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Abstract: The fungal biodiversity associated with a stable plant community appears to vary from
year to year. To analyse the annual behaviour in the formation of fruiting bodies, a statistical study of
the data obtained for 4 years (2009–2012) in an apparently undisturbed Mediterranean ecosystem
dominated by the holm oak (Quercus ilex L. subsp. ballota (Desf.) Samp.), located in the Midwest of
the Iberian Peninsula, was carried out. These data were related to the main meteorological variables.
The 150 species collected showed a significant annual, monthly, and weekly difference in their fruiting
during the collection period. All this implies a variation in the annual fungal fruiting which can
modify the moment of when maximum peaks of fruiting appear, their duration, and the number of
species that compose them. In addition, the results make it possible to establish an annual behaviour
pattern, with sporocarp formation throughout the year and four fruiting groups (two of them in the
dry season). They also allow for inferring a possible response to climate change, with a delay in the
fruiting of the autumn-winter group and earlier fruit bearing in the winter-spring group.

Keywords: macrofungi; field sampling; fungal fruiting; Mediterranean forests; Quercus ilex

1. Introduction

How much can fungal fruiting in a given area vary from year to year? Although this
question was posed by James Bolton as early as 1788, it seems that it has not yet been
fully answered [1]. There is no doubt that the formation of fruiting bodies for a given
ecosystem varies over the years, but how and why is not yet fully defined. The dynamics
of ecosystems are often complex and non-linear, due to feedbacks between the different
components that make up the ecosystem [2] and to the fact that the patterns of variation
in fungal distribution and abundance, as well as the possible drivers of these patterns,
are insufficiently known [3,4]. Multiple factors can influence fungal fruiting: Habitat
destruction [5,6], climate [7–11], vegetation type and forest composition [12,13], natural
heterogeneity of resources in the soil matrix [14], the availability of carbohydrates and
other nutrients, in particular, nitrogen, phosphorus and potassium [15–17], soil pH [18–20],
human pressure [21], livestock pressure [13–22] or pollution [23], among others. Changes in
environmental conditions can cause many possible responses—critical, gradual or local—in
the ecosystem and shift the system from a stable to an alternative state [24]. Thus, adverse
weather conditions can affect the biological cycle of fungi and cause the appearance of
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fruiting bodies to oscillate throughout the year or to even not occur [25]. A reduction in
rainfall can cause significant changes in the composition of the mycorrhizal community
and in seasonal fluctuations [26].

Fungi play a fundamental role in forest ecosystems [27], they intervene in the carbon
and nitrogen cycles by decomposing organic matter, and act directly on the ecological
competition of trees and woody plants by interacting as symbionts or parasites [28,29].
Ectomycorrhizal fungi consume a substantial part of the net carbon fixed by trees, and in
turn, help them to adapt to environmental changes, due to their short life span and high
diversity [30]. Estimating fungal diversity is fundamental to understanding the functioning
of a forest ecosystem, but it is only a starting point; understanding how an ecosystem
works also requires assessing the relationship of different fungal species according to their
form of nutrition, the competencies that occur among the fungi, their fruiting dynamics
throughout the year, and what factors influence their development and how.

Fungal diversity is part of ecological competition and is related to the resilience of a
given ecosystem [31], where understanding the response of a dynamic system to variations
and disturbances becomes a key factor [24]. The stability of the ecosystem depends on
the factors that can exert disturbance phenomena. Meteorological variations are possible
disturbance factors in forest ecosystems that cause competition and equilibrium among
fungi. Fungi help their hosts to adapt to climate changes, and it is advisable to evaluate the
influence of weather conditions on fungal fruiting in order to understand how fungi adapt
to the ecosystem.

Weather conditions for the Mediterranean basin have changed and are expected to
continue to change as a result of anthropogenic climate change [32]. The ecosystem will
try to adapt to these new conditions with new inter-species competition and possible
colonization by better adapted non-native species, with changes in the mycobiota occurring
before changes in the distribution or composition of vegetation take place [33]. Knowing
how the main meteorological variables influence fungal fruiting within a forest ecosystem
in the Mediterranean area may serve as a basis for developing predictive models on the
evolution of fungal diversity and its phenological variation, something very useful in the
management and conservation of these ecosystems.

From the weekly collections carried out from February 2009 to December 2012 in a
Mediterranean ecosystem presided by the holm oak (Quercus ilex L. subsp. ballota (Desf.)
Samp.) in which, with the exception of the meteorological parameters, it seems that none
of the factors that could influence the appearance of species have changed, a statistical
analysis—univariate and multivariate—of the weeks and species collected was carried out,
relating the weekly diversity data to a series of meteorological variables.

The general objective is to try to answer the initial question: how the fungal fruiting
varies from year to year in a specific undisturbed ecosystem. The specific objectives of this
work are to know and evaluate the inter-annual variability in the formation of fruiting
bodies of epigeous macromycetes, to obtain criteria of their seasonal and annual behaviour,
to understand the ecology of fruiting patterns of different species, and the possible effect of
meteorological variables on fungal fruiting.

2. Materials and Methods
2.1. Study Area

The specimens were collected in a forest formation known as La Orbada forest, located
in the central-western part of the Iberian Peninsula (41◦8′0.48′′ N, 5◦29′0.01′′ W). It is a
group of plots of Mediterranean holm oak forest with a flat orography at an altitude of
820–856 m above sea level (m.a.s.l.). The climate is dry and Mediterranean with a clear
continental nuance, induced by the combined effect of altitude, longitude, and orographic
isolation [34], characterized by a dry season of 2 months, an annual thermal oscillation of
more than 17 ◦C, and an annual precipitation of 372 mm. [35].
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2.2. Data Collection

The experimental design consisted of a weekly line transect sampling from Febru-
ary 2009 to December 2012. This is a qualitative study, in which the presence or ab-
sence of a species is assessed [36], and mainly referred to for naming and classification.
Fernandez et al. [37] provide more information on the study area, data collection, location
map, and species inventory.

2.3. Meteorological Data

The meteorological data were provided by the Arabayona SA101 weather station,
belonging to the Castile & Leon InfoRiego System Network [38], located in Arabayona,
Salamanca (41◦2′53′′ N, 5◦22′54′′ W, 850 m.a.s.l.). The station was chosen since it is only
12 km away from the study area, at a similar height, and there are no orographic barriers in
between. The meteorological variables analysed were the following: Average weekly tem-
perature, Maximum weekly temperature, Minimum weekly temperature, Average weekly
humidity, Average weekly wind speed, Average weekly wind direction, Average weekly
radiation, and Average weekly precipitation. In addition, from these data, the Average
weekly temperature 2 weeks prior to the collection and the Accumulated precipitation in
the 4 weeks prior to the collection were calculated. All data can be found in Table S1.

2.4. Statistical Procedure

The initial information was organized in a binary data matrix with 209 rows, corre-
sponding to the weeks of the study, and 150 columns, corresponding to the species sampled.
The value 0 was assigned when the species was absent and 1 when it was present in each
of the weeks. The present data of the taxa obtained in each transect were related to the
meteorological variables of the weeks studied. Three nominal variables have been added
to the matrix coding the year, month, and sampling season considering that all nominal
variables would be useful for the interpretation of the techniques.

A multivariate ordination analysis was performed through a Principal Coordinates
Analysis (PCA) using a similarity coefficient that took into account the binary nature of the
data (Dice coefficient). An analysis of the differences between years using the ANOSIM
method [39] was also carried out. In order to include more factors, the Analysis of Variance
based on permutations of the distance matrix (ADONIS) proposed by Anderson [40] was
used. In the PCA, the points are identified in a weekly scatter plot with the combination of
both variables. January 2009 is not represented since there are no data available, nor other
combinations in which no specimens were found in the corresponding weeks.

The analyses have been performed with R [41] using the vegan [42] and MultBi-
plotR [43] packages, and the MultBiplot [44] package. For the representation of the species
in the figures, the first three letters of the generic name and the first three letters of the
specific epithet are indicated.

3. Results

During the 209 weeks of study, fruit bodies of 150 species were collected (Table S2),
the most frequent being Astraeus hygrometricus (Pers.) Morgan, Stereum hirsutum (Willd.)
Pers. Leccinellum lepidum (H. Bouchet ex Essette) Bresinsky & Manfr. Binder, Clitocybe
gibba (Pers.) P. Kumm, Laccaria laccata (Scop.) Cooke, Lepista nuda (Bull.) Cooke, Russula
fragilis Fr., Amanita citrina Pers., Lactarius chrysorrheus Fr., Tricholoma scalpturatum (Fr.) Quél.,
Clitocybe odora (Bull.) P. Kumm., and Tricholoma sulphureum (Bull.) P. Kumm. Less frequent
were Tarzetta gaillardiana (Boud.) Korf & J.K. Rogers, Tricholoma orirubens Quél., Sarcoscypha
coccinea (Gray) Boud., Limacella illinita (Fr.) Maire, Gyroporus castaneus (Bull.) Quél., Entoloma
clypeatum (L.) P. Kumm., Aleuria aurantia (Pers.) Fuckel, Amanita asteropus Sabo ex Romagn.
or Amanita boudieri Barla.
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3.1. Univariate Analysis

If we group the number of species collected weekly by month and year according to
the meteorological year (Figure 1), we obtain a general pattern of fungal fruiting for the
La Orbada forest, where we observe a maximum wave of fungal fruiting in November,
December, and January, linked to a smaller and shorter spring wave (April), as well as
continuous collection throughout all the months of the year. The figure seems to indicate
that there are fundamental differences in fungal fruiting year after year, that the months do
not behave in the same way for all years, and that there is possibly an interaction between
years and months. We will use this hypothesis as a basis for the multivariate study.
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Figure 1. Total number of species collected by month and year.

3.2. Multivariate Analysis

The hypothesis that there is an interaction between months and years was demon-
strated through non-parametric methods of Analysis of Variance based on similarities and
distances. In order to make the data comparable, 63 weeks in which no specimens were
found were eliminated. It was verified that there was a statistically significant difference
between the years (R = 0.064; p = 0.001; Figure S1).

To include more terms in the model, in order that we can identify not only the effect of
years but also that of months and the interaction between years and months, we applied
Analysis of Variance on a distance matrix with 999 permutations. The existence of a
statistically significant effect of year (F = 7.4846; p = 0.001), month (F = 16.4994; p = 0.001),
and the interaction between them (F = 2.6325; p = 0.001) were verified.

The existence of significant differences among the different weeks was verified in a
Principal Coordinates Analysis (PCA). The first two main coordinates account for 30.02%
of the variability (Table S1).

Figure 2 shows a graphical representation of the weeks by means of a PCA, showing
four patterns of behaviour, four isolated groups of weeks with very little similarity among
them and among the species collected in each of those weeks. Group A is located in
the lower left corner and is formed by a large number of weeks of great similarity (short
distances), in which two subgroups are distinguished: one located in the upper part, around
week 154 which would be the centroid, and another in the lower part, around centroid
week 204. Group B is located in the upper region of the graph, is less numerous than the
previous one, and is composed of more distant and less homogeneous weeks in terms of
the species that make up the group. It seems to be divided into two subgroups that are
organized around different centroids, week 174 for the left subgroup and week 167 for the
right one. The third group, C, appears in the central right, is made up of a small number of
weeks that are quite dispersed and implicitly different in their composition. Finally, group
D, at the bottom right of the graph, is made up of a very small number of weeks and is
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quite separate from the rest of the groups. Table 1 shows taxa collected in centroid weeks
from the groups established in the PCA for weeks.

Forests 2023, 14, x FOR PEER REVIEW 5 of 19 
 

 

weeks in terms of the species that make up the group. It seems to be divided into two 
subgroups that are organized around different centroids, week 174 for the left subgroup 
and week 167 for the right one. The third group, C, appears in the central right, is made 
up of a small number of weeks that are quite dispersed and implicitly different in their 
composition. Finally, group D, at the bottom right of the graph, is made up of a very 
small number of weeks and is quite separate from the rest of the groups. Table 1 shows 
taxa collected in centroid weeks from the groups established in the PCA for weeks. 

 
Figure 2. Principal Coordinates Analysis for the ordering of 146 weeks of sampling, eliminating 
those in which no specimens were found, and the four established groups. S = Week. 

Table 1. Number of taxa collected in centroid weeks and dates from the groups established in the 
PCA for weeks. 

Group (Subgroup) Week Date N Taxa 
A (Upper subgroup) 154 6 December 2011 29 
A (Lower subgroup) 204 19 November 2012 43 
B (Left subgroup) 174 26 April 2012 10 
B (Right subgroup) 167 6 March 2012 2 
C 72 11 May 2010 3 
D 38 15 September 2009 2 
Week: week number of the centroid. N taxa: number of collected taxa. 

On the scatter plot obtained in Figure 2, some additional features of the data were 
represented: the month to which they belong (Figure 3), the season (Figure 4), and the 
year (Figure 5). The points have been coloured according to the values of those variables. 

Figure 2. Principal Coordinates Analysis for the ordering of 146 weeks of sampling, eliminating those
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Table 1. Number of taxa collected in centroid weeks and dates from the groups established in the
PCA for weeks.

Group (Subgroup) Week Date N Taxa

A (Upper subgroup) 154 6 December 2011 29
A (Lower subgroup) 204 19 November 2012 43
B (Left subgroup) 174 26 April 2012 10
B (Right subgroup) 167 6 March 2012 2
C 72 11 May 2010 3
D 38 15 September 2009 2

Week: week number of the centroid. N taxa: number of collected taxa.

On the scatter plot obtained in Figure 2, some additional features of the data were
represented: the month to which they belong (Figure 3), the season (Figure 4), and the year
(Figure 5). The points have been coloured according to the values of those variables. For
Figures 3–5, the set of points in each group has been represented by its convex envelope,
namely, the smallest (convex) polygon containing all the points in the group.
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When identifying the points according to the month to which they belong (Figure 3),
it can be seen that there is a correlation with the week groups described in Figure 2. Group
A would correspond to the month of December, the most homogeneous one, while the
overlap of this month with the months of November and January would include the lower
and upper subgroups, respectively. Group B, in the upper part, would be included in
the months of March and April, which appear overlapped, while the weeks of February
included in the group would correlate with the left subgroup. Group C, in the central
right-hand part, would correspond to the months of May, June, and July and group D to
the months of August, September, and some weeks in October.

The pattern of week behaviour varied greatly across months, with December being
the most homogeneous, least dispersed month, while October, January, and February were
the most variable. October included very distant weeks that can be similar in composition
to any of the four groups described. January, on the other hand, acted as a link between
groups A and B; although most of its weeks were similar and close to those of December, it
had other very distant weeks (with different species composition) that were within group
B. A circular succession of months was observed.

Figure 4 shows the seasons of the year. The same circular succession described in
Figure 3 and a partial overlap between the seasons can be seen, and none of the groups
defined can be included in a single season. It can be inferred that the weeks within the
seasonal juxtapositions have the same behaviour and a similar composition. Thus, autumn
describes group A while winter intervenes in the distribution of the higher subgroup.
Group B always belongs to spring, although some weeks of winter can be very similar
to the spring weeks, which could explain the left subgroup. Group C is formed by the
intersection of the four seasons and group D may belong to summer or autumn.

Autumn was the least predictable season and, in terms of fungal composition, its
weeks may be similar to any of the other three seasons.

If we identify the points with the year they belong to (Figure 5), it is deduced that the
four groups are not always included, and that, moreover, they are not constant throughout
the years. The year 2010 does not encompass group D, which indicates that during 2010 no
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species were collected during those weeks. For their part, all groups are included in 2011
and 2012, but during 2009, a year with a more differentiated behaviour, the weeks at the
top of group B were left out, since it did not include the month of January (the study began
in February) and, especially, since very few specimens were collected in spring 2009. The
year 2011 is the widest in area, although it does not include the lower subgroup of group A,
and 2012 does not encompass the most distal weeks of group A or the most distal weeks of
group B. It seems to be inferred that the weeks at the ends of the figure, made up of group
D weeks, the most distal ones from group A and the most distal from group B, especially
those belonging to the left subgroup, were the most affected by the years.

Once the behaviour of the weeks has been described, we tried to interpret which
species are responsible for the week sorting. To perform this, an ordering diagram was
created in which the weeks and the species appear simultaneously. The species are placed
as the mean of the coordinates of the weeks in which the species is present. This way of
proceeding, which is not usual, is justified by analogy with Correspondence Analysis, in
which the species can be placed as weighted means of the places to approximate a Gaussian
response model.

Figure 6 shows four groups of responsible taxa that correspond to the groups obtained
in the PCA distribution for the ordering of weeks (Figure 3). These groups are quite far
apart that they seem to indicate fruiting restricted to a certain time of year.
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Figure 6. Species and week ordering diagram. The scientific names of the species are abbreviated by
the first three letters of the generic name followed by the first three letters of the specific epithet and
zoom area.

Taxa responsible for the ordering of group A are grouped in a very dense area com-
posed of many species; they are taxa that are included in most weeks of the group, very
homogeneous in their composition. They are typical autumn fruiting species [45,46], among
which are Lepista nuda (Bull.) Cooke, Amanita citrina var. citrina Pers., Cortinarius trivialis J.E.
Lange, Collybiopsis quercophila (Pouzar) R.H. Petersen. or Hygrophorus cossus (Sowerby) Fr.
The taxa responsible for groups B and C are less numerous and appear more distant from
each other than those responsible for group A, which implies that their weekly collection
was not constant. The species responsible for group B, described by various authors as
fruiting in springtime [45,46], include: Agrocybe pediades (Fr.) Fayod, Phylloscypha phyllo-
gena (Cooke) Van Vooren, Psathyrella spadiceogrisea (Schaeff.) Maire., Sarcoscypha coccinea
(Gray) Boud, Helvella acetabulum (L.) Quél., and Helvella lacunosa Afzel. The species that
define group C are: Russula heterophylla (Fr.) Fr., Russula pectinatoides Peck, Russula vesca Fr.,
Amanita boudieri Barla and Suillellus queletii (Schulzer) Vizzini, Simonini & Gelardi (=Boletus
queletii Schulzer). Group D is defined by a single species, Caloboletus radicans (Pers.) Vizzini.
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In addition, there were several responsible species, far from each other, which did
not correspond to the groups described for the week sorting, but which seemed to gather
around group A. These are taxa that could also be collected in other groups even though
they were collected in some of the weeks belonging to group A, where the probability of
fruiting depended on the distance toward those groups.

Thus, taxa located between groups A, B, and C, such as Stereum hirsutum (Willd.) Pers.,
Tremella mesenterica Retz., Leccinellum lepidum (H. Bouchet ex Essette) Bresinsky & Manfr.
Binder, Thelephora terrestris Ehrh., Amanita rubescens Pers. or Astraeus hygrometricus (Pers.)
Morgan, could appear within weeks belonging to all three groups. The same applies to taxa
located between groups A and D, such as Calvatia cyathiformis (Bosc) Morgan, Macrolepiota
procera (Scop.) Singer, Xerocomellus chrysenteron (Bull.) Šutara or Xerocomellus porosporus
(Imler ex Watling) Šutara.

Figure 7 shows an external Biplot in which the values of the meteorological parameters
analysed at each of the points obtained within the ordination by weeks for the PCA are
estimated by adjusting a regression. The enlarged autumn-winter group is shown on
the left.
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Figure 7. Logistic regression adjustment, probability of presence at each point for the analysed
meteorological parameters. WeekTempC: weekly average temperature; Week2Temp: weekly average
temperature 2 weeks prior to collection; TmaxC: weekly maximum temperature; TminC: weekly
minimum temperature; H2O: weekly average humidity; Winspeed: weekly average wind speed;
WindDir: weekly average wind direction; SunRad: weekly average radiation; Rain: weekly average
precipitation; and Cumrain4: cumulative precipitation in the 4 weeks prior to collection.

A projection of the points on the water-related vectors (humidity, accumulated pre-
cipitation during the previous 4 weeks, and weekly precipitation) showed a high positive
correlation between the three vectors and the appearance of species in the different groups
described in Figure 3, although the response to the meteorological variables differs with the
group. At this same point, it is evident there was a close correlation between high relative
humidity and high rainfall accumulated during the previous 4 weeks with the weeks
of group A (autumn-winter peak), while weekly rainfall presented a greater correlation
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with the weeks of group B (winter-spring wave). In contrast, group C (spring-summer)
presented a close correlation with the three variables in a lower range, especially with the
accumulation of precipitation, and group D (summer-autumn) would be correlated with
the scarce precipitation associated with that period.

The variables related to temperature (Average temperature, Maximum temperature,
Minimum temperature, and Average weekly temperature 2 weeks before collection) were
highly correlated, with closely grouped projection lines and acute angles, and can be
considered as a single vector when studying the correlations. A not very significant
correlation was inferred between low temperatures and the appearance of fungi for groups
A and B. Groups C and D, on the contrary, were favoured in a very significant way by the
increase in variables related to temperature. The wind direction, where 0 represents north,
showed that southwest winds (200) correlated with group A, while winds with a greater
south component were more related to groups B and C. Group D showed no correlation
with the wind direction.

The average weekly wind speed was almost parallel to solar radiation. Low solar
radiation and wind speeds correlated closely with the weeks in group A, while lower values
correlated with group C. Groups B and D were less influenced by these two variables.

4. Discussion

Fungal fruiting in the study area takes place during all months of the year, with
the moments of greatest diversity being grouped into two seasonal peaks with a normal
distribution (Figure 1). According to the multivariate analysis carried out, there are four
fruiting waves, with a significant difference among years (Figure S1), between months
and years studied and among weeks of collection (Table S3), which implies a variation in
the annual formation of fruiting bodies; this can modify the moment of appearance of the
waves, their duration, and the number of species that make them up. From these data, the
diversity of macromycetes over all months should not be obtained by averaging for all
years and vice versa, nor can it be calculated in a single year, but requires several years to
record most of the present species, as indicated by other studies of fungal diversity [47–50].

The PCA for the weeks (Figure 2) shows the existence of four widely separated fruiting
groups (A, B, C, and D) that can be considered as independently fruiting populations, with
a minimum probability of occurrence of each of their constituent taxa outside their group.

Group A represents the maximum peak of fruiting obtained in the univariate analysis
(Figure 1). It consists of a large number of weeks of very homogeneous composition
(Figure 2) distributed in two subgroups; it appears in autumn-winter (Figure 4) and it
extends from November to January (Figure 3). Although the month of December (Figure 4),
with concentrated and very homogeneous weeks throughout the study, would explain
the general behaviour of the group, we have to take into account that it is the areas of
intersection with the months of November and January that seem to be responsible for
the behaviour pattern of the subgroups. The lower subgroup would correspond to the
juxtaposition area of the months of November and December, while the upper subgroup,
with more wintery features and fruiting occurring later on, would match the intersection
area of December and January. All this seems to indicate that there is a correlation between
the formation of fruiting bodies and the months of December analysed (Figure 3) and
when these vary or other months are similar to them, the week centroids deviate and the
subgroups appear. If we take into account the implicit environmental conditions associated
with a given month, it seems to be deduced (Figure 4) that the months of December with
more typically winter parameters make the group A deviate toward the upper part of
the figure. In contrast, the months of December with more autumnal weather conditions
make it deviate toward the lower group. These results are confirmed by applying the
external Biplot of meteorological variables (Figure 7), which also shows the existence of
a close correlation with an accumulation of rainfall in the weeks prior to collection and
with a low wind speed, which is probably related to an increase in soil moisture. However,
there is less correlation with temperature (average, maximum, minimum, and average in
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the 2 weeks prior to collection), although the group is favoured by average temperatures
below 10 ◦C. Low solar radiation, associated with the time of year, and of winds from the
southwest, which we associate with the entrance of storms with rain [51], have a great
influence on fruiting.

Group B represents a winter-spring fruiting period (Figure 1). This period is constant
throughout the study (Figure 5) and has a high correlation with occasional rainfall and
average temperatures between 9 ◦C and 13 ◦C to a lesser extent. Its duration in time is
shorter than the previous one, showing a spring maximum, and 2 months, March and
April, which could explain the general behaviour of the group. Weekly collections are not
homogeneous and the number of taxa collected is small, from 2 to 10 (Table 1). The species
responsible for the weekly order are not as reliable as those of the autumn-winter group.
They are indicator species with high fidelity, but with a low weekly collection frequency.

The behaviour of the species collected in the period with water scarcity and high
temperatures, characteristic of the Mediterranean climate [34], differs, with two short
fruiting periods. The first is more abundant and appears at the beginning of the dry season.
This is a third annual fruiting that remains stable throughout the study (Figure 5). It occurs
at the intersection of spring and summer (Figure 4) and can be explained by the month
of June (Figure 3). This behaviour was observed by other authors [52], who link it to
climate change and indicate that various mycelium can be as active in spring as in autumn.
In the study area, the species responsible for the week sorting are all mycorrhizal and
belong to the genera Russula Pers., Amanita Pers., and Suillellus Murrill. The species of the
spring-summer wave are correlated with average values of all the meteorological variables
studied, which seems to provide them with stability in fruiting as they are less influenced
by the annual variations of the factors, although there seems to be a certain relationship
with the accumulation of precipitation [53], average temperatures around 13 ◦C, and winds
from the south. On the contrary, the second summer fruiting, later and overlapping with
autumn (Figure 4), is highly correlated with weekly precipitation, generally in the form of
storms, and with high temperatures, average maximum temperatures above 30 ◦C, and
average temperatures above 15 ◦C. This group is represented by a single mycorrhizal taxon,
Caloboletus radicans (Pers.) Vizzini, which is limited to the months of August, September,
and October (Figures 3 and 6). The mycological indicators based on the nutrition form
of the fungi show, according to our study, an increase in the percentage of mycorrhizal
taxa, from 51% in May to 72% in June possibly as a result of the phenology and vegetative
rates of holm oak and accompanying shrubs [54]. Local abiotic variables are important
factors in the composition of the saprophytic mushroom community [20]. On the other
hand, the way a fungus obtains carbohydrates may explain a substantial fraction of the
ECM fruiting phenology, which may make a differential contribution to the community
structure of fungus-associated organisms [55].

An adequate collection method is required to understand the structure of fungal
diversity at scales suitable for conservation planning. This method should take into account
all fruiting periods, as the taxa occurring in the dry season are mainly mycorrhizal and have
great relevance for water availability in these water-deprived periods [56]. The dispersion
of the weeks comprising the last three groups described (Figure 2) and the small number of
taxa collected in these weeks could suggest methods with a weekly collection frequency.

The distance among the various groups, with different collection times, allows us to
infer that most species bear fruit in a single group. However, it is clear that there is an
annual circular succession (Figures 3 and 4), with many weeks appearing distant from the
four groups described and a series of species responsible for those weeks. These would
be taxa capable of fruiting in more than one group, such as Macrolepiota procera (Scop.)
Singer, with constant early autumn fruiting but which can also appear in the autumn-winter
group and in the second summer group, or a series of taxa situated among autumn-winter,
winter-autumn, and first-summer fruiting, such as Stereum hirsutum (Willd.) Pers. and
Astraeus hygrometricus (Pers.) Morgan, which act as a link between fruiting waves. In some
cases, a higher frequency of basidiomata in surveys could be related to a higher basidiomata



Forests 2023, 14, 1662 12 of 18

production, as in the case of Astraeus hygrometricus (Pers.) Morgan [57], which is usually
found in slightly degraded Mediterranean forest ecosystems [58]. In other cases, it could
be due to its wide plasticity to degrade woody debris, as in the case of Stereum hirsutum
(Willd.) Pers. The fruiting bodies of this species can be found over long periods of time
withstanding short periods of drought in Mediterranean environments [59,60].

From the scatter diagrams and the total weekly collection frequency, we can charac-
terise the pattern of fungal fruiting and the responsible taxa for the study area (Figure 8).
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Figure 8. Main pattern of annual fungal fruiting and responsible taxa for a Mediterranean ecosystem
(with number of collected weeks) dominated by the holm oak. Orange bars represent lower autumn-
winter subgroup, blue bars represent upper autumn-winter subgroup.

Climate models predict an increase in average temperature, with a potential decrease
in annual rainfall and dramatic changes in its distribution, with rainfall concentration, in
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the Mediterranean basin during the 21st century [32]. These are climates that can produce
an increase in the potential area of the holm oak groves [61] and that could cause significant
changes in the composition of the fungal community without effects on the overall richness
of the mycorrhizal community [26], with a possible increase in growth rates and alteration
in the distribution of mycorrhizal species with an advantage for generalist mycorrhizae [62],
delays in autumn fruiting, early spring or shorter duration of fruiting [7–9]. The projections
of the meteorological variables studied seem to corroborate that the new conditions will
modify the fruiting waves. An increase in global temperature will increase enzymatic
activity, but also dehydration, fine root mortality, and microbial respiration rate [63], with
an increase in the rate of organic decomposition [64]. According to our data, phenological
changes will occur, with a delay in autumn-summer fruiting and an anticipation of winter-
spring fruiting, results similar to those obtained by Kauserud et al. [8], when analysing
herbarium collections during the last four decades. With higher temperatures, there will
be a shift of the two waves toward the winter weeks and an increasing overlap between
them. In addition, the fruiting of the two minority groups linked to the dry season (spring-
summer and summer-autumn) will be favoured as long as the increase in temperature is
not drastic and fruiting does not occur [47].

Additionally, a decrease in precipitation would reduce soil moisture [65], carbon
exchange [66], and soil enzymatic activity, consequently effecting phosphorus, carbon, and
nitrogen cycles [67,68]. Thus, abundant annual precipitation would be necessary for fruiting
to occur [69]. The correlation of fruiting waves with water-related variables is very close,
but there are differences among them. As a result, four groups of taxa can be established:
autumn-winter, with species that would need high accumulated precipitation; winter-
spring, which would be associated with abundant occasional precipitation; spring-summer,
related to average accumulated precipitation; and summer-autumn, related to scarce
and occasional precipitation. A decrease and concentration of rainfall would negatively
influence autumn-winter fruiting, with taxa linked to high accumulated rainfall. This
would then favour species in the lower subgroup, which are mainly mycorrhizal taxa and
less influenced by this variable, such as: Amanita citrina var. citrina Pers., Amanita muscaria
(L.) Lam., Lactarius chrysorrheus Fr., Clitocybe odora (Bull.) P. Kumm., and Russula graveolens
Romell (marked in orange in Figure 9). In turn, the species responsible for the upper
subgroup, such as Lepista nuda (Bull.) Cooke, Lycoperdon perlatum Pers., Laccaria laccata
(Scop.) Cooke, Hygrophorus cossus (Sowerby) Fr., and Tubaria furfuracea (Pers.) Gillet, with a
predominance of saprophytes (marked in blue in Figure 8) would become less abundant. In
addition, the decrease and concentration of precipitation would favour the winter-spring
wave, which is more influenced by occasional precipitation, although these conditions will
have a lesser effect on summer fruiting.

Climate variables cannot be considered independently, since their effects on fungal
fruiting are complex and are due to the interaction of all of them, together with other
abiotic factors such as soil. Soil fungal diversity shows an increasing trend with increasing
habitat fragmentation [70], a process that has occurred in Mediterranean ecosystems.
It should also be taken into account that responses vary according to the species [71].
Knowing how symbiotic fungi, saprophytes, and pathogens achieve their lifestyle is crucial
to understanding their ecological functions and their impact on plant communities [72].
Saprophytic fungi are more influenced by abiotic factors such as soil nutrients or moisture
variations [73]. Our results are in line with those by Birgander et al. [74], who showed
a decrease in the proportion of saprophytic taxa at the beginning of summer, with no
fruiting in the central summer months (Figure 9). The combination of high temperatures
and low rainfall associated with climate change could prevent saprophytic fungi from
fruiting for a longer period of time, with a possible decrease in organic decomposition and
variation in the composition of the fungal community of the leaf litter, determined by the
dominant tree species [20]. On the other hand, the highly programmed reproduction of
ECM fungi could reflect temperature-dependent increases and drought-induced decreases
in photosynthetic activity in host plants, rather than improved growth conditions for fungi
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during the summer [55]. On the other hand, the specific ecological tolerance of mycorrhizal
fungi adapted to the combination of these adverse weather conditions, such as Russula
pectinatoides Peck, Boletus queletii Schulzer or Caloboletus radicans (Pers.) Vizzini, may favour
their competitive interaction within the fungal community, affecting the composition of
these communities and favouring their resilience to the invasion of other fungi [62].
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Figure 9. Relationship between the total frequency of collected taxa in late spring, summer, and early
autumn, and their mode of nutrition.

Meteorological variables seem to explain the four fruiting waves described for an
apparently undisturbed holm oak forest comprising trees of a similar age. However, these
variables would not explain the differences found in diversity among weeks and fruiting
waves. There must be other parameters, influenced directly or indirectly by the meteoro-
logical variables, responsible for the different fruiting of species and their diversity. For
example, the concentration of ergosterol in the soil would be related to the composition of
the ectomycorrhizal community [75,76] and the concentrations of nitrogen [17,77], calcium,
and phosphorus [78]. Soil factors could be responsible for the distribution of fruiting in
the landscape [79], which in turn, is related to the availability of nitrogen [77]. Dissolved
organic nitrogen (DON) levels establish a dominance over mineral forms in the growing
season and could favour the emergence of spring species, while xerophytic taxa, such as
Caloboletus radicans (Pers.) Vizzini, could take better advantage of the mineral forms of nitro-
gen (nitrates and ammonium), which are dominant during the Mediterranean summer [19].
ECM species composition correlates with increasing rates of nitrogen mineralisation [80].
The variation of factors affecting an ecosystem may cause a wide variety of responses [81].
The concentration of ergosterol in the soil could be related to the composition of the ectomy-
corrhizal community [75], just as the age of dominant vegetation could influence sporocarp
production and diversity [82].

Fungal populations are shaped by plant communities and environmental parameters,
and in turn, fungal communities impact the forest ecosystem through intrinsic participation
of different fungal guilds [83]. Mycorrhizal fungi depend on their hosts [84], as can be
demonstrated in experimental defoliation [85]. It will be the tolerance of the holm oak—
Quercus ilex L. subsp. ballota (Desf.) Samp—to new weather conditions and to variation in
the fungal community, which may lead to a weakening of the host and favour the presence
of pathogens [86,87], that is responsible for dramatic and rapid changes in fungal diversity.

5. Conclusions

The multivariate study of the data on the presence and absence of fruiting bodies
shows that the PCA and Biplot logistic techniques are extremely useful statistical tools
to describe and study the evolution of the macromycetes of an ecosystem; they allow for
visually summarizing all the available information and isolating the most important data
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by trying to eliminate less important variabilities, which is probably associated with errors
in the data collection or with small unidentifiable variations. Taking into account this work,
future studies on fruiting body formation should explore and implement the data obtained
using quantitative variables, as well as look for patterns of behaviour between weeks or
species using previous knowledge such as mycological indicators based on nutritional
form, and even discover possible new distribution patterns.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/f14081662/s1. Figure S1: Analysis of variance based
on similarities (ANOSIM) to determine whether there are differences among the study years;
Table S1: Meteorological data from the Arabayona meteorological station (Salamanca, Spain) during
the study period; Table S2: List of species identified with the abbreviated name (in red species not
mentioned in Figure 8), their current scientific name, and personal herbarium reference number;
Table S3: Dimension, Eigenvalues, Variance Explained, and Cumulative Variance.
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