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Abstract As a man-induced disturbance of forest ecosystems, thinning may 
affect biodiversity and other related ecological functions including fungal 
dynamics. In this context, a multidisciplinary EU-Life project was established 
in 2014 to evaluate the application of selective thinning in two Pinus nigra 
plantations areas of the Apennines (Monte Amiata and Pratomagno, Tuscany, 
Italy). Selective thinning had the aim to improve stands stability and growth 
rates, taking also into account the various components of soil biodiversity 
(flora, fungi, mesofauna, nematodes, microarthropods and bacteria). Here 
we present mushroom fruiting patterns previous to treatment in 2014 
and the effect following the application of forest management (selective 
thinning and traditional thinning from below) in 2018. Boxplots were used 
to graphically represent intra and inter annual variations in species richness 
and abundance, while Principal Coordinates Analyses and multi-response 
permutation procedures based on Bray-Curtis dissimilarity matrix were 
applied to evaluate turnover in species composition before the management 
and after 4 years. A significant reduction of fungal richness and abundance 
after 4 years thinning impact was lacking in both study areas, testifying 
a certain degree of resistance and/or resilience of mushroom fruiting to 
forest management-related anthropogenic disturbance. Considering each 
study site separately, Monte Amiata and Pratomagno did not show one 
uniform trend but differed significantly in their response to management: 
while in Pratomagno relevant inter-annual differences were present only in 
a few cases, an underlining significant variation both for species richness 
and abundance was registered in Monte Amiata for all treatment types 
among years (inter-annual variation) but not within each year (intra-annual 
variation). Only in Pratomagno turnover in species composition in selective 
thinning differed somewhat from the traditional treatment in 2018, showing 
that a process is underlying but still potentially masked by other variables. 
Due to the nature of macrofungi, a longer study period (more than 4 years 
post treatment impact) as well as the application of a more intense forest 
management, could be necessary to highlight and disentangle any possible 
trends in fungal fruiting in artificial stands.

Keywords: macrofungi, forest management, thinning, forest ecology, Pinus 
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Introduction

Soil is a key factor in any environment, hosting 
an enormous variety and quantity of Earth’s 
total biodiversity (Anderson 1975, Usher et 
al. 1979, Giller 1996, Andrén & Balandreau 
1999). For this reason, the maintenance 
of a vital soil biota represents an essential 
prerogative for many woodland ecosystems, 
as energy reaches the forest floor mainly 
through the degradation of organic matter and 
the recycling of vital elements found in animal 
and plant remains (Whitford 1996, Ekschmitt 
& Griffiths 1998, Nielsen et al. 2011, Perini et 
al. 2017). Furthermore, a rich soil biodiversity 
guarantees the presence of vital habitats, the 
integrity of soil structure and water revenue, 
soil fertility and plant growth (Brussaard et al. 
2004, 2007). Therefore, it is crucial for modern 
forestry management techniques to find a 
compromise between the economic needs of 
public and private entities, and the safeguard 
of biodiversity, both functionally and ethically. 
In the modern world, economic values must 
not surpass the needs of the environment.
 In this context, fungi are a group of 
organisms with a high level of diversity 
(Hawksworth & Lücking 2017). Soil fungi, 
for example, represent an important part of the 
soil microbial community: they are essential 
drivers of many ecosystem processes, such 
as soil organic matter (SOM) decomposition 
and nutrient release as well as plant nutrient 
uptake and production (Castaño et al. 2018). 
Furthermore, fungal fruit bodies, which 
constitute the main resource of an important 

socioeconomic activity based on mushroom 
picking for both recreational purposes and 
commercial markets, provide important 
provisioning and cultural ecosystem services 
to society (Pilz & Molina 2002, Smith & Read 
2008, Bonet et al. 2014, Ágreda et al. 2015, 
Alday et al. 2017, Kucuker & Baskent 2017, 
Tomao et al. 2017, Karavani et al. 2018).
 The growing interest in mushroom 
production has led to the development of 
a promising new discipline over the past 
few decades: “mycosilviculture” defined 
as “the experimental science studying the 
interactions between the natural dynamics of 
forest ecosystems and management techniques 
with the aim of defining the best practices for 
the sustainability and profitability of fungal 
resources” (Tomao et al. 2017). The effect of 
thinning on fungal production is one of the 
most investigated silvicultural practice (Shaw 
et al. 2003, Salerni & Perini 2004, Pilz et al. 
2006, Egli et al. 2010, Kim et al. 2010, Salerni 
& Perini 2010, Salerni et al. 2011, Bonet et 
al. 2012, Lin et al. 2015, Tahvanainrn et al. 
2016, Leonardi et al. 2017, etc.). However, the 
impact on mushroom yield may be different for 
different fungal species. Several authors have 
found that thinning, particularly in coniferous 
stands, detains a positive effect on the fruit 
body yield of important marketable species 
(Lactarius spp., Boletus spp.), if it creates low 
medium density stands (Salerni & Perini 2004, 
Bonet et al. 2012); by contrast, a negative 
effect has been reported for other target species 
such as Cantharellus spp., while a very high-
intensity thinning can also lead to a reduction 
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in the fruit body yield (Tomao et al. 2017).
 Regarding the influence of forest 
management on fungal diversity, many authors 
have found a decrease of ectomycorrhizal 
species richness after thinning (Lin et al. 
2011, Lin et al. 2015, Maghnia et al. 2017). 
Even considering wood-inhabiting fungi, 
thinned stands showed a lower species 
richness compared to unmanaged stands, 
especially if intensive thinning is applied and 
most of the deadwood is removed (Müller et 
al. 2007). However, fungal diversity can be 
conserved or even increased using forestry 
practices if stand structural complexity and 
late-successional forest characteristics (e.g., 
vertically differentiated canopy layers release 
of snags and lying deadwood increase of small 
canopy gaps) are enhanced and low-impact 
logging operations are performed (Dove & 
Keeton 2015, Tomao et al. 2020).
 In this context, the mushroom fruiting 
in Pinus nigra plantations that underwent 
different types of thinning (selective thinning 
and the traditional thinning from below) in 
respect to control plots were studied. The 
main goal of a selective thinning was to 
create mechanically stronger populations that 
grew more efficiently, allowing more light 
penetration from the canopy to the forest 
undergrowth. Selective thinning also aimed to 
valorise sol components, potentially increasing 
the biodiversity of different taxonomic groups 
(Cantiani 2016). 
 Here the results of our observations on 
the mushroom fruiting before any action in 
2014 and after 4 years of forest management 
in black pine plantations are presented. In 
particular, the specific aims of this research 
were: (i) to evaluate any possible impact on 
mushroom fruiting due to thinning in black 
pine plantations; (ii) to analyse the differences, 
if any, between selective and traditional 
thinning in enhancing and/or maintaining 
mushroom fruiting.

Material and methods

Study area

As already reported by Barbato et al. (2019), 
the study was carried out in two black pine 
plantations in Tuscany (central Italy). The 
first study site, called Monte Amiata, is in 
southern Tuscany (Castiglion d'Orcia Siena; 
42°56'13.4"N 11°37'41.0"E, mean elevation 
780 m a.s.l.). The geological substrate was 
characterized by clay calcareous and marly 
lithofacies; soils were deep (OA-Bw-(Bg)-C 
profile), on average rich in organic matter 
in topsoil “A” horizons (average organic 
matter content: 4.7%), from scarcely gravelly 
to gravelly in depth, with a predominant 
clayey texture, from weakly to moderately 
calcareous. Average pH value was 7.6 while 
C/N ratio detained a value of 10.5 (0-10 
cm sampling depth in topsoil “A” horizon, 
excluding organic horizon (mean thickness 
of organic horizon: 3 cm)). Erosion processes 
(sheet rill or gully erosion) were lacking. 
From a taxonomic point of view (Soil Survey 
Staff 2014), the soils surveyed belong to the 
following families: Typic Eutrudepts, fine 
loamy, mixed, active, mesic for well-drained 
soils; Aquic Eutrudepts, fine, mixed, active, 
mesic if a clayey Bg horizon is present in the 
soil profile. Average annual temperature was 
12.5 °C (max: 21.7 °C in July; min: 4.5 °C in 
January). Mean annual rainfall was 687 mm 
with November the rainiest month. The 
plantation was dominated by 44-year-old black 
pines, Pinus nigra Arnold (91.3% and 97.3% 
of total trees/ha and basal area respectively), 
followed by <10% of Quercus pubescens 
Wild. and Quercus cerris L. (Cantiani 2016).
 The second study site, Pratomagno, is in the 
north-eastern Tuscany (Pratomagno Arezzo; 
43°35'55.3"N 11°42'33.9"E, mean elevation 
960 m a.s.l.). Lithology was quartz-feldspar 
sandstones alternating with siltstones and 
argillites; soils (O-A-Bw-R profile) were thin 
to moderately deep due to strong erosion, 
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with high organic matter content in toposoil 
“A” horizons (6.8%); frequent presence of 
rock fragments such as coarse gravel, pebbles 
and stones throughout the profile, with a 
predominantly loose and sandy loam texture, 
not calcareous. Average soil pH value was 4.6 
while C/N ratio detained a value of 11.1 (0-
10 cm sampling depth in topsoil “A” horizon, 
excluding organic horizon (mean thickness of 
organic horizon: 2.4 cm). From a taxonomic 
point of view (Soil Survey Staff, 2014) the 
soils belong to Lithic Humudepts coarse 
loamy, mixed, superactive, mesic and Typic 
Humudepts coarse loamy, mixed, superactive, 
mesic.
 Mean annual temperature was 10.5 °C (max: 
19 °C in July; min: 1.5 °C in January) and mean 
annual rainfall was 997 mm, with a maximum 
peak in autumn and a second peak in spring. 
The plantation was dominated by 57 years-old 
black pines (83.4% of total trees/ha and 86% 
of total basal area/ha) with scattered Abies 
alba Mill. (especially at higher elevation) and 
occasionally broadleaf species such as Fagus 
sylvatica L., Fraxinus ornus L. and Quercus 
cerris L. (Cantiani 2016). Further information 
about study area is available at https://www.
selpibio.eu/en.

Experimental design

In each site (i.e., Monte Amiata and 
Pratomagno) a stand of 20 ha dominated by 
black pine was selected. Stand features (basal 
area, tree density and gaps in the canopy 
cover) were kept as homogeneous as possible. 
In each stand nine-squared sectors of 1 ha 
were marked on the ground, of which three 
were established as control (no-thinning), 
three were treated with selective thinning and 
three with traditional thinning. The assignment 
of treatment type was done randomly with the 
only criteria that each treatment type was to 
be assigned three times throughout the overall 
stand (Cantiani 2016, Cantiani & Marchi 
2017). Three points were randomly selected in 

each sector for a total of 27 points per site and 
54 in the whole study. Then several concentric 
plots of variable size, ranging from 10 m 
radius for mycological analysis to 15 m radius 
for dendrometric and structural assessment, 
were defined in the field using the spatial 
coordinates of the random points as the centers 
of the circular plots (Cantiani & Marchi 2017). 
Further information about sampling design is 
available at https://www.selpibio.eu/en.

Soil sampling methodology

Following Italian standard methodologies 
(Costantini, 2007), soil general attributes 
(stony surface, rockiness, cracks, topographical 
characters) and main characteristics of each 
soil horizon (such as color, rock fragments, 
granulometry, redoximorphic features and 
depth of horizons) were described in each plot 
using a soil auger. In each drilled plot, a soil 
sample of about 1 kg was collected to the depth 
of mineral horizon (0-10 cm excluding organic 
horizon) for chemical-physical analysis. At the 
same depth, another soil sample was collected 
for bulk density by a core of known volume 
(100 cm3) (Pagliai 1997). Furthermore, for each 
study area (Monte Amiata and Pratomagno) a 
subset of three soil profiles by soil horizons up 
to the depth of about 1 meter were collected 
in order to better characterize some aspects 
(structure, porosity, pedogenetic features, 
etc.) not immediately appreciable by drilling; 
other additional parameters (cation exchange 
capacity and acidity) were analyzed too.

Silvicultural treatments

In the SelPiBio LIFE project two different 
types of thinning have been applied: a 
traditional thinning and a selective thinning. 
The traditional thinning is a light thinning 
from below, where less than 20% of basal area 
is removed and only dominated trees are cut. 
This type of thinning is very common in even-
aged stands dominated by Pinus nigra in Italy. 
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The selective thinning is a moderate thinning 
(basal area removal around 30%), where not 
only dominated but also co-dominant and 
dominant trees are removed. In the selective 
thinning, tree removal is not uniformly 
distributed within the stand but is located 
around a set of “candidate trees”. Furthermore, 
the average number of candidate trees should 
be around 100 trees per hectare. This number 
represents the optimum average density for 
a 100 years old pine forest (Cantiani 2016). 
Candidate trees are chosen based on a set 
of characteristics which includes: (i) the 
tree vigour (trees should belong to the stand 
dominant layer and therefore must have 
diameters and heights above average stand 
parameters); (ii) the degree of mechanical 
stability (i.e., a slenderness coefficient lower 
than 90); (iii) a high crown depth, (iv) a 
symmetrical crown, (v) the lack of mechanical 
and/or pathological damage. Around these 
candidate trees, all the competitor trees, either 
belonging to dominant or co-dominant layer, 
are removed. From a structural point of view, 
selective thinning aims at increasing both 
horizontal (opening of micro gaps around the 
candidate trees) and vertical (breaking the 
monotony of canopy layer) structural diversity.
 Selective thinning, although widely used in 
many forest systems such as oak, beech and mixed 
stands (e.g., Boncina et al. 2007, Di Salvatore et al. 
2013, Manetti et al. 2020), has been rarely applied 

in artificial pine forests (Marchi et al. 2018). 
 A summary of main dendrometric attributes of the 
stands before and after thinning is reported in Tab. 1. 

Survey methodology

In each plot, all fruit bodies larger than 1 mm 
were counted and fully harvested, as proposed 
by Arnolds (1981). This survey method 
has been widely used to study macrofungal 
diversity in different forest ecosystems 
worldwide (Kranabetter et al. 2005, Oria-de-
Rueda et al. 2010, Abrego & Salcedo 2014, 
Dejene et al. 2017, Suominen et al. 2019).
 Sampling was performed every two weeks 
during the period of highest fungal production 
(autumn) and once in spring, before (2014) and 
four years after forest thinning (2018). Once per 
season also some hypogeous ascomycete have 
been collected thanks to the presence of trained 
dogs. Species identification was performed 
with the usual morphological techniques, 
general analytical keys and monographs 
(Salerni & Perini 2010). Each species was 
classified in different trophic categories on the 
basis of field direct observations and following 
Arnolds et al. (1995). Most of the collected 
specimens are conserved in Herbarium 
Universitatis Senensis (SIENA). The fungal 
nomenclature follows CABI list (http://www.
indexfungorum.org/Names/NAMES.ASP) 
updated at May 2018.

Table 1 Dendrometric attributes of the stands before and after thinning in the two study sites (Monte 
Amiata and Pratomagno). Thinning intensity is calculated as percentage of basal area removal

Study site Treatment Number of trees 
before thinning

Number of trees 
after thinning

Basal area 
before thinning

Basal area 
after thinning

Thinning 
intensity

N/ha N/ha m2/ha m2/ha
% of 

removed 
basal area

Monte Amiata Control 1064 1063 41.84 41.84 0.0
Monte Amiata Selective 1004 674 48.05 33.42 30.4
Monte Amiata Traditional 1025 745 43.15 35.21 18.4

Pratomagno Control 1003 1003 63.97 63.97 0.0

Pratomagno Selective 896 600 61.45 42.23 31.3
Pratomagno Traditional 965 681 67.72 55.41 18.2



80

Ann. For. Res. 63(2): 75-90, 2020                                                                                                                         Research article 

Statistical analyses

For each study site (Monte Amiata and 
Pratomagno), the diversity patterns of the 
observed mushrooms were evaluated in terms 
of richness (number of species), abundance 
(number of fruit bodies) and turnover in 
species composition, before (2014) and after 
management (2018) impact. Trophic structure 
was also evaluated, showing differences in 
total species richness and percent relative 
proportion of fungal trophic groups. Dominant 
guilds were identified in six groups of 
trophic modes: M – mycorrhizal; Sh – humus 
saprotroph; Sw – wood saprotroph; Sl – litter 
saprotroph; P – parasite; Sc – coprophytic 
saprotroph.
 Boxplots were used to graphically represent 
the communities and further studied with the 
Kruskal-Wallis and Wilcoxon test for paired 
samples to identify significant differences 
between the pre (2014) and post (2018) 
treatment year, for each single management 
type (traditional thinning, selective thinning 
and control) (inter annual differences) and 
between all three treatment types within each 
year (intra annual differences). Turnover in 
species composition was also evaluated using 
the Principal Coordinates Analysis (PCoA) 
with the Bray-Curtis dissimilarity matrix on 
abundance data, for each study site separately. 
Following ordination, multi-response 
permutation procedures (MRPP) were used to 
test whether the assemblage structure differed 
significantly between the treatments in each 
year. The procedure was performed with 999 
permutations based on Bray-Curtis distance. 
All statistical analyses were performed using 
“ggplot2” “gridExtra” and “vegan” packages 
in software R (R Core Team 2018).

Results

A total of 266 species and 19538 fruit bodies 
were recorded: 197 species were identified 
from Monte Amiata (Tab. S1 in Supplementary 

Materials) whilst 141 were found in 
Pratomagno (Tab. S2 in Supplementary 
Materials). 125 were exclusively detected in 
Monte Amiata, 69 in Pratomagno, while 72 
species (marked with * in Tab. S1 and Tab. 
S2) were shared by both study sites. The most 
abundant and frequent species (for all sites, 
years and treatment types) were Galerina 
marginata with 2004 fruit bodies, Inocybe 
geophylla with 459, Baeospora myosura with 
191 and Suillus granulatus with 168.
 When considering the effects of the selective 
thinning, the species that appeared less or were 
absent in the pre-treatment 2014 plots acquired 
some degree of frequency and abundance 
following the 2018 selective thinning. Such 
species were Hebeloma sacchariolens, Lepiota 
castanea, Cortinarius rigens and Gymnopus 
confluens for Monte Amiata (Tab. S1); 
Hygrophoropsis aurantiaca, Rhodocollybia 
butyracea, Hypholoma fasciculare and 
Gymnopilus penetrans for Pratomagno (Tab. 
S2). Other species also showed some degree 
of response to the selective thinning, but 
their presence in other treatment types makes 
them less relevant to the selective and more 
to management in general. In fact, many 
species were abundant and frequent for every 
treatment type, such as Pholiota gummosa and 
Lyophyllum semitale for Monte Amiata (Tab. 
S1) or Mycena epipterygia and Tricholomopsis 
rutilans for Pratomagno (Tab. S2), while some 
appeared in response to treatment in general 
and were not present prior such as Mycena 
niveipes and M. purpureofusca (Tab. S1 and 
S2).
 The effects of management practices were 
also evaluated comparing the differences in 
the trophic structure of observed mushrooms 
in 2014 and 2018, for each treatment type 
separately (Tab. 2). 
 Concerning total species richness for the 
main fungal trophic groups (Tab. 2), the 
selective thinning registered changes for both 
study sites, where the total mycorrhizal species 
(M) and humus saprotrophs (Sh) increased in 
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Monte Amiata and decreased in Pratomagno, 
comparing pre- and post-treatment years. 
Effects were also registered in the other trophic 
groups, where parasites (P) wood saprotrophs 
(Sw) and litter saprotrophs (Sl) varied (Tab. 2). 
 For Monte Amiata, the trend for the 
selective treatment was also present for the 
traditional thinning, where an increase both 
in M (20 species in 2014, 27 in 2018) and Sh 
(18 species in 2014, 45 species in 2018) was 
recorded; in control, total M species richness 
remain unvaried between years (20 species 
both in 2014 and 2018), while Sh increased as 
happened in the other two management types 
(30 in 2014, 47 in 2018) (Tab. 2).
 For Pratomagno, M species met a decrease 
in traditional thinning as simultaneously 
happened in all the other treatment types 
(selective thinning and control; Tab. 2); 
traditional management practice had a 
different effect respect to selective thinning, 
at least concerning Sh species number, which 
increased (13 in 2014, 19 in 2018). The same 
trend as selective thinning was found in 
control, where a slightly decrease in Sh was 
recorded (25 in 2014, 24 in 2018).
 Considering percent proportion of fungal 
trophic groups (Fig. 1), in Monte Amiata 
(Fig. 1 a,b) only a minor increase of Sh and 
a decrease of M were detected in 2018 plots 

treated with selective and traditional thinning. 
However, this change was also recorded in 
unmanaged control plots. Meanwhile, the rate 
of fungal trophic groups recorded a drastic 
change after forest management in Pratomagno 
study site (Fig. 1c,d): in both treatments the 
percentage of mycorrhizal species massively 
decreased, even halving in the plots affected 
by traditional treatment (Fig. 1d). In this case, 
control plots remained more or less unvaried 
in their proportion of fungal trophic groups 
between years.
 Overall variation in species richness and 
abundances at plot level were graphically 
evaluated with boxplots for both Monte Amiata 
and Pratomagno study sites, further tested for 
significant results. 
 For Monte Amiata (Fig. 2a), significant 
results concerning the variation in species 
richness for each treatment type between 
years were identified (selective p<0.01, 
traditional p<0.01, control p<0.01), but no 
other significant results were collected for 
the overall differences within 2014 and 2018, 
showing a more or less similar pattern. For 
Pratomagno (Fig. 2b), slightly significant 
results were only identified for the variation of 
species richness in selective thinning between 
pre- and post-treatment years (p = 0.01), with 
no other significant results collected.

Table 2 Total species richness of fungal trophic groups in Monte Amiata and Pratomagno study sites before 
(2014) and after (2018) management practices (Control, Selective and Traditional thinning)

Study site Monte Amiata Pratomagno
Management practices Control Selective Traditional Control Selective Traditional
Year 2014 2018 2014 2018 2014 2018 2014 2018 2014 2018 2014 2018
Total species richness 69 89 63 98 49 97 59 50 72 53 65 43
Mycorhizal richness (M) 20 20 22 25 20 27 27 18 30 15 40 13
Humus saprotroph richness (Sh) 30 47 24 48 18 45 25 24 29 23 13 19
Wood saprotroph richness (Sw) 15 19 15 21 8 22 7 8 11 15 12 11
Litter saprotroph richness (Sl) 2 3 2 3 2 2 1
Parasitic richness (P) 2 2 1
Coprophytic saprotroph 
richness (Sc)

1 1
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 A similar trend to that of the species richness 
was also registered for the species abundance 
for Monte Amiata (Fig. 3a), as significant 
results were identified for the variation of each 
treatment type between years (selective p < 0.01, 
traditional p < 0.01, control p < 0.01) and not for 
the overall 2014 and 2018 species abundance 
trend. For Pratomagno (Fig. 3b), significant 
differences were recorded only for control (p = 
0.01) treatments between years, but not for the 
overall differences within 2014 and 2018.
 Concerning the turnover in macrofungal 
communities, Monte Amiata (Fig. 4a) showed 
an initial similarity in 2014. Following 2018, 
the overall specific composition shifted 
in a way that the two polygons, including 
respectively the 2014 and 2018 plots, did 

not overlap. However, no difference between 
treatment types was recorded within the last 
year of post treatment, thus sharing similar 
specific composition. 
 Pratomagno (Fig. 4b) bared an initial 
diversity, as the ellipsis overlap only partially 
and have a more diverse specific composition. 
Respect to Monte Amiata, Pratomagno 
selective thinning plots significantly differed 
from the communities found in control 
and traditional treatment plots in 2018, as 
confirmed by the clear separation of selective 
thinning ellipses from the other treatments in 
PCoA (Fig. 4b) and by MRPP analysis results 
(p=0.02) (Tab. 3). All the other comparisons 
were not statistically significant. 

Figure 1 a,b,c,d Barcharts of fungal trophic groups before and after treatments 
Barcharts showing percentage proportion of fungal trophic groups (M – mycorrhiza; 
Sh – humus saprotroph; Sw – wood saprotroph; Sl – litter saprotroph; P – parasite; Sc – 
coprophytic saprotroph) in Monte Amiata (a, b) and Pratomagno (c, d) study sites before 
(2014) and after (2018) management practices (Control, Selective and Traditional thinning)
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Figure 2 a,b Macrofungal species richness before and after treatments 
Boxplot of species richness in Monte Amiata (a) and Pratomagno (b) before (2014) and after 
(2018) management practices (C=Control, S=Selective thinning, T=Traditional thinning)

Figure 3 a,b Macrofungal species abundance before and after treatments 
Boxplots of species abundance in Monte Amiata (a) and Pratomagno (b) before (2014) and after 
(2018) management practices (C=Control, S=Selective thinning, T=Traditional thinning)
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Figure 4 a,b Turnover in macrofungal species composition before and after treatments
Principal Coordinates Analysis (PCoA) for the plots relative to Monte Amiata (a) and Pratomagno 
(b) study sites before (2014) and after (2018) management practices (Control, Selective and 
Traditional thinning). The ellipses represent ordination confidence intervals (95%). The lines 
represent the minimum convex polygon including respectively the 2014 (light blue polygon) 
and 2018 plots (green polygon). Abbreviations correspond to the first alphabet letters of species 
names in Table S1 (Monte Amiata) and Table S2 (Pratomagno)

Discussion

This study, included in the wider SelPiBioLife 
project, was finalized in analysing the effects 
of the selective thinning on mushroom 
fruiting in the Pinus nigra plantations of the 
study areas of Monte Amiata and Pratomagno, 
Tuscany, Italy. 
 The main aim was to shed light on the 

mycosilviculture and its benefits, considering 
parameters such as richness, abundance and 
turnover in species composition before and 
after management impact. 
 Results confirmed previous studies, which 
highlighted how pine forests maintain lower 
specific species richness in macrofungi than 
deciduous forests but with higher abundance 
in fruit bodies (Lin et al. 2015). 
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Table 3 Results of multiple-response permutation procedures (MRPP) testing the null hypothesis of no 
significant differences in macrofungal species composition among three treatment types (Control, Selective 
and Traditional thinning) for each year (pre-treatment 2014; post-treatment 2018) and study sites (Monte 
Amiata and Pratomagno) separately

N Delta Chance corrected within 
group agreement A

Significance of 
delta (α=0.05)

Number of 
permutations

Monte Amiata 2014

-Control 9 0.891

-Selective 9 0.869 0.003 0.326 999

-Traditional 9 0.916

Monte Amiata 2018

-Control 9 0.710
-Selective 9 0.740 0.004 0.300 999
-Traditional 9 0.739
Pratomagno 2014
-Control 9 0.772
-Selective 9 0.816 0.009 0.198 999
-Traditional 9 0.810
Pratomagno 2018
-Control 9 0.885
-Selective 9 0.815 0.023 0.017 999
-Traditional 9 0.919

 Along with the frequent and abundant species, 
the presence of entities that only appeared or 
were more present after the treatment in the 
2018 selective thinning plots can be regarded 
as a possible sign of how the selective thinning 
influenced the macrofungal communities, as 
these species grow mainly under trees but not 
necessarily in closed forest environments and 
prefer open or altered areas such as clearings 
walkways and field borders (Candusso & 
Lanzoni 1990, Antonín & Noordeloos 1997, 
Beker et al. 2016). The degree of this effect, 
however, is still uncertain as the two study areas 
did not show one uniform trend but differed 
significantly in their response to management, 
as confirmed by boxplots for richness and 
abundance: while in Pratomagno relevant 
inter-annual differences were present only in 
a few cases, in Monte Amiata an underlining 
significant variation both for species richness 

and abundance was registered for all treatment 
types among years (inter-annual variation) but 
not within each year (intra-annual variation), 
where all treatments resulted to change 
together in a homogenous way. Interestingly, 
both 2014 and 2018 communities in control 
plots changed in the same way as the other 
treatment types did. This may be explained by 
the disturbance caused by field sampling, as it 
is known that any form of interference (such 
as trampling or other recreational activities) 
can create repercussions in the mushroom 
fruiting as forest management techniques, 
such as thinning, do (Waltert et al. 2002, Egli 
et al. 2006, Tomao et al. 2017). As reported in 
some studies, mushroom harvesting does not 
appear to affect fruitbody production per se, 
but trampling caused by successive mushroom 
pickers throughout a given forest area, may 
negatively affect fruitbody production (Egli et 
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al. 1990, Norvell 1995, Egli et al. 2006).
 Also concerning variation in composition of 
observed mushrooms, differences mainly had 
an inter-annual nature: species composition 
for each treatment changed over time but not 
within the same year, where all treatments 
showed a uniform trend of variation. The only 
significant difference, as confirmed by MRPP 
results, was recorded in Pratomagno, where the 
selective thinning bared a distinctly different 
composition and abundance of species in 2018 
respect to traditional and control, which still 
shared similar communities.
 As seen in other studies, forest management 
performed with thinning has an important and 
evident effect on fungal fruiting, affecting 
richness abundance and turnover in species 
composition (Salerni & Perini 2004, Savoie & 
Largeteau 2011, Santos-Silva et al. 2011, Lin 
et al. 2015, Tomao et al. 2017, Tomao et al. 
2020), but each effect must be contextualized 
to site-specific microhabitat condition.
 In our case, any lack of significant reduction 
of fungal richness and abundance 4 years after 
thinning impact seemed to testify a certain 
degree of resistance and/or resilience of 
mushroom fruiting to the forest management-
related anthropogenic disturbance applied. 
In this regard, Castaño et al. (2018) report a 
substantial stability of species richness and 
diversity of soil fungi after thinning, when 
substrates of saprotrophic species are not 
affected by the thinning operations and enough 
host trees and functional roots from thinned 
trees are retained.
 However, such response can be partially 
obscured and masked by the presence of other 
factors, possibly more dominant than thinning 
itself. It is well known that fungal production 
can be influenced by different environmental 
variables (Boddy et al. 2014), also resulting 
in a complex network of interactions with 
other taxonomic groups (Barbato et al. 2019). 
Among soil variables soil pH is typically one 
of the most important driver of global fungal 
richness and many fungal groups typically 

exhibit diverse preferences for site-specific 
edaphic conditions (Tedersoo et al. 2014). For 
example, most truffles species share common 
ecological features and usually peak in terms 
of abundance and productivity at neutral/high 
soil pH (e.g., Mello et al. 2006, Ponce et al. 
2014). This could be the reason for the almost 
complete absence of many truffle species in the 
acid soils of Pratomagno study area.
 Also, climate itself can play a big role 
in influencing the presence of macrofungi, 
controlling therefore the growth of the fruit 
bodies through the effect of precipitation, 
temperature, soil moisture and humidity 
(Martínez de Aragón et al. 2007, Savoie & 
Largeteau 2011, Martínes-Peña et al. 2012, Lin 
et al. 2015, Karavani et al. 2018). This is the 
reason why the selective thinning had a bigger 
effect on Pratomagno communities respect to 
Monte Amiata, or at least it was more evident. 
One possible explanation is that local climate 
influenced the mushroom fruiting of Monte 
Amiata more than thinning techniques did. 
When an optimal balance for fruit body growth 
was present, the selective thinning did show 
different effects compared to both traditional 
forest thinning and control plots.
 Other studies have highlighted how the 
effects on mushroom fruiting take longer to 
register than other woodland biota (Pilz et al. 
2006, Egli et al. 2010, Robinson & Williams 
2011, Baral et al. 2015, Tomao et al. 2017). The 
effect of a management technique usually starts 
with an initial decrease due to a physiological 
response to human impact and disturbance, 
followed by an increase in species, registering 
up to six years after the initial impact (Pilz et 
al. 2006). For the same reason, more time is 
probably needed to distinguish initial trends 
from possible permanent changes (Robinson 
& Williams 2011), along with a positive trend 
between the thinning, the temporal response 
of the tree growth and the reaction of fungal 
communities (Egli et al 2010). Moreover, 
each species reacts differently not only to 
management type but also to the intensity 
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applied (Egli et al. 2010, Savoie & Largeteau 
2011, Lin et al. 2015, Tomao et al. 2017).
 The age and health of the tree is another 
important factor to be considered when 
planning forest management. Older and 
weaker trees generally produce smaller 
photosynthetic outputs and therefore are not 
able to sustain mycorrhizal species in the same 
way as a younger and stronger tree would 
(Bonet et al. 2004, Egli et al. 2010, Martínes-
Peña et al. 2012). This potentially influences 
the growth of these mycorrhizal communities, 
meaning that forests made up of stronger trees 
may produce more mushrooms yield (Bonet et 
al. 2004), a key factor to be considered when 
planning forest management. From literature 
it is known that selective thinning is able 
to favour stronger trees with advantageous 
positions in the canopy, improving the 
exposure to light and empowering their growth 
(Cantiani 2016); for the same reason selective 
thinning may also increase mycorrhizal growth 
and consequently productivity. Variation of the 
canopy, which controls micro-climatic factors, 
and the competition of ground level shrubbery 
with the macrofungi community are other 
parameters that vary according to the intensity 
of forest management applied (Santos-Silva et 
al. 2011).

Conclusions

Concerning mushroom fruiting, whether the 
selective thinning is to be preferred over the 
traditional thinning remains unclear through 
the lens of this research, as the trends that 
appeared did not produce decisive responses 
in the time range considered. The lack of 
significant results is possibly due to the nature 
of macrofungi, in terms of slower reactions 
to management impact and different species-
based characteristics: two species may react in 
opposite ways to the same perturbation while 
other two may react differently to various 
degrees of change. A mix of positive and 
negative reactions from different varieties can 

cause indecisive results. In any case, the lack 
of significant reduction of fungal diversity 
(richness and abundance) after both traditional 
and selective thinning 4 years after the treatment 
showed how mushroom fruiting may be very 
resistant and/or resilient to forest management-
related anthropogenic disturbance.
 It is possible to hypothesise that a longer study 
period would grant more definitive findings, as 
well as testing different degrees of treatment 
intensity. With the absence of a visible trend, it 
is impossible to establish whether an increase 
follows. The inclusion in future observations 
of climatic factors and other parameters such 
as soils’ chemical and physical properties, 
canopy covering and ground level shrubbery, 
that possibly interact negatively with certain 
entities, would make for a more complete 
mycosilviculture management. 
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