ** 2.9735*

*p <0.05;* p<0.01.
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NMDS confirmed this trend (Figure 4), showing a clear separation between fungal
community types in terms of species composition. Furthermore, Mantel’s test resulted in
no correlation in the matrices of community structure, both considering the whole EMRt
and EMFb original matrix (Mantel statistic: r 0.07187; p-value: 0.269), as well as each zone
separately (Mt. Amiata: Mantel statistic—r -0.003167, p-value—0.512; Pratomagno: Man-
tel statistic—r 0.2569, p-value—0.082). No main difference was found in results when spo-
radic species were excluded (Mantel statistic—r 0.08222, p-value—0.257; Mt. Amiata:
Mantel statistic—r 0.1111, p-value—0.287; Pratomagno: Mantel statistic—r 0.1122, p-
value—0.244).
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Figure 4. Two-dimensional non-metric multidimensional scaling (NMDS) ordination of ectomycor-
rhizal communities based on presence-absence data and Jaccard dissimilarities. Each point repre-
sents one sample. Squares (0) indicate ecto-mycorrhizal fruiting body communities (EMFb), and
circles (o) represent ecto-mycorrhizal root tip communities (EMRt). Samples were collected at Mt.
Amiata (A—Zone 1) and Pratomagno (P—Zone 2). Sites or communities that plot closer together
share more similar species composition, whereas those farther apart are more dissimilar. Stress

value indicates the goodness of fit of the ordination.

The SIMPER indicated that the average dissimilarity between the EMRt and EMFb
communities was relevant in both zones, showing a higher value in Zone 1 (Mt. Amiata:
average dissimilarity, 96.25%; Pratomagno: average dissimilarity, 88.22%). On Mt.
Amiata, L. sanguifluus, P. niger, C. geophilum, Tricholoma psammopus (Kalchbr.) Quél, and
Suillus luteus (L.) Roussel contributed the most to the within-group similarity and the be-
tween-group dissimilarities (Table 5), while in Pratomagno, 1. geophylla, C. rutilus, R. xer-
ampelina, Suillus granulatus (L.) Roussel, and Tricholoma portentosum (Fr.) Quél. made a
higher contribution to average dissimilarity between the EMRt and EMFb communities

(Table 6).
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Table 5. Average density of several prominent taxa in EMRt (ecto-mycorrhizal root tips community)
and EMFb (ecto-mycorrhizal fruiting body community) of Mt. Amiata Zone, including SIMPER re-
sults for contributions from the most important taxa to the Jaccard dissimilarity distinguishing these

two groups without sporadic species.

Taxon  Av.Density EMRt Av. Density EMFb Av.Diss Diss/SD Contrib %

Lac san 0.33 0.26 9.32 0.57 9.65
Phe nig 0.00 0.41 6.13 0.72 6.35
Cen geo 0.30 0.00 5.85 0.54 6.06
Tr psa 0.00 0.33 5.34 0.47 5.53
Sui lut 0.07 0.30 5.59 0.60 5.80

Av = average, EMRt = ecto-mycorrhizal root tips community; EMFb = ecto-mycorrhizal fruiting
body community, Av. Diss = average dissimilarity contribution of the most important taxa, Diss/SD
= dissimilarity divided by the standard deviation of the contribution of each taxon across all pairs
of samples, Contrib% = percentage of contribution of each taxon to the total of 96.25%. Taxa: Lac san
= Lactarius sanguifluus, Phe nig = Phellodon niger, Cen geo = Cenococcum geophilum, Tr psa = Tricholoma

psammopus, Sui lut = Suillus luteus.

Table 6. Average density of several prominent taxa in EMRt (ecto-mycorrhizal root tips community)
and EMFb (ecto-mycorrhizal fruiting body community) of Pratomagno Zone, including SIMPER
results for contributions from the most important taxa to the Jaccard dissimilarity distinguishing

these two groups without sporadic species.

Taxon Av. Density EMRt Av. Density EMFb  Av.Diss Diss/SD  Contrib%

Ino geo 0.00 0.70 6.90 1.22 7.82
Chr rut 0.00 0.70 6.83 1.37 7.74
Ru xer 0.48 0.93 6.21 0.80 7.04
Sui gra 0.00 0.56 6.12 0.95 6.94
Tr por 0.07 0.48 4.49 0.86 5.09

Av = average, EMRt = ecto-mycorrhizal root tips community, EMFb = ecto-mycorrhizal fruiting
body communities, Av. diss = average dissimilarity contribution of the most important taxa, Diss/SD
= dissimilarity divided by the standard deviation of the contribution of each taxon across all pairs
of samples, Contrib% = percentage of contribution of each taxon to the total of 88.22%. Taxa: Ino geo
= Inocybe geophylla, Chr rut = Chroogomphus rutilus, Ru xer = Russula xerampelina, Sui gra = Suillus

granulatus Tr por = Tricholoma portentosum.

4. Discussion

This study provides an integrated view of ectomycorrhizal fungal communities,
showing that both fruiting body and root tip assemblages are shaped by complex interac-
tions among species, site characteristics, and host associations. Fruiting of ectomycorrhi-
zal species is strongly influenced by seasonality [41-43], and a thorough understanding
of fungal communities generally requires multiple years of sampling [44,45]. Nonetheless,
the aim of this work was to evaluate whether combining above- and below-ground sur-
veys can provide a more accurate basis for assessing silvicultural impacts and maintaining
forest ecosystem resilience while reducing sampling effort, time, and costs. Accordingly,
fruiting body sampling was conducted during a single productive season.

Clear differences in abundance, frequency, and species richness were observed be-
tween Mt. Amiata and Pratomagno, highlighting the influence of local environmental con-
ditions and ecological processes on fungal community composition. These results indicate
that ectomycorrhizal network dynamics cannot be fully captured by a single sampling
approach, as fruiting bodies and root colonization patterns offer complementary insights
into community diversity, habitat preferences, and functional potential [18].
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The rarefaction analysis provided clear evidence of differences in species richness
between the two ectomycorrhizal fungal communities examined —EMRt (ectomycorrhi-
zal root tips communities) and EMFb (ectomycorrhizal fruiting bodies communities) —
across forest sites. Specifically, EMRt communities consistently exhibited lower species
richness compared to EMFb (Figure 3A), a pattern commonly reported in fungal diversity
studies due to the detection limitations inherent to root tip sampling [46,47]. Despite this
general trend, the EMRt in Pratomagno reached an asymptote, suggesting that most lo-
cally available taxa were likely sampled. In contrast, the EMRt curve in Mt. Amiata failed
to reach saturation, implying a higher underlying diversity than captured in the current
sampling effort. This discrepancy may reflect site-specific differences in soil microhabitats,
host tree diversity, or seasonal dynamics affecting the detectability of root-associated taxa
[48,49]. In the case of the EMFb, the rarefaction curves diverged between the studied
zones. Pratomagno displayed a steeper and more continuous increase in richness than Mt.
Amiata, ultimately yielding higher richness estimates at comparable sampling effort. This
may be attributed to variability in fruiting phenology, microclimate conditions, or forest
structure, which influence fruiting body production and detection [50-52]. In particular,
the relatively flat curve on Mt. Amiata could result from suboptimal fruiting conditions
during the survey period or from lower above-ground sporocarp productivity and some
undetected fungi, often unrelated to below-ground diversity [53]. The exclusion of spo-
radic species (Figure 3B) notably caused the rarefaction curves to approach an asymptotic
shape, reinforcing the idea that the sampling effort was sufficient to capture the core fun-
gal community at each zone. This finding aligns with other studies suggesting that re-
moval of rare taxa improves the interpretability of richness patterns and reduces noise
caused by transient or misidentified occurrences [54]. Finally, the complete overlap of
EMRt rarefaction curves between the zones highlights the high similarity in cumulative
species richness of root-associated fungal communities across geographically distinct for-
ests. This convergence suggests that EMRt communities might be shaped more by host
tree identity and soil environment than by broader landscape-level factors, as also indi-
cated in previous works [55,56].

The results of the multivariate permutational analysis of variance (PERMANOVA)
revealed that zone site, plot, and type (EMRt vs. EMFDb) all had significant effects on the
composition of ectomycorrhizal fungal communities. In addition, the significant interac-
tions between zone x type and plot x type indicate that the degree of dissimilarity between
the EMRt and EMFb communities is not uniform across spatial scales. These findings are
consistent with studies showing that ectomycorrhizal community composition is strongly
shaped by both spatial heterogeneity and the type of sampling substrate [56-58].

The pairwise comparisons further confirmed significant differences in species com-
position between EMRt and EMFb within each zone, supporting the view that fruiting
bodies and root tips capture distinct but complementary subsets of the ectomycorrhizal
community [59,60]. This divergence likely reflects ecological and physiological differences
in species’ fruiting capacities, root colonization strategies, and microhabitat preferences
[14,18]. The consistency of the results after excluding sporadic species suggests that these
differences are not driven by rare taxa, but rather by the core community composition,
further strengthening the robustness of the pattern.

The NMDS ordination provided visual confirmation of these compositional differ-
ences, with clear separation between EMRt and EMFb samples in ordination space. Simi-
lar ordination-based findings have been reported in studies that compare different sam-
pling methods or forest types [61], reinforcing the notion that sampling method signifi-
cantly shapes the perceived fungal assemblage.

Mantel tests revealed no significant correlation between the EMRt and EMFb com-
munity distance matrices, neither at the full dataset level nor within individual zones. This
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indicates that species turnover between EMRt and EMFb is largely independent and that
compositional dissimilarities observed in one dataset are not predictive of those in the
other. The present result is particularly important given that Mantel tests are often used
to detect shared spatial or ecological structuring between datasets [62]. The lack of corre-
lation observed here aligns with recent findings showing that above- and below-ground
ectomycorrhizal communities often respond differently to environmental gradients and
stochastic factors [18,63].

Interestingly, this lack of correlation persisted even when sporadic species were re-
moved, suggesting that it is not an artifact of rare taxa but rather a reflection of fundamen-
tal differences in community assembly processes between the two sampling approaches.
While EMFb data tends to be influenced by macroclimatic and seasonal conditions affect-
ing fruiting, EMRt data are more stable and closely tied to soil conditions and host tree
root architecture [64].

The SIMPER analysis highlighted a significant average dissimilarity between the ec-
tomycorrhizal (EM) communities associated with EMRt and EMFb soil types in both
zones, with higher dissimilarity observed on Mt. Amiata (96.25%) compared to Prato-
magno (88.22%). These findings suggest a stronger differentiation in EM community com-
position between the two soil types at Mt. Amiata, likely driven by site-specific environ-
mental and edaphic factors that influence species distribution and competitive interac-
tions among mycorrhizal fungi [65].

On Mt. Amiata, the species contributing most to the within- and between-group var-
iability between the EMFb and EMRt communities— L. sanguifluus, P. niger, C. geophilum,
T. psammopus, and S. luteus—represent a functional continuum from taxa showing that
fruit abundantly and efficiently transfer nutrients to their hosts (L. sanguifluus, S. luteus)
to persistent, stress-tolerant mycelial species (P. niger, C. geophilum) that enhance below-
ground stability and ecosystem resilience. These patterns indicate complementary strate-
gies between above- and below-ground compartments: EMFb communities are domi-
nated by species involved in phosphorus and nitrogen mobilization under favorable con-
ditions, whereas EMRt communities include long-lived, stress-resistant taxa ensuring
continuous nutrient uptake and root protection [66]. In contrast, at Pratomagno, dissimi-
larities between the EMFb and EMRt were mainly driven by I. geophylla, C. rutilus, R. xer-
ampelina, S. granulatus, and T. portentosum. These assemblages point to a below-ground
community influenced by Inocybe and Russula, which are functionally diverse and con-
tribute to nutrient cycling and symbiotic efficiency, coupled with above-ground-dominant
taxa (Suillus, Tricholoma, Chroogomphus) that reflect high seasonal productivity and the
tight ecological linkage typical of Chroogomphus—Suillus—Pinus associations [67]. Overall,
the ectomycorrhizal communities from the two mountain systems display distinct but
complementary functional strategies: Mt. Amiata is characterized by taxa associated with
ecosystem resilience and drought tolerance, whereas Pratomagno hosts species that drive
nutrient exchange networks and seasonal productivity, mirroring contrasts in soil traits,
host composition, and microclimatic conditions [68].

These results underscore the importance of considering the species-specific compo-
sition of EM fungal communities in relation to local environmental characteristics, which
modulate both diversity and ecological function [56]. The higher dissimilarity observed at
Mt. Amiata could be related to differences in altitude, vegetation types, and climatic con-
ditions compared to Pratomagno, all of which directly affect fungal distribution and
plant—fungus interactions [69].

From an applied perspective, the integration of above- and below-ground data en-
hances the sensitivity of biodiversity assessment tools and supports more informed deci-
sion-making in forest management. Multi-method monitoring can improve early detec-
tion of ecological shifts driven by silvicultural practices, disturbance, or climate change
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and thus contributes to the design of management strategies aimed at maintaining soil
functional integrity, supporting nutrient cycling, and promoting long-term forest resili-
ence. This complementary approach is essential for conservation planning in complex for-
est ecosystems and should be increasingly incorporated into biodiversity-oriented moni-
toring frameworks.
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