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Abstract: Forest restoration has become one of the most important challenges for restoration ecology
in the recent years. In this regard, soil fungi are fundamental drivers of forest ecosystem processes,
with significant implications for plant growth and survival. However, the post-disturbance recovery
of belowground communities has been rarely assessed, especially in highly degraded systems such
as mines. Our aim was to compare forests and mined systems for biomass and structure of fungal
communities in soil during early stages of tree establishment after disturbance. We performed ergos-
terol analysis and PacBio and Illumina sequencing of internal transcribed spacer 2 amplicons across
soil layers in P. sylvestris, Q. robur and Q. ilex (holm oak) forests and naturally revegetated mined sites.
In pine forests, total fungal biomass was significantly higher in litter and humus compared to mineral
layers, with dominance of the mycorrhizal genera Tomentella, Inocybe and Tricholoma. Conversely,
in oak forests the most abundant mycorrhizal genera were Tomentella, Cortinarius and Sebacina, but
the biomass of saprotrophic fungi was greater in the litter layer compared to mycorrhizal fungi,
with the genus Preussia being the most abundant. In the revegetated mined sites, ectomycorrhizal
fungi dominated in the humus and mineral layers, with the mycorrhizal genus Oidiodendron being
dominant. In contrast, in holm oak forests saprotrophic fungi dominated both soil humus and mineral
layers, with the genera of Alternaria, Bovista and Mycena dominating the soil humus forest layer, while
the genus Cadophora dominated the mineral layer. The habitat-specific differences in soil fungal com-
munity composition and putative functions suggest that an understanding of soil–plant–microbial
interactions for different tree species and use of specific soil/litter inoculum upon planting/seeding
might help to increase the effectiveness of tree restoration strategies in Mediterranean degraded sites.

Keywords: Forest expansion; soil fungi; Pinus and Quercus forest; plant soil feedback; mycorrhizal;
saprotrophs

1. Introduction

Forests cover 31% of the global land area and are home to most of Earth’s terrestrial
biodiversity [1], being fundamental as water-catchments and in the storage of carbon stocks
to mitigate the effects of climate change [2]. Unfortunately, the increase in frequency and
intensity of man-made disturbances has favoured deforestation and forest degradation at
alarming rates in some parts of the world [3]. Consequently, forest restoration has become
one of the most important challenges facing restoration ecology in recent years [4]. The re-
establishment of tree species in degraded areas is usually a difficult task, mainly due to the
environmental hardness and biotic and abiotic soil limitations of disturbed ecosystems [5].
The re-establishment of trees has been focused on the identification of suitable microsites
and mechanisms that facilitate the tree seedling survival and growth [4], to regenerate the
structure, productivity, and plant species community composition [6]. However, notably
absent from the forest restoration framework is the consideration of how the interactions
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and feedbacks between above- and below-ground biological communities and abiotic
conditions underpin critical ecological functions and biogeochemical processes [7,8].

Below-ground microbial communities are important drivers of ecosystem functions
such as decomposition, nutrient cycling, and carbon storage [9], with significant implica-
tions for plant growth and survival [7]. Among soil microbes, fungi are fundamental drivers
of ecosystems processes owing to their role as decomposers, mutualists, or pathogens of
plants and animals [10,11]. The role of soil fungi is, therefore, important for understanding
the interplay between below- and above-ground processes and ecosystem functioning [12].
However, the effect of disturbances upon soil fungi has received less attention in compari-
son to above-ground responses (see: [13,14]), even if disturbances that alter drastically the
soil components, and therefore soil fungal communities and networks, can have ecosystem-
wide implications through their interactions and the biogeochemical process that they
sustain [11,15]. For example, soil disruption produced by large-scale disturbances such
as mines and linear infrastructures [16,17] causes important changes in soil and litter pro-
cesses [10,18]. In these areas, disturbance-insensitive species or early successional plant
species such as herbs are easily restored [4], while trees demand more time because of the
abiotic and biotic stress conditions of the new environments [17]. In this context, recent
findings suggest that soil microorganisms such as fungi are facilitators of the restoration
and succession processes [19]. Previous studies have found that on mining spoils primary
succession, root associated fungal communities and plant pathogens strongly influence
plant community development [20,21]. In holm oak stands growing in metal contaminated
soils, ectomycorrhizal fungal community composition and functional traits mediated plant
performance and influenced plant capacity for phytoremediation of contaminants [22].

Moreover, plants can actively select their rhizosphere mycobiome [23,24]. For example,
based on plant fitness and the mechanistic “C for nutrient trade” model [8], plants can dis-
criminate between low-quality and high-quality partners to maintain nutrient uptake and
plant vegetative growth [25,26]. In addition, plants ‘functionally optimize’ their symbiont
community in particular conditions [27], provided that a wide soil fungal community is
present. According to this theory, in degraded areas a lack of adequate soil fungal species
composition and functioning might restrict the proper establishment and growth of tree
species during the restoration of these areas.

Pine and oak species are among the most common trees used to restore forest areas
in Spain [28]. However, it is well known that broadleaf and needle leaf species differ in
photosynthetic rates, nutrient acquisition, nutrient economies, and root traits [29]. Recent
works have demonstrated that differences in several traits (i.e. root morphology) between
tree species affect root associated fungi mediated plant–soil feedbacks [30,31]. In this regard,
in a mesh bag experiment in Spain, the seasonality in mycelial biomass was much lower for
Q. ilex stands than in pine stands. This could suggest a greater mycorrhizal-based nutrient
cycling in pines than in oak species in Mediterranean areas [32]. Similarly, in a litter decom-
position study in pine and oak forests, suppression of mycorrhizal fungi accelerated litter
decomposition in pine forests but had no effect in oak forests, suggesting that ecosystem
function differences between plant communities are influenced by mycorrhizal community
composition [29]. Thus, soil–plant–microbial interactions depend on the resident plants
and fungal traits [33] and taxon-specific environmental requirements [10].

The aim of the study was to describe biomass and habitat-specific compositional
differences of soil fungi to develop a preliminary theoretical framework for why the use
of specific soil/litter inoculum might enhance tree seedlings’ establishment success and
growth. For this purpose, we described the soil fungal communities in four contrasting
environments: (1) undisturbed native Quercus robur forest, (2) undisturbed Pinus sylvestris
forest, (3) undisturbed Quercus ilex forest, and (4) a mining area that was naturally revege-
tated with shrubs and herbs. It must be considered that in large-scale disturbances such
as mined sites, unfavorable abiotic and biotic condition [10] restricts the establishment
and growth of tree seedlings [4]. Here, we assume that the differences in saprotrophic and
mycorrhizal soil fungi between host species are related with their interaction with plants
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to drive the best preferred/adequate nutrient economy (microbe-plant feedbacks). Thus,
the use of a soil/litter inoculum from similar nearby forest areas upon planting or seeding
can provide a satisfactory soil community over which to start the functional optimization
dependent on the plant resources needed [26]. A preliminary description of soil–plant–
microbial interactions of different species might help to design/develop more effective
tree restoration strategies in Mediterranean degraded sites using soil/litter inoculum in
planting/seeding to accelerate the man-induced tree seedling establishment process.

2. Materials and Methods
2.1. Study Sites and Design

In this work, we combined the datasets from two different set-ups, called “Forest”
and “Mines” and located in Mediterranean Catalonia (North-eastern Spain, Figure 1). The
climate in both sites is Mediterranean, with an average annual temperature of 12 ◦C and
an annual rainfall of 600 mm, with summer droughts usually lasting for 2 months (July-
August; [34]). The forest study consisted of six independent sites at an altitude of 1149 m
a.s.l. (42◦15′46.42′′ N, 2◦4′18.61′′ E). Here, three monospecific forest stands of Pinus sylvestris
(10 m × 10 m, n = 3) and three monospecific forest stands of Quercus robur (10 m × 10 m,
n = 3) were randomly selected (Table 1). The mined study consisted of two independent
stone quarries at an altitude of 300 m a.s.l., located in the Natural Area of PNIN-Poblet
(Northeast Spain, 41◦21′6.4728′′ latitude N and 1◦2′25.7496′′ longitude E). In both quarries
two areas were chosen: a Quercus ilex forest and a naturally revegetated plain area with
shrubs and herbs, in each area three independent plots were established (total n = 12).
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Figure 1. Boxplots of biomass of mycorrhizal and saprotrophic fungi (ppb) per three different soil
layers (L = litter, H = humus, and Mn = mineral layer) for two different host species (P. sylvestris and
Q. robur) in Mediterranean Spain. The asterisk over the boxplot indicates significant differences at
α = 0.05 between soil layers.

Table 1. Summary of the soil characteristics of the forest study: pH, organic matter (OM), Nitrogen
(N) and phosphorus (P); n = 3: number of plots.

Forest Type (No. of Plots) Range pH OM
%

N
%

P
mg/kg

Ps Min. 6.65 4.56 0.19 9.80
(n = 3) Mean 7.38 11.12 0.5 17.07

Max. 7.89 35.54 0.99 30.70
Qr Min. 7.56 4.24 0.20 6.70

(n = 3) Mean 7.69 9.14 0.38 10.05
Max. 7.99 16.98 0.88 15.50
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2.2. Soil Sampling

At each experiment, forest and mine, the soils were sampled during the Autumn
season (October and November). Soil at the forest experiment was sampled in November
2017, and 4 soil samples were collected randomly in each of the 6 different stands with a
drillable cylinder corer (diameter: 5 cm; depth: 12 cm; minimum distance between corers
was 2 m). Each soil sample was split in 3 different horizons: litter (L): 0–5 cm, humus (H):
5–10 cm and mineral soil (Mn): 10–15 cm.

At the mine experiment, soil samples were collected in October 2019. In each mine,
3 Quercus ilex plots and 3 shrubland/grassland plots (named “plain”; >25 m distant from
one another) were established at a minimum distance of 50 m between them. In each plot
(10 m × 10 m), 4 randomly selected soil samples were collected with a drillable cylinder
corer (diameter: 5 cm; depth: 12 cm; minimum distance between corers was 2 m). The shrub
species were Arbutus unedo, Viburnum thinus and Cistus salvifolius. Each soil sample was
split in 2 different horizons; humus (H) and mineral soil (Mn; total number of samples = 24).

In all experiments, the four soil subsamples were pooled in the field to obtain a
composite sample per stand [11] and the mixed sample was placed on ice and taken to the
laboratory. Afterwards, for each experiment each composite sample was sieved using 1 mm
mesh and stored at 4 ◦C for less than 24 h until freeze-dried. Each sample was ground to
fine powder using mortar and pestle to homogenize the soil core. The resulting pooled
samples were stored at −20 ◦C before DNA extraction.

2.3. Fungal Community Analyses

Fungal DNA from the forest experiment was extracted from 150 mg of homogenized
soil using the NucleoSpin® NSP soil kit (Macherey-Nagel, Duren, Germany) following the
manufacturer’s protocol. Conversely, fungal DNA from the mine experiment was extracted
from 500 mg of homogenized soil due to the higher mineral content in the soils.

For both experiments, we amplified the fungal internal transcribed spacer 2 (ITS2)
region in a 2720 Thermal Cycler (Life Technologies, Carlsbad, CA, USA) using the primers
gITS7 [35] and ITS4 [35,36]. Each primer was fitted with 8-bp tags differing in at least three
positions to individually identify each sample during posteriori bioinformatics analyses. We
optimized the number of PCR cycles in each sample, aiming for weak to medium intensity
PCR bands in the agarose gels, which was achieved in most of the samples by using 23–
26 cycles. The final concentrations in the PCR reactions were: 12.5 ng template, 200 µM
of each nucleotide, 2.75 mM MgCl2, primers at 200 nM and 0.025 U µL−1 polymerase
(DreamTaq Green, Thermo Scientific, Waltham, MA, USA) in 1× buffer in 50 µL reactions.
PCR cycling conditions were as follows: 5 min at 95 ◦C, followed by 23–26 cycles of
30 s at 95 ◦C, 30 s at 56 ◦C, 30 s at 72 ◦C and a final extension step at 72 ◦C for 7 min.
Samples were amplified in triplicates together with negative controls employed during
the DNA extraction and PCR, and the resulting PCR products were visualized on 1.5%
agarose gel. Amplicons were purified using NGS clean-up and size selection kit (Macherey-
Nagel, Duren, Germany), dissolved in 60 uL of elution buffer and quantified using a Qubit
fluorometer (Life Technologies, Carlsbad, CA, USA). Equal amounts of DNA from each
sample were pooled, and the mix was purified using the EZNA Cycle Pure kit (Omega Bio-
Tek) following manufacturer’s protocol. Purified amplicons were quantified using a Qubit
fluorometer (Life Technologies, Carlsbad, CA, USA) and forest samples were sequenced at
SciLifeLab NGI (Uppsala, Sweden) on a PacBio RS II system (Pacific Biosciences, Menlo
Park, CA, USA) using four SMRT cells, while mine samples were sequenced at Centre
of Genomic Regulation (Barcelona, Spain) on an Illumina MiSeq 2 × 300 bp. Finally, to
estimate fungal biomass of the forest experiment free ergosterol was extracted and obtained
in ppb (part per billion) as concentration of ergosterol per gram of sample [32].
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2.4. Bioinformatic Analysis

Sequences were quality filtered and clustered using the SCATA pipeline (https://scata.
mykopat.slu.se/ (accessed on 15 April 2021). We first removed DNA sequences with length
<200, then the filtered sequences were screened for sample tags and primers defining a
primer match of at least 90%. Sequences were pairwise compared using ‘usearch’ [37] after
collapsing homopolymers to 3 bp. Sequences were quality filtered removing data with
an amplicon quality score of <20 (averaged per sequence) and with a score of <10 at any
position. Pairwise alignments were scored as follows: mismatch penalty of 1, gap open
penalty of 0 and a gap extension penalty of 1. Putative chimera sequences were removed,
and the quality-filtered sequences were clustered into species hypotheses [38] using single
linkage clustering, with a maximum distance of 1.5% to the closest neighbour required to
enter clusters. Global singletons were excluded from further analyses. Switched tags were
detected when the two primers from the same sequence were found to have two distinct
DNA tags and therefore these sequences were further excluded from the data. Sequence
data are archived at NCBI’s Sequence Read Archive under accession number PRJNA774050
(www.ncbi.nlm.nih.gov/sra, (accessed on 24 October 2021)).

2.5. Taxonomic and Functional Identification

We taxonomically identified the 1220 most abundant OTUs, which represented 93% of
the total sequences in the two experiments. We selected the most abundant sequence from
each OTU for taxonomic identification, using PROTAX software [39] implemented in PlutoF,
using a 50% probability of correct classification (called by [39] as “plausible identifications”).
These identifications were confirmed and some of them improved using massBLASTer in
PlutoF against the UNITE [40]. Taxonomic identities at species level were assigned based on
>98.5% similarity with database references, or to other lower levels using the next criteria:
genus on >97%, family on >95%, order on >92% and phylum on >90% similarity. OTUs were
assigned to the following functional guilds: (a) root-associated basidiomycetes, (b) root-
associated ascomycetes, (c) moulds, (d) yeasts, (e) litter-associated basidiomycetes, (f) litter-
associated ascomycetes, (g) pathogens, (h) moss-associated fungi, (i) soil saprotrophs
(saprotrophic taxa commonly found in N-rich mineral soils), (j) unknown function, based on
the UNITE database, DEEMY (www.deemy.de, (accessed on 5 May 2021)) or FUNGuild [41].
However, since most of the root-associated fungi were ectomycorrhizal species, for specific
analyses, we used mycorrhizal community (which included root-associated basidiomycetes
and root-associated ascomycetes) and saprotrophic fungal community (which included
moss-associated fungi and soil saprotrophs).

2.6. Statistical Analyses

Statistical analyses were implemented in R software environment (version 4.0.3, R De-
velopment Core Team 2020), using the “ggplot2” package for figures [42] and the “nlme”
package for linear mixed models (LMM, [43]) and the ‘emmeans’ package (v1.6.0, [44]) for
post hoc pairwise comparisons between group means after LMMs.

As the experiments were sequenced using different methods, the analysis of each one
was done independently. First, mycorrhizal and saprotrophs biomass, obtained in part per
billions ergosterol per gram sample, was obtained by multiplying the total biomass by the
relative abundance of each functional guild (Table S1). The differences in biomass of the
fungal groups (i.e., saprotroph and mycorrhizal) per each host and revegetated plain area
were analysed using LMM. In forest experiments, the random factor was sample identity,
since different depths were collected from same site (site dependency), while in the mined
experiment the random factor was mine identity nested with plots, since samples coming
from plots from the same mine are more similar (site and spatial dependency).

https://scata.mykopat.slu.se/
https://scata.mykopat.slu.se/
www.ncbi.nlm.nih.gov/sra
www.deemy.de
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3. Results

Overall, the forest monitoring showed that the most abundant phylum in both pine
and oak stands was Ascomycota (54.30% ± 5.9% of the sequences) followed by Basid-
iomycota (45.71% ± 5.9%). The most abundant guilds in pine were root-associated basid-
iomycetes and moulds, representing 44.6% ± 6.8% and 25.8% ± 6.9% of the sequences,
respectively, followed by saprotrophs (12.2% ± 2.2%). The most abundant guilds in oak
were root-associated basidiomycetes and saprotrophs with 48.6% ± 6.3% and 23.6% ± 5.9%
sequence read proportions. Similarly, the mine experiment showed that the most abun-
dant phylum in both forest and revegetated plain area was Ascomycota (85.19% ± 3.27%
and 63.99% ± 4.13% of the sequences) followed by Basidiomycota (14.06% ± 3.32% and
35.85% ± 4.16% of the sequences). The most abundant guilds in the holm oak forest
were saprotrophs, representing 67.54% ± 12.53%, followed by root associated fungi with
32.46% ± 5.64% of the sequences. Conversely, the most abundant guild in the revegetated
plain was root associated ascomycetes, representing 17.0% ± 2.4% of the sequences, fol-
lowed by root associated basidiomycetes, (12.2% ± 2.2%). For the downstream analyses,
we used mycorrhizal community (which included root-associated basidiomycetes and
root-associated ascomycetes).

3.1. Soil Fungi Differences between Pine and Oak Stands (Forest Experiment)

The forest study showed clearly that fungal biomass distribution among soil layers
differed between pine and oak stands. In pine stands, there were no significant inter-
active effects among saprotrophs and mycorrhizal biomass between soil layers (Fungal
type×depth interaction F[2,6] = 1.49, p-value = 0.298; Figure 1). However, there was a
significant depth effect (F[2,6] = 5.45, p-value = 0.044; Figure 1), with greater biomass of
saprotrophic and mycorrhizal fungi in L and H layers compared with mineral soil. In con-
trast, in oak stands, there was a significant interactive effect among biomass of saprotrophic
and mycorrhizal biomass between soil layers (Fungal type× depth interaction F[2,6] = 20.20,
p-value = 0.002; Figure 1), with greater biomass of saprotrophic fungi than mycorrhizal
fungi in litter layer (L). Conversely, no biomass differences were found in the humus (post-
hoc paired t-ratio = 1.5, p-value = 0.676) and mineral layers between mycorrhizal fungi and
saprotrophic fungi (post-hoc paired t-ratio = 1.23, p-value = 0.810).

Mycorrhizal fungi dominated the humus and mineral soil fungal communities in
both natural systems (Figure 1). However, in the oak forest litter fungal community was
dominated by saprotrophs, with Trichoderma, Leohumicola, Preussia, and Tetracladium as most
abundant genera (Figure 2d). In pine stands, litter was equally dominated by mycorrhizal
generalists such as Tomentella, Inocybe and Tricholoma and saprotrophs with genera such as
Leohumicola, Trichoderma and Tetracladium (Figure 2a). In pine stands the most abundant
genera in humus and mineral soil fungal communities were also Tomentella, Tricholoma,
Inocybe, Lactarius and Rhizopogon; in contrast, Cortinarius, Sebacina, and Russula were the
dominant fungal genera in oak stands (Figure 2b). Interestingly, the pine saprotrophs were
more abundant in the mineral layer with Leohumicola, Cadophora, Tetracladium as the most
abundant genera (Figure 2c).
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Figure 2. Boxplots of relative read abundance (%) of (a,b) mycorrhizal and (c,d) saprotrophic fungi
for the most abundant species in pine and oak soil layers (litter-L, humus-H and mineral-Mn).

3.2. Soil Fungi Differences between Q. ilex and Revegetated Quarry (Mine Experiment)

The mine experiment showed that fungal biomass among soil layers differed between
the holm oak and plain areas. The oak forest was dominated by saprotrophs and plain areas
by mycorrhizal species. In the oak forest, there was no significant fungi-depth interaction
among saprotrophs and mycorrhizal fungi (Fungal type × depth interaction F[1,5] = 0.42,
p-value = 0.528; Figure 3). Here, the saprotrophs occurred in both layers (H and Mn), while
mycorrhizal fungi showed significantly greater presence in mineral soil than in humus
layer (Figure 4a). In contrast, in plain areas dominated by shrubs/herbs, fungi-depth
interaction (Fungal type×depth interaction F[1,5] = 0.39, p-value = 0.548; Figure 3) was
opposite, with greater biomass of saprotrophs than mycorrhizal fungi in humus layer (H),
while no differences were found between mycorrhizal species among H and Mn soil layers
(post-hoc paired t-ratio = 0.70, p-value = 0.892).

EM fungi dominated the humus and mineral soil fungal communities in revegetated
plain area (Figure 3), while in forest system saprotrophs dominated both soil layers (H and
Mn). In holm oak forest, humus and mineral layers were dominated by mycorrhizal genera,
Oidiodendron followed by Inocybe and Tuber (Figure 4a). In plain revegetated areas, the
mycorrhizal genus Oidiodendron was again the most abundant, followed Russula, Tomentella,
Inocybe and Sebacina genera (Figure 4b). Interestingly, clear compositional differences
were found for saprotrophic genera between forest and plain sites, with Alternaria, Bovista,
Mycena and Agaricus dominating the soil humus forest layer, while the saprotrophic genus
Mycena clearly dominated the revegetated plain area. (Figure 4c,d). In mineral layer,
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soil forest communities were dominated by saprotrophic genera such as Alternaria and
Cadophora, while in the revegetated plain area, Chalara, Cadophora and Mycena were the
dominant saprotrophic genera (Figure 4d).
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4. Discussion

The central finding of this study is that soil fungal biomass and composition differed
between the four environments selected. The differences were significant between the pine
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and oak forests, and in the mined sites between holm oak forest and revegetated plain
with shrubs and herbs. At the same time, soil fungal communities varied within a habitat
between litter, humus and mineral soil layers, especially in pine and oak forest.

4.1. Soil Fungi Differences between Pine and Oak Stands (Forest Study)

As expected, soil mycorrhizal biomass dominated pine stands, which is in accordance
with [45] who described in Mediterranean pine stands a dominance of mycorrhizal biomass
compared to other fungi guilds in soil mineral layers. Although with low biomass, the
mycorrhizal dominance in mineral layers has been explained by the need of pines to
establish a good net of mycorrhizal species to mine for nutrients [46]. However, in pine
stands the biomass values of saprotrophic fungi in litter and humus layers was similar to
that of mycorrhizal fungi. Also, for both guilds the highest biomass values were observed
in litter and humus layers. The biomass estimates of saprotrophic fungi in litter and humus
layers were similar to those of mycorrhizal fungi suggesting a saprotrophic-mycorrhizal
fungal competition in these layers for nutrients, which is related to the Gadgil effect [47]. It
seems that when more recalcitrant litter, such as needles, and a great mycorrhizal biomass
were concurrent, the nitrogen uptake by mycorrhizal species slows the decomposition
process by saprotrophs as a consequence [29]. This process results in an accumulation
of organic matter in soil with a significant fraction of organic nutrients that can be used
by mycorrhizal fungi to acquire nitrogen and phosphorus [8]. This gives a major role to
mycorrhizal fungi in the nutrient cycling in pine stands. Interestingly, in pine stands the
mycorrhizal genera that dominate the three soil layers are Tomentella, Inocybe and Tricholoma.
Our results showed a clear dominance of mycorrhizal species in the humus and litter layers
for pine. In this regard, previous studies have shown that different mycorrhizal species
can disrupt organic matter and liberate N via oxidative decomposition by expressing of
set of transcriptomes encoding proteins associated with oxidation of lignocellulose by
saprotrophic fungi [48,49]. From a restoration point of view this may indicate that in the
pine planting/seeding, actions targeted to restore highly degraded ecosystems, the use
of a small amount of soil, litter or both from nearby pine stands as inoculum to add most
common mycorrhizal species may be beneficial (Figure 5). The inclusion of soil or litter
inoculum from undisturbed areas at the pine tree planting or seeding phase can provide
more varied soil fungal community over which to start the functional optimization based
on resources needed by each seedling.

The oak stands of the forest study showed a contrary pattern compared to pines, with
saprotrophic fungi having low biomass in humus and mineral soil but clearly dominating
the leaf litter layer, which is more nutrient rich than a needle litter layer [50]. In contrast,
the mycorrhizal species in oak stands showed stable biomass values around 100 ppb in the
three soil layers, which was significantly lower than that observed for mycorrhizal species
in pine stands. These differences in mycorrhizal biomass were particularly significant in
litter and humus layers. Our results are in accordance with [32] who quantified the mycelial
mycorrhizal biomass in different Mediterranean pine and oak forests, the data showing that
mycorrhizal biomass was three-fold greater in pine forests than in oak stands. It seems that
in oak forests saprotrophs are the main fungi responsible for decoupling C:N from litter,
in contrast to pine stands, where mycorrhizal fungi may influence litter decomposition
as well [51]. Thus, it seems that in Mediterranean oak stands the fast decomposition of
high-quality litter pools by saprotrophs might cause higher C and N mineralization that
can be then mined by mycorrhizal species in the mineral soil [8]. In any case, the dominant
mycorrhizal genera in oak stands, Tomentella, Cortinarius, Sebacina and Inocybe, were mainly
located in humus and mineral soil layers, with low presence in the litter layer. In contrast,
the dominant genera of saprotrophic fungi (i.e., Preussia, Tetracladium) in soil were well
distributed across three soil layers. From a restoration point of view, when the purpose
is to restore a highly degraded area by planting or seeding of oak species, it might be
advantageous to use humus or mineral soil as inoculum from nearby undisturbed oak
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stands to provide a starting soil fungal community adapted to oaks over which to start the
functional optimisation depending on oak seedling requirements (Figure 5).
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Figure 5. Summary of the differences in soil fungi guilds between pine and oak forest considering
three soil layers. The possible types of inoculums to be used in restoration frameworks that maintain
the most important fungi for pine and oak trees are shown. Litter, soil or mixed inoculum is
recommended for pine and use of soil or humus is recommended for oak. Adequate inoculum might
accelerate the man-induced tree seedling establishment process.

4.2. Soil Fungi Differences between Q. ilex and Revegetated Quarry (Mine Study)

In mined sites, the overall results followed the main fungal differences described
in forest study when holm oak plots and plain area are compared. The holm oak forest
had both soil layers (humus and mineral) dominated by saprotrophic fungi, although
the main differences between mycorrhizal fungi and saprotrophs were largely in the soil
humus layer (Figure 3). The pattern of greater saprotroph biomass is related with the
rate of litter decomposition [52], as it may accelerate the mineralisation of decomposed
organic leaf nutrients, as discussed above. Thus, in Mediterranean Spain saprotrophic fungi
play a fundamental role in nutrient cycling in stands of both the deciduous Q. robur and
the evergreen Q. ilex, species that differ also in leaf texture [53]. From the compositional
perspective, in oak stands the mycorrhizal genus Oidiodendron dominated both humus and
mineral soil, while the community of saprotrophic fungi was more diverse in both soil
layers, with Cadophora and Chalara dominating. Thus, these results also suggest that the
use of humus or mineral soil as inoculum might be an option to provide a wide fungal
community to facilitate seedling establishment (Figure 5).

Finally, the plain natural revegetated areas were dominated by mycorrhizal species in
both soil layers, which is possibly related with the shrub species such as Rosa spp., Crataegus
monogyna and Thymus mastichina that colonised these areas over time [54], while sapro-
trophic fungi were more abundant in the humus layer. Interestingly, from a compositional
perspective there were differences in soil fungi genera between the holm oak forest and
plain area even if the sites were in close proximity. These differences might be produced
by the different successional stage of the habitats [55], of which holm oak forest had more
stable plant and soil fungal communities, while early successional mined areas, such as our
plain sites, have a more shifting plant system and rhizosphere mycobiome [56]. Thus, the
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soil fungal composition of these plain sites might not be suitable for tree establishment and
growth of advanced successional tree species considering the interplay between plants and
fungi [57]. Finally, the comparison of fungal biomass values between different functional
groups requires caution since the ergosterol to biomass conversion may vary among fungal
species, structures, and growth conditions [58]. However, our results agree with previously
studies where fungal biomass was assessed between different forest types [32].

5. Conclusions

Our analyses indicate that soil fungal biomass and composition differed between
the four environments selected, with significant differences especially between pine and
oak forest, and in mined sites between holm oak forest and revegetated plain. Moreover,
soil fungal communities differed within environments between litter, humus and mineral
soil layers, suggesting that different soil/litter inoculum may be needed for restoration of
different tree species. For example, the dominance of mycorrhizal species in the humus
and litter layers in pine stands suggest that one could use a small amount of soil, litter or
both from nearby pine stands as inoculum to introduce the most common mycorrhizal
species in highly degraded ecosystems. Conversely, in pure oak stands characterized by the
dominance of mycorrhizal fungi in humus and mineral layers, the use of humus or mineral
soil from nearby undisturbed oak stands as inoculum could provide a starting soil fungal
community adapted to oaks. It seems that in each environment the soil–plant–microbial
interactions are different depending on the soil layer selected. Finally, further research is
needed to test the effectiveness of the proposed preliminary framework and to disentangle
the drivers of successful forest restoration in Mediterranean ecosystems.
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