Microbial Ecology (2024) 87:27
https://doi.org/10.1007/500248-023-02334-3

RESEARCH

=

Check for
updates

Long-term Dynamics of Fungal Communities Inhabiting Decaying

Stumps of Quercus robur
Adas Mar¢iulynas'© - Audrius Menkis?

Received: 6 October 2023 / Accepted: 22 December 2023

© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

We studied the diversity, composition, and long-term dynamics of wood-inhabiting fungi in Quercus robur stumps left after
commercial tree harvesting in Lithuania. Sampling of wood was carried out at three sites and from stumps, which were
10-, 20-, 30-, 40-, and 50-year-old. DNA was isolated from wood samples and fungal communities analyzed using high-
throughput sequencing. Results showed that stump age had a limited effect on fungal diversity. The development of fungal
communities in oak stums was found to be a slow process as fungal communities remained similar for decades, while larger
changes were only detected in older stumps. The most common fungi were Eupezizella sp. (18.4%), Hyphodontia pallidula
(12.9%), Mycena galericulata (8.3%), and Lenzites betulinus (7.1%). Fistulina hepatica, which is a red-listed wood-decay
oak fungus, was also detected at a low relative abundance in stump wood. In the shortage of suitable substrate, oak stumps
may provide habitats for long-term survival of different fungal species, including red-listed and oak-related fungi.
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Introduction

In Europe, common oak (Quercus robur) is a noble hard-
wood tree species, which is of key importance for forestry
and nature conservation as it provides both valuable timber
and habitats to a vast diversity of associated species [1, 2].
Oaks naturally remain viable for more than 300 years, but
under optimal conditions some individuals can live for up
to 1000 years or even longer [3]. During this long period of
time, many different habitats are gradually formed in dif-
ferent parts of oak trees. For example, a coarse and rough
bark starts to appear on trees of ca. 100-year-old, creating
favorable conditions for the establishment of various lichen
or moss species [4]. Such bark may also provide refuge for
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various insect species. In oaks of ca. 200-year-old, dead
wood begins to appear in crowns, and such habitats only
increase with tree age [5]. This creates conditions for the
establishment of wood-decay fungi and wood-inhabiting
insects. Lignin-decomposing fungi of the phylum Basidi-
omycota usually prevail in decaying oak wood and the activ-
ity of these creates conditions for the establishment of other
fungi [6]. Changes in fungal species associated with dead
wood are usually a slow process as these species are often
long-lived, territorial, colonizing suitable areas, thus protect-
ing themselves from other competing species [7]. As oaks
age, the activity of wood-decay fungi and wood-inhabiting
insects results in the appearance of decomposed wood,
which also creates conditions for the establishment of larger
organisms such as small mammals (e.g., dormouse, bats) or
birds [8]. The latter observations show that for purposes of
nature conservation the importance of oaks increases with
the tree age.

According to some estimates, oaks could host nearly 900
different species [9, 10]. For example, Brindle and Brandl
[11] showed that 252 phytophagous insect and mite species
are oak specialists. Besides, the understory of oak-dominated
woodlands is often characterized by a high diversity of plant
species and soil-dwelling fungi [1]. In the Nordic countries,
about 770 oak-associated species are nationally red-listed,
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about 400 of these are wood-inhabiting, of which about 300
are beetles and 50 are fungi [12]. Oaks host a higher num-
ber of red-listed species than any other tree species. Despite
the importance, old-growth oaks have decreased not only
in forests, but also in the agricultural landscape. They are
often found in small populations or only as single trees [13].
Consequently, the ongoing decline of old-growth oaks has
negative consequences for many associated species, espe-
cially many endangered species, which are often dependent
on old oak habitats [14, 15].

Harvesting of oaks for wood is important for forestry
and wood industry, but this also results in many oak stumps
remaining in the forest for many decades, thereby providing
a substrate for colonization. Due to the shortage of dead
wood, and especially wood of larger dimensions, decaying
oak stumps can be an important substrate for different sap-
roxylic organisms [16]. The longevity of oak stumps, and
oak wood in general, is due to the slow decay process, which
is limited due to the presence of organic toxic compounds in
the heartwood [17]. Following tree harvesting, the exposed
stump surface is colonized by fungi through spores, followed
by a gradual colonization of deeper wood layers and roots
[18]. Some fungi colonizing stumps may also be present
before the tree harvesting, including wood endophytes and
latent invaders [7]. The emergence of fungi in stumps can
also be linked to the presence of a nearby fungal colony or
mycelial hyphal networks [19]. Over time, stumps become
more accessible to these fungal species that simultaneously
or selectively degrade lignin or modify lignin by degrading
cellulose and hemicellulose [17, 20, 21], making such sub-
strate more available to other organisms. In the past, under-
standing the diversity and composition of wood-inhabiting
fungal communities was often problematic due to complex-
ity of such communities and limitations of culture-based
methods. Although the appearance of fungal fruiting bod-
ies indicates the presence of one or another fungal species,
this usually reflects only a fraction of entire fungal diver-
sity. Besides, some fungi may be rare, but these may have
a high conservation value [22-24]. The development of
high-throughput sequencing methods allows the detection of
numerous fungal species directly from environmental sam-
ples. These methods also provide semiquantitative informa-
tion and a high resolution at the DNA sequence level.

The aim of this work was to study the diversity, composi-
tion, and long-term dynamics of wood-inhabiting fungi in
oak stumps left after commercial tree harvesting in Lithu-
ania. We hypothesized that (a) in decaying stumps, fungal
diversity and community composition changes over time;
(b) decaying stumps provide suitable habitats to fungi of
conservation interest. In Lithuania, in the sixteenth century
oak stands constituted between 15 and 20% of all forest
stands, showing appropriate environmental conditions for
oak to grow in this geographical area. Nowadays, however,
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oak stands constitute only ca. 2.0% of all forest stands and
on average are 80-year-old. Old-growth oak stands are
relatively rare, but several red-listed fungal species were
reported in association with dead wood, including Ascomy-
cetes such as Bactospora dryina, Calicium adspersum, Cali-
cium quercinum, Cyphelium inquinans, Cladonia parasitica,
Chaenotheca hispidula, Sclerophora coniophaea, and Basid-
iomycetes such as Fistulina hepatica, Hygrophorus russula,
Inonotus dryophilus, Grifola frondosa, Piptoporus querci-
nus, Hapalopilus croceus, and Perenniporia medulla-panis.

Methods
Study Site and Sampling

The study sites were at Kédainiai (K), Prienai (P), and
TelSiai (T), which were in three different regions of Lithu-
ania (Fig. 1). These regions are characterized by the highest
density of Q. robur in the forest stands. At each site, Q.
robur stumps were left after commercial clear-cuts and were
between 10- and 50-year-old (Fig. 2). The age of stumps
was determined based on available records of tree fellings.
In each region, the distances between stumps of different
age were up to 10 km. Woody vegetation varied in areas
with stumps of different age, but often it was dominated by
Q. robur with admixture of Picea abies, Betula pendula,
Populus tremula, Tilia cordata, and Fraxinus excelsior.
Understory consisted of Corylus avellana and Sorbus aucu-
paria. In different geographical regions, the composition of
woody vegetation in vicinity to stumps of similar age was
similar. Woody vegetation in vicinity of 10-year-old stumps
was sparce.

Sampling of oak wood was carried out in 2021. At each
site, five random stumps of each age, i.e., ca. 10-, 20-, 30-,
40-, and 50-year-old, were sampled (Fig. 2). Before the sam-
pling, the 3-cm-thick wood layer was removed using a chain-
saw, and three random wood cores (ca. 8-cm-long) per stump
were taken using an increment borer (Haglof, Sweden).

Wood samples collected from stumps of different age
are shown in Fig. 3. Tools used for wood sampling were
carefully cleaned between individual stumps. In total, there
were 75 oak stumps sampled (3 regions X 5 age classes
X 5 stumps). Collected wood samples were individually
placed in sterile plastic tubes, labeled, the same day trans-
ported to the laboratory, and stored at —20 °C before further
processing.

DNA Isolation, Amplification, and Sequencing
Three replicate wood cores from the same stump were put

and analyzed together. The DNA work followed the study
by Marciulynas et al. [25]. Firstly, wood samples were
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Fig. 1 Map of Lithuania showing the distribution of common oak (Quercus robur) in forest stands (in green). The intensity of green color shows
the percentage of Q. robur in the composition of forest stands. Sampling areas are denoted by K—Keédainiai, P—Prienai, and T—TelSiai

Fig.2 Stumps of Quercus robur of different age (10-50-year-old) sampled for analyses of wood-inhabiting fungal communities

ground in liquid nitrogen, and ca. 0.5 g of each stump wood  tube together with two (2 mm in diameter) metal beads.
sample was placed into a 2-mL screw-cap centrifugation ~ Then, samples were homogenized using a Fast prep shaker
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Fig.3 Wood cores from Quercus robur stumps of different age
(10-50-year-old)

(Montigny-le-Bretonneux, France), and the DNA was iso-
lated using CTAB extraction buffer followed by incubation
at 65 °C for 1 h. The supernatant was mixed with an equal
volume of chloroform and cleaned with 2-propanol. The pel-
let was washed in 500 pL 70% ethanol, dried, and dissolved
in 30 pL sterile milli-Q water. The DNA from each sample
was further purified using a NucleoSpin®Soil kit (Mach-
erey-Nagel GmbH & Co. Duren, Germany) according to the
manufacturer’s recommendations. Following the isolation
and purification of the DNA, the concentration was deter-
mined using a NanoDrop™ One spectrophotometer (Thermo
Scientific, Rodchester, NY, USA) and DNA concentration
adjusted to 10 ng/mL.

The amplification of the ITS2 rRNA region was achieved
using a primer pair gITS7 [26] and ITS4 [27] both con-
taining sample identification barcodes. The polymerase
chain reaction (PCR) was performed in 50 pL reactions and
consisted of the following final concentrations: 0.02 ng/pL
template DNA, 200 pM dNTPs, 750 pM MgCl,, 0.025 pM
DreamTaq Green polymerase (5 U/uL) (Thermo Scientific,
Waltham, MA, USA), and 200 nM of each primer; sterile
milli-Q water was added to make the final reaction volume
of 50.0 pL. The amplifications were performed using an
Applied Biosystems 2720 thermal cycler (Applied Biosys-
tems, Foster City, CA, USA). The PCR program started with
an initial denaturation step at 95 °C for 5 min, followed by
30 cycles of 95 °C for 30 s, and annealing at 55 °C for 30
s and 72 °C for 1 min, followed by a final extension step at
72 °C for 7 min. The PCR products were assessed using gel
electrophoresis on 1.5% agarose gels stained with GelRed
(Biotium, Fremont, CA, USA). The PCR products were puri-
fied using 3 M sodium acetate (pH 5.2) (Applichem GmbH,
Darmstadt, Germany) and 96% ethanol mixture (1:20). After
the quantification of all the PCR products using a Qubit fluo-
rometer 4.0 (Life Technologies, Stockholm, Sweden), they
were pooled in an equimolar mix and sequenced using a
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PacBio platform and one Sequel SMRT cell at a SciLifeLab
facility in Uppsala, Sweden.

Bioinformatics

Generated sequences were subjected to quality control in
the Sequence Clustering and Analysis of Tagged Amplicons
(SCATA) bioinformatics pipeline (http://scata.mykopat.slu.
se/ (accessed on 19 June 2023)). Sequences shorter than 200
pb, and sequences with low read quality (Q<20), and primer
dimers were removed. Homopolymers were collapsed to 3
bp before clustering. Sequences that were missing a tag or
primer were also removed. High-quality sequences were
clustered into different OTUs using single linkage clustering
based on 98.5% similarity. The GenBank (NCBI) database
and Blastn algorithm were used to determine identities of
different OTUs (Table S1). Taxon-delimiting ITS homol-
ogy was 98-100% at the species level, 94-97% at the genus
level, and 80-94% at the higher level, corresponding to at
least 90% of the sequence length [28]. Sequences of fungal
OTUs were deposited in GenBank under accession numbers
OR164586-OR164872. FUNGuild was used to identify fun-
gal functional groups (guilds) (FUNGuild v1.0) [29].

Statistical Analyses

Species accumulation curves were calculated using Analyti-
cal Rarefaction v.1.3, (http://www.uga.edu/strata/software/
index.html). Differences in fungal OTU richness in Q. robur
stumps of different age were compared using the non-para-
metric chi-square test [30]. The Shannon diversity index and
Sgrensen qualitative similarity index were calculated using
SAS v. 9.4 (Cary, NC, USA) [30,31 ]. The non-parametric
Mann-Whitney test in SAS was used to test whether Shan-
non's diversity index differed among stumps of different
age. The composition of fungal communities was analyzed
using non-metric multidimensional scaling (NMDS) based
on the Bray-Curtis dissimilarity index. One-way analysis of
similarity (ANOSIM) was performed to test for significant
differences between different samples. A Principal Compo-
nents Analysis (PCA) was performed to examine the impact
of different sampling sites on fungal communities. These
analyses were performed using Vegan 2.5.7 and Stats 3.6.2
in R 4.1.1 (https://www.r-project.org (accessed on 23 June
2023)) [32,33 ].

Results

High-throughput sequencing of fungal communities
generated 179,782 reads, among which 69,127 were of
high-quality and were retained, while 110,655 low quality
reads were excluded. One sample had no data after quality
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filtering and was excluded (TelSiai, 20-year-old stump).
Clustering analysis showed the presence of 350 non-
singleton OTUs, among which 296 (84.6%) were fungal
OTUs. Non-fungal OTUs and singletons were excluded.
The number of high-quality sequences and fungal OTUs
from stumps of different age and from different sampling
sites is shown in Table 1. The Shannon diversity index
of fungal communities was between 1.32 and 2.14 at the
K site, between 0.92 and 1.78 at the P site, and between
1.23 and 2.26 at the T site (Fig. 4). The comparison of the

Shannon diversity index of fungal communities in stumps
of different age showed that in many cases these were
similar and did not increase with the stump age (Fig. 4).

The plot of fungal OTUs vs. the number of fungal
sequences resulted in species accumulation curves that
did not reach the asymptote (Fig. 5). The OTU richness
was similar among stumps of different age when the same
number of sequences was taken per each stump age class
(p > 0.05) (Fig. 9).

Table 1 Generated high-quality

Site Sequences/OTUs
fungal sequences and detected
diversity of fungal OTUs in 10y 20y 30y 40y 50y
stumps of different age in three
samp]ing sites in Lithuania. Keédainiai (K) 2161/8 172/4 2/1 276/14 771/18
The Shannon diversity index is 1567/8 236/16 36/5 857/19 5517
denoted by H index 794/11 726/12 12/9 134/19 56/4
4/4 565/17 29/6 109/6 291/12
1712 1558/7 253/6 315/11 162/10
Kédainiai Total 4543/22 3257/32 332/24 1691/40 1335/41
Prienai (P) 215/17 30/5 44/6 228/9 1275/17
216/15 1719/5 4091/23 667/11 16/9
179/12 2663/7 65/8 531/17 4806/8
7/3 527/33 159/16 14/12 549/16
765/15 784/38 1258/29 1312/20 3079/14
Prienai Total 1382/43 5723/53 5617/65 2752/42 9725/50
Telsiai (T) 167/13 108/6 715/8 1365/29 718/11
3015/33 693/13 360/8 894/23 3500/34
1877/20 12/4 416/15 2635/30 1102/25
4251/33 631/15 991/13 606/7 1902/32
3555/19 -/- 960/1 8806/14 1411/9
Telgiai Total 12,865/72 1444/26 3442/32 6386/60 8633/71
All 18,790/103 10,424/84 9391/95 10,829/109 19,693/121
H index 2.50 2.27 1.91 2.02 2.10
Fig.4 The Shannon diversity a
index of fungal communi- 25 = a
ties in Quercus robur stumps : ab
of different age from three a ab
sampling sites (K—Kédainiai, = 2 i ab ab
P—Prienai, and T—Telsiai) in = ] ab ab
Lithuania. Columns followed b}
by the same letter do not differ 'E 1.5 b b b
significantly at p > 0.05. The . I l
comparison was done between B
fungal communities in stumps g 1
of different age classes and e
sampling sites g
= 05
c
]
-
0
0
T P K T P K| T P K T P K |T P K
10y 20y 30y 40y 50y

@ Springer



27 Page 6 of 12

A. Mar¢iulynas, A. Menkis

140
120
100
80
60
40 [/
20

No. of OTUs

0 5000 10,000 15,000 20,000

No. of sequences
@10y @20y ©30y ©40y @50y

25,000

Fig.5 Species accumulation curves showing the relationship between
the cumulative number of fungal OTUs and the number of ITS2
rRNA sequences from stumps of different age. The data from differ-
ent sites were combined. The age of oak stumps is denoted by 10y,
20y,30y,40y,and 50 y

Among all fungal OTUs, 231 (78.0%) belonged to Asco-
mycota, 63 (21.3%) to Basidiomycota, and one to each
(0.35%) Chytridiomycota and Mucoromycota. All fungal
OTUs were found to belong to 18 different fungal classes,
among which the most common were Leotiomycetes
(28.9%), Sordariomycetes (17.4%) Agaricomycetes (13.2%),
and Eurotiomycetes (13.2%) (Fig. 6).

The Sgrensen qualitative similarity index of fungal com-
munities in oak stumps of different age was low to moderate,
ranging between 0.20 and 0.47 (Table 2).

The number of shared fungal OTUs between stumps of
different age was lowest between 10- and 50-year-old stumps
(Fig. 7). The number of unique fungal OTUs varied substan-
tially among stumps of different age classes with the high-
est number found in 50-year-old stumps (Fig. 7). Overall,
unique OTUs in stumps of different age constituted between
20.2% and 46.3% of all OTUs.

The fungal functional groups could be determined for
94.7% of fungal sequences, and their relative abundance
in different sites and stumps of different age is shown in

Fig.6 Relative abundance (%)

Table2 The Sgrensen similarity index of fungal communities among
stumps of different age (10-50-year-old)

Stump age 10y 20y 30y 40y 50y
10y - 0.41 0.33 0.35 0.20
20y 0.41 - 0.47 0.41 0.29
30y 0.33 0.47 - 0.45 0.30
40y 0.35 0.41 0.45 - 0.40
50y 0.20 0.29 0.30 0.40 -

Fig. 8A. The analysis based on all sites, different stump age
classes, and using fungal sequences showed that the most
abundant fungal functional groups were undefined sapro-
trophs (32.3%), wood saprotrophs (31.4%), and endophytes
(24.6%). Undefined saprotrophs showed the highest relative
abundance in 30-year-old (55.5%) stumps and 50-year-old
(50.8%) stumps. The highest relative abundance of wood
saprotrophs was in 10-year-old (43.0%) stumps and 20-year-
old (57.8%) stumps. The relative abundance of fungal endo-
phytes was more pronounced in older oak stumps (Fig. 8A).
The overall relative abundance of plant pathogenic fungi
was 6.8%. However, in 10-year-old stumps, the relative
abundance of plant pathogenic fungi was 22.2%, but it has
significantly decreased in older stumps (p < 0.05) (Fig. 8A).

The fungal functional groups could be determined for
61.7% of OTUs, and their relative abundance in different
sites and stumps of different age is shown in Fig. 8B. Based
on the OTUs data, the most abundant functional groups
were undefined (38.3%), undefined saprotrophs (20.8%), and
wood saprotrophs (12.4%). The relative abundance of other
functional groups was below 10%. In stump of different age,
the composition and relative abundance of different fungal
functional groups were similar (p > 0.05) (Fig. 8B). Plant
pathogenic fungi were found in all samples, but their relative
abundance declined with the stump age, i.e., from 11.4% in
10-year-old stumps to 6.2% in 50-year-old stumps (Fig. 8B).
By contrast, the relative abundance of wood saprotrophs has
increased with the stump age, i.e., from 8.6% in 10-year-old
stumps to 16.5% in 50-year-old stumps (Fig. 8B).

of fungal classes in stumps 50y NI |

of Quercus robur of different 0y I S

age (10-50 y). Others indicate

fungal classes with the relative 30y I D

abundance of <0.1% 20y - mamees
10y I [

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
B Agaricomycetes B Dacrymycetes m Dothideomycetes Eurotiomycetes

B Leotiomycetes
B Tremellomycetes
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Fig.7 Venn diagrams show-
ing the diversity and overlap
of fungal OTUs in oak stumps
of different age (10 —-50y). a
An overlap between neighbor-
ing age classes; b an overlap
between all age classes

(a)

Kédainiai
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Telsiai B0
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Fig.8 Relative abundance (%) of fungal functional groups in
Quercus robur stumps of different age estimated based on fungal
sequences (a) or on fungal OTUs (b). The numbers between diagrams

The 30 most frequently detected fungi from Q. robur
stumps of different age, representing 92.2% of fungal
sequences, is shown in Table 3. The most common OTUs
were Eupezizella sp. 5630_5 (18.37%), Hyphodontia pal-
lidula (12.9%), Mycena galericulata (8.3%), and L. betulinus
(7.1%) (Table 3). The most common OTUs in 10-year-old
stumps were L. betulinus (26.2%), Eupezizella sp. 5630_5
(12.2%), and Ascocoryne sarcoides (9.6%); in 20-year-old
stumps, these were Hypoxylon rubiginosum (38.5%) and
Laetiporus sulphureus (14.4%); in 30-year-old stumps—
Megacollybia platyphylla (40.0%) and Armillaria cepis-
tipes (13.7%); in 40-year-old stumps—Eupezizella sp.
5630_5 (40.7%) and Mycena galericulata (20.1%), and in
50-year-old stumps—Hyphodontia pallidula (45.3%) and

20y Pprienai

30 y Prienai

40y prienai

50 y Prienai

Undefined saprotroph

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

Kédainiai

Telsiai B
0% 10% 20% 30%  40% 50% 60%  70% 80% 90%  100%

Kédainiai

Telsiai £ !
0% 10%  20% 30%  40%  50% 60%  70% 80% 90%  100%
Keédainiai

Telsiai

Kédainiai

Telsiai

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

Undefined Endophyte - Others

represent the age of oak stumps. Other represent fungi, which are not
associated with plants (e.g., animal pathogens)

Eupezizella sp. 5630_5 (22.6%) (Table 3). Among the 30
most common fungal OTUs, L. betulinus (26.2%), C. velu-
tina (11.3%), Phlebia tremellosa (9.3%), Lentinus substric-
tus (3.9%), Peniophora incarnata (3.4%), and Unidentified
sp. 5630_41 (1.4%) were unique in 10-year-old stumps.
Similarly, M. platyphylla (40.0%) was unique in 30-year-
old stumps, and H. parviporum (3.97%) and Phialocephala
fusca (1.46%) in 50-year-old stumps, while there were no
unique OTUs among the 30 most common OTUs in 20- and
40-year-old stumps (Table 3).

Among the 30 most common fungal OTUs and as com-
pared among stumps of different age classes the relative
abundance of Phacidiales sp. 5630_19 was significantly
higher in 10-year-old stumps of H. rubiginosum—in
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Table 3 Distribution and relative abundance of the 30 most common fungal OTUs (shown as a proportion of all high-quality fungal sequences)
in Quercus robur stuamps of different age (10-50-year-old). The data from different study sites is combined

Phylum*  Genbank reference OTU Similarity, (%) 10y,% 20y,% 30y,% 40y,% 50y,% Total, %
A MHO018926 Eupezizella sp. 5630_5 238/239 (95) 12.16 9.26 6.26 40.65 22.64 18.37
B MT594934 Hyphodontia pallidula 286/286 (100) - 0.01 - - 45.26 12.90
B OP651175 Mycena galericulata 313/313 (100) - 4.45 19.76 20.10 6.29 8.30
B MT193550 Lenzites betulinus 289/289 (100)  26.19 - - - - 7.12
A MT214998 Hypoxylon rubiginosum 254/254 (100)  0.01 38.56 0.15 - - 5.84
B LT854049 Megacollybia platyphylla 307/307 (100) - - 39.99 - - 543
A NR171830 Moristroma germanicum 286/288 (99) 0.11 8.68 9.50 8.36 0.36 4.04
A MH857562 Ascocoryne sarcoides 240/240 (100)  9.56 3.25 0.21 1.11 1.79 3.80
A MT573476 Coniochaeta velutina 249/249 (100)  11.31 - - - - 3.07
B 0K324330 Armillaria cepistipes 477/477 (100)  0.53 0.02 13.69 5.54 - 2.87
B MH320561 Laetiporus sulphureus 296/296 (100) - 14.38 3.75 - - 2.68
B MK172823 Phlebia tremellosa 333/333 (100) 9.32 - - - - 2.53
A MWO077697 Phacidiales sp. 5630_19 235/241 (98) 8.07 0.02 0.21 0.04 - 223
A AB481243 Dasyscyphella sp. 5630_20 218/219 (99) - - - 11.36 0.18 1.83
B MN251029 Stereum hirsutum 296/296 (100)  4.22 3.33 - - - 1.65
B MT406378 Heterobasidion parviporum 295/296 (99) - - - - 3.97 1.13
B MNS588179 Lentinus substrictus 303/303 (100)  3.90 - - - - 1.06
B KT200232 Peniophora incarnata 287/287 (100)  3.38 - - - - 0.92
A MHO018926 Eupezizella sp. 5630_22 224/237 (95) - 0.22 - - 2.73 0.81
A MW709917 Claussenomyces sp. 5630_28  235/240 (98) 1.19 2.25 0.04 0.08 0.02 0.69
A MG553996 Phialocephala oblonga 238/238 (100)  0.01 2.34 0.46 1.53 - 0.66
A MH864788 Rhinocladiella atrovirens 274/275 (99) 0.07 2.20 0.76 0.25 0.29 0.57
A MK131636 Helotiales sp. 5630_25 231/240 (97) - - - 0.99 1.38 0.55
A MT635284 Cadophora fastigiata 243/243 (100)  1.56 0.77 0.01 - - 0.54
A KM493019 Unidentified sp. 5630_29 240/241 (99) 0.01 1.88 0.87 0.50 0.05 0.50
A KY633591 Claussenomyces atrovirens 235/236 (99) - - 0.06 0.03 1.69 0.49
B MH856233 Mycena maculata 295/304 (97) - 0.21 - 2.84 - 0.48
A AB671500 Phialocephala fusca 237/238 (99) - - - - 1.46 0.42
A KP887853 Unidentified sp. 5630_41 2571264 (97) 1.38 - - - - 0.38
A ON962946 Unidentified sp. 5630_30 221/239 (92) - 1.07 0.04 0.38 0.46 0.36
Total of 30 OTUs 92.96 92.90 95.77 93.76 88.58 92.21

*A—Ascomycota, B—Basidiomycota

20-year-old stumps of Dasyscyphella sp. 5630_20, Eupezi-
zella sp. 5630_22 and Mycena maculata—in 40-year-old
stumps, and of H. pallidula—in 50-year-old stumps (p <
0.05).

Pathogenic and/or wood decay fungi such as Armillaria
cepistipes (2.9%), L. sulphureus (2.7%), Phlebia tremellosa
(2.5%), Stereum hirsutum (1.7%), H. parviporum (1.1%),
and Peniophora incarnata (0.9%) were also detected among
most common fungi (Table 3). Fistulina hepatica was the
only red-listed wood decay oak fungus (Table S1), which
was found at a low relative abundance in both 10-year-old
stumps (0.06%) and in 50-year-old stumps (0.16%).

The NMDS showed a partial overlap of fungal commu-
nities in stumps that were 10-, 20-, 30-, and 40-year-old,
but the lack of such overlap between fungal communities
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in stumps of 10- and 50-year-old (Fig. 9). The compari-
son showed that the composition of fungal communities
differed significantly between stumps of 10-year-old and
30-year-old, 10-year-old and 40-year-old, and 10-year-
old and 50-year-old (p < 0.05). A significant difference in
the composition of fungal communities was also between
stumps of 20-year-old and 50-year-old (p < 0.05), but not
between stumps of other age (p > 0.05) (Fig. 9).

The PCA of fungal communities explained 17.3% of the
variation on axis 1 and 14.2% on axis 2 (Fig. 10). Vectors
of P and K sites pointed into a similar direction, while
a vector of the T site pointed into an opposite direction,
suggesting that the effect of different sites on fungal com-
munities was either similar (P and K sites) or different (T
site) (Fig. 10).
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Fig.9 Nonmetric multidimensional scaling (NMDS) of fungal com-
munities associated with Quercus robur stumps of different age (10-,
20-, 30-, 40-, or 50-year-old). Data from different sites is combined

Discussion

The results demonstrated that the development of fungal
communities in oak stumps is a slow process as these
remained similar for several decades before a larger change
could be observed (Fig. 9, Table 2). This may suggest that

Fig. 10 Principal component
analysis (PCA) of fungal com-

both stump age and environmental conditions present at
each site can be important factors shaping these fungal
communities (Fig. 10) as larger differences in this respect
were between individual study sites (Fig. 8). It was shown
that fungal communities colonizing living tree trunks per-
sist in dead wood for years following tree wounding [34].
Some of the latent fungi already existing in living wood
become primary colonizers immediately after the death
of the tree [35]. Stumps can also be colonized by second-
ary fungi that enter through airborne spores and inten-
sively decompose the lignocellulose [36, 37]. Stumps are
eventually colonized by late colonizers such as soil cord
forming fungi, which establish after secondary colonizers
and complete during final stages of wood decay [38, 39].
During these stages of colonization and wood decay, the
composition of fungal species often changes [40].
Although it is suggested that the abundance of fungal
species in wood of oak stumps increases as the wood decay
progresses [17], a similar trend was not yet observed in the
present study. Consequently, the OTU diversity remailed
generally similar in stumps of different age, demonstrating
that there was little or no accumulation of fungal diversity
over time (Figs. 4 and 7). Previous studies showed positive,
neutral, or negative relationship between fungal species rich-
ness and wood decay, which is measured as a decrease in
wood weight or density [41, 42]. Wood core samples from
stumps of different age were also similar in their appearance
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(Fig. 3), suggesting that the process of wood decay was slow.
This can be due to the fact that the relative abundance of
wood saprotrophs remained largely unchanged in stumps
of different age (Fig. 8). Only wood saprotrophs are able
to degrade lignin and access cellulose, which together with
hemicellulose is the main source of energy for wood-degrad-
ing fungi [43, 44]. The results may therefore suggest that the
establishment and activity of wood saprotrophs were limited
by the competitive capacity of indigenous fungal community
and/or oak wood properties. The abundance of wood sap-
rotrophs generally increases in the advanced stage of wood
decay [45, 46]. Parisi et al. [47], but the results of the present
study indicate that more than 50 years may be required to
reach such stage of decay in oak stumps.

Nevertheless, certain differences in the distribution of dif-
ferent saprotrophic species were in stumps of different age
(Table 3). For example, L. betulinus and Phlebia tremellosa
were found only in 10-year-old stumps, indicating that these
fungi are the primary colonizers of dead stump wood. L.
betulinus was shown to be one of the primary wood coloniz-
ers of living Quercus castaneifolia trees [48]. P. tremellosa
is a lignin-degrading wood-decay fungus, which apart from
wood of hardwoods, can also colonize weakened but still liv-
ing oaks [49, 50]. Stereum hirsutum was present in 10- and
20-year-old stumps, which is in agreement with the previous
observation that it is an early colonizer of oak wood [34].
H. rubiginosum and L. sulphureus were wood-decay fungi,
which were primarily found in 20- and 30-year-old stumps
(Table 3). [49] suggested that H. rubiginosum is a pioneer
fungal species, which grows in living or recently dead trees,
causing a slow decay. H. rubiginosum was also found in
oak stems characterized by late stage of decay [51]. The lat-
ter observations may suggest that H. rubiginosum is able to
establish in fresh wood and continue wood decomposition
for many years. L. sulphureus is known to cause heart rot in
living trees, and after the death of the tree, it continues to
decompose dead standing or fallen stems and stumps [52,
53]. L. sulphureus was also reported from highly decom-
posed oak wood [52]. Interestingly, H. parviporum, which
is a primary pathogen and wood decay fungus of Picea abies
in northern Europe [54, 55], was detected in 50-year-old
stumps, suggesting that in oak wood it can be a secondary
colonizer.

Plant-pathogenic fungi were most abundant in 10-year-
old stumps (Fig. 8A), but in older stumps their abundance
declined even though the proportion of their OTUs remained
largely unchanged over time (Fig. 8B). Commonly detected
pathogenic fungi included Armillaria cepistipes and H.
parviporum (Table 3), which can often be found in the
lower part of tree trunks and/or in the roots [56, 57]. Such
colonized substrate can be the source of disease infection to
the neighboring trees through root contact [58]. Diplodia
mutila was also a commonly detected pathogen, which was
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shown to be associated with cankers on Q. petraea [59] and
Q. robur [60]. Another commonly detected pathogen was
Ophiostoma quercus, which is found on Quercus and Fagus
trees in the northern hemisphere [61] and is often associated
with oak decline in Central and Eastern Europe [62].

The study also showed that oak stumps can be a suit-
able habitat for protected and red-listed species such as a
wood-decay fungus F. hepatica (Table S1). F. hepatica is
usually found in still-growing oak trees and is known to
cause a condition known as brown oak [63], in which red-
dish brown spots appear on the heartwood of oaks during
the early stages of fungal development [64]. F. hepatica also
contributes to the formation of oak hollows, thereby form-
ing principal habitats for endangered beetles. The presence
of F. hepatica in both 10-year-old and 50-year-old stumps
(Table S1) showed that due to the long-lasting decay of oak
stumps, suitable conditions for the survival of such fungi are
maintained for a long time.

Conclusions

Decaying oak stumps provide habitats to a high diversity of
fungal species including red-listed and oak-related fungi,
thereby supporting biodiversity. In the shortage of suitable
substrate, oak stumps may create conditions for long-term
survival of different fungal species. The development of
fungal communities in oak stums is a gradual and slow pro-
cess as fungal communities established in oak wood remain
similar for decades.
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