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Abstract: Deadwood is an important functional and structural component of forest ecosystems since it 
regulates nutrient cycling, serves as a carbon (C) pool, increases the C content in the soil, and is a source 
of resources, including water, for a wide range of saproxylic and non-saproxylic organisms. The abundance 
and diversity of wood-inhabiting fungi in six fallen, horizontally lying logs of Quercus petraea, in the 1st, 2nd 
and 3rd decay classes, in the Drawa National Park in Poland in 2015, were studied using the Illumina se-
quencing technique. The total number of OTUs obtained (264 307) included sequences of culturable fungi 
(242 369 = 91.70%) and non-culturable fungi (7 056 = 2.66%). The dead oak wood was colonized by 277 
taxa. Culturable fungi of Zygomycota, Ascomycota and Basidiomycota comprised 75% of taxa detected and 
were represented by 14, 139 and 53 taxa respectively. Non-culturable organisms were represented by 70 
taxa. Fungi were classified into 18 groups: (i) typical soft rot fungi, (ii) phytopathogens potentially hazard-
ous to trees, (iii) epiphytes and endophytes or weak, opportunistic pathogens, (iv) ectomycorrhizal species, 
(v) ericoid mycorrhizal species, (vi) crust fungi, (vii) resupinate basidiomycetes, (viii) saprotrophs and 
soil fungi, (ix) opportunistic human pathogens causing superficial or systemic mycoses, (x) pathogens of 
warm- or cold-blooded animals, (xi) ascomycetous yeasts, (xii) basidiomycetous yeasts, (xiii) antagonists 
of fungi, (xiv) producers of metabolites effective against pathogens, (xv) hyperparasites, (xvi) lichen-form-
ing species, (xvii) partners of other fungi, (xviii) species rare or uncommon in nature. It was shown that: 
(i) coarse, woody debris of oak is host to abundant and diverse mycobiota, (ii) abundance and diversity of 
fungi increase with the decay continuum, (iii) oak logs can be a habitat of phytopathogens potentially haz-
ardous to forest health, (iv) different phytopathogens favour wood in different decay classes, (v) abundance 
of pathogens decreases, and of ericoid mycorrhizal (or soil) species increases with the decay continuum. 
Maintaining different types of deadwood increases fungal diversity, but also the risk of diseases.
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Introduction

Deadwood is an important functional and struc-
tural component of forest ecosystems. It regulates 
nutrient cycling (Holub et al., 2001), serves as a 

carbon (C) pool (Harmon et al., 2004; Klein et al., 
2013) and increases the C content in the soil (Panay-
otov et al., 2016; Błońska et al., 2017). Additionally, 
it is an important source of water, especially during 
drought periods (Pichler et al., 2012).
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Deadwood is important resource for a wide range 
of saproxylic and non-saproxylic organisms, i.e. di-
rectly or indirectly dependent on dying or dead wood 
(Gutowski et al., 2004). Saproxylic species include 
many forest arthropods including beetles and oth-
er insects (Speight, 1989; Grove, 2002), and cavi-
ty-nesting birds (McComb & Lindenmayer, 1999) 
and moluscs (Kappes et al., 2009). Non-saproxylic 
species include many small-bodied litter-dwelling 
invertebrates and vertebrates, including mammals 
such as dormice (Maser & Trappe, 1984; Mac Nally et 
al., 2001; Fauteux et al., 2012), and amphibians (De-
Maynadier & Hunter, 1995). Deadwood is used as a 
habitat for many epixylic lichens and bryophytes (An-
dersson & Hytteborn, 1991; Spribille et al., 2008). 
Tree seedlings on decayed logs benefit from recycled 
nutrients and microclimatic conditions (Szewczyk 
& Szwagrzyk, 1996). Deadwood is also colonized by 
fungi, which are among the most diverse but least 
understood groups of saproxylic organisms (Boddy 
et al., 2008; Stokland et al., 2012).

The amount of deadwood that may naturally accu-
mulate in forests varies and depends on the type of 
forest. In mixed mountain forest in central Europe it 
may rise to 216 m3/ha (Hahn & Christensen, 2005). 
In boreal forests in Fennoscandia, its volumes are 
19–145 m3/ha; in managed forests they are 2–10 m3/
ha (Siitonen, 2001). In Poland the average is 5.7 m3/
ha (0–298 m3/ha) (Czerepko et al., 2008). The quan-
tity of deadwood in Europe’s forests has decreased 
significantly since the middle of the 19th century due 
to intense forest exploitation and widespread burn-
ing of small wood and other debris (Forest Europe, 
2011). Many European countries have launched ini-
tiatives to increase the amount of deadwood in for-
ests. In Europe, in 1990–2005, this resulted in an 
increase in the amount of deadwood by about 4.3%. 
It is widely agreed that 20–30 m3/ha is the required 
amount that can safeguard the complete spectrum of 
deadwood-dependent species (Siitonen, 2001; An-
gelstam et al., 2003; Humphrey et al., 2004; Vande-
kerkhove et al., 2009).

Wood-inhabiting fungi are key organisms for anal-
ysis and interpretation of the dynamics and conserva-
tion value of forests. However, there have been very 
few studies on the population and ecology of boreal 
wood-inhabiting fungi. Current knowledge of saprox-
ylic fungi, their habitat preferences and succession 
during wood decomposition is based mainly on sur-
veys of macroscopic fruit bodies (Allen et al., 2000; 
Ferris et al., 2000; Siitonen, 2001; Heilmann-Clausen 
& Christensen 2004; Nordén et al., 2004; Vasiliau-
skas et al., 2004; Küffer & Senn-Irlet, 2005; Lindner 
et al., 2006, 2011; Müller et al., 2007; Nordén et al., 
2008; Fukasawa et al., 2009; Pouska et al., 2010; Fis-
cher et al., 2012; Kebli et al., 2012; Ovaskainen et al., 
2013). Only few studies included microfungi isolated 

on artificial culture media (Lumley et al., 2001; Fuka-
sawa et al., 2009, 2011; Kwaśna et al., 2016a, b; 
2017). Both approaches are selective; inconspicuous 
or non-fruiting species can be missed during surveys, 
and only a small portion of the microfungal commu-
nity can be cultured in vitro. Recently, nucleic acid 
techniques have been applied to extract and identify 
fungal species colonizing deadwood in boreal forests 
(Allmér et al., 2006; Kulhánková et al., 2006; Ovaska-
inen et al., 2010; Rajala et al., 2010, 2011, 2012, 
2015; Kebli et al., 2011; Lindner et al., 2011, van der 
Wal et al., 2017; Vaz et al., 2017). This approach is 
not restricted to any functional or taxonomic groups.

Although molecular techniques provide a more 
complete picture of fungal abundance and diversity 
and their relationship to substrate type and quality, 
the number of fungi involved in wood decay is still 
unknown. The percentage of fungal species depend-
ent on deadwood is approximately 20–40% of the es-
timated 1.5 million fungal species worldwide (Siito-
nen, 2001; Penttilä et al., 2004). About 2000 species 
of wood-inhabiting fungi are known from the Nordic 
countries (Stokland & Meyke, 2008).

Thus, the aims of this study were: (i) to charac-
terize deadwood-inhabiting fungal communities 
according to specific wood attributes, i.e. type and 
quality (oak, logs, 60 x 20 x 20 cm samples, 1st, 2nd 
and 3rd decay classes); (ii) to categorize fungi detect-
ed in/on oak deadwood in a single forest; (iii) to de-
termine the ecological succession of fungi along the 
decay continuum; (iv) to determine possible interac-
tions among fungi. The hypothesis that fungal abun-
dance and diversity increase with the decay class of 
oak deadwood is tested.

Material and methods
Sampling

Samples of log deadwood (60 x 20 x 20 cm) were 
collected in one stand in Drawa National Park, Po-
land (53°7'48" N, 15°27'0" E) in October 2015. The 
stand consisted of 85-year-old sessile oak (Quercus 
petraea (Matt. Liebl.), European beech (Fagus sylvatica 
L.), black alder (Alnus glutinosa Gaertn.) and isolated 
Scots pines (Pinus sylvestris L.). The shrub and herb 
layers included Agrostis stolonifera L., Calluna vulgaris 
(L.) Hull, Convallaria majalis L., Corynephorus canescens 
(L.) P. Beauv., Hepatica nobilis Mill., Poa pratensis L., 
Polypodium vulgare L., Polytrichum commune Hedw. and 
Vaccinium myrtillus L. Six samples of sessile oak dead-
wood were taken from six fallen, horizontally lying 
logs located 20–100 m apart. Two samples were in 
the 1st, two in the 2nd, and two in the 3rd decay classes 
(Hunter, 1990). They were representative of logs de-
caying in the stand. Wood in the 1st decay class (1–3 
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years after felling) was sound, with intact structure 
and original colour, and the bark was intact. In the 
2nd decay class (5–20 years after felling), the wood 
was moderately soft, its colour had visibly changed, 
smaller or larger patches or rings were rotted, espe-
cially in the outer layers, and the bark had partially 
fallen off. In the 3rd decay class (20–30 years after 
felling) the wood was soft, its colour had already 
changed, the core was often still solid, the outer lay-
ers disintegrated (knife test), and bark was absent.

In the laboratory, six sub-samples of sawdust 
were taken at 10-cm intervals from each sample 
with a cordless SPARKY BUR2 15E drill (Hoppe et 
al., 2014). Sub-samples included bark (if present), 
heartwood and sapwood.

DNA extraction, amplification and 
Illumina sequencing

Six sub-samples of sawdust from each sam-
ple were pooled and ground in a SPEXTM Sam-
plePrepTM Freezer/MillTM cryogenic mill. The total 
DNA was extracted with Plant Genomic DNA Pu-
rification Kit (Thermo Scientific). ITS 2 rDNA am-
plification was performed with fungus-specific prim-
ers: gITS7 (5’ GTG ART CAT CGA RTC TTT G 3`; 
Ihrmark et al., 2012) and ITS4 (5`TCC TCC GCT 
TAT TGA TAT GC 3`; White et al., 1990). The PCR 
reaction mixture consisted of 12.5 μl of 2x Mix PCR 
(A&A Biotechnology), 0.2 μM of each primer, 1.5 μl 
of purified and diluted DNA and 10.6 μl of water. 
DNA amplification was performed under the fol-
lowing conditions: denaturation at 94°C for 5 min, 
followed by 35 cycles of denaturation at 94°C for 30 
s, annealing at 56°C for 30 s, elongation at 72°C for 
30 s, and a final elongation at 72°C for 7 min. Vis-
ualization of 5 μl amplicons was performed in 1.0% 
agarose gel dyed with Midori Green Advance DNA 
(Genetics). The PCR products were purified with 
MinElute PCR Purification Kit (Qiagen). The am-
plicons were sequenced using the Illumina system 
in the Genomic Laboratory, DNA Research Center, 
Rubież 46, Poznań, Poland.

Bioinformatics analysis

A table of Operational Taxonomic Units (OTUs) 
was prepared by PIPITS, version 1.2.0 (Gweon et al., 
2015). Read-pairs were joined with PEAR, version 
0.9.6 (Zhang et al., 2014), filtered with a quality 
threshold of q=30 by FASTX-toolkit, version 0.0.13 
(http://hannonlab.cshl.edu/fastx_toolkit/index.
html), converted to Fasta format and merged into 
a single file. Prepared sequences were de-replicated 
and subregions of ITS were selected with the use of 
ITSx, version 1.0.11 (Bengtsson-Palme et al., 2013). 

Unique sequences and those shorter than 100 bp were 
removed. Remaining sequences were clustered with 
97% sequence identity. The resulting representative 
sequences for each cluster were subjected to chime-
ra detection and removal using the UNITE UCHIME 
reference dataset, version 6.0 (https://unite.ut.ee/
index.php). The input sequences were then mapped 
onto the representative sequences and taxonomy as-
signed using RDP Classifier, version 2.10.2 (Wang et 
al., 2007) against UNITE fungal ITS reference data-
base, version 11.2 (Cole et al., 2014). This process 
resulted in the creation of a table of OTUs. Sequenc-
es were identified by comparison with reference se-
quences from the National Center for Biotechnology 
Information (NCBI) database.

Abundance of fungi was defined as the number of 
OTUs in a sample. Frequency of an individual taxon 
was defined as percentage (%) of OTUs in the total 
number of OTUs. Diversity was defined as the num-
ber of species in a sample.

Statistical analysis

Diversity in microbial communities was compared 
with diversity indices calculated for each communi-
ty, including their abundance and taxonomic compo-
sition (Magurran, 1988). Diversity in a community 
was indicated by Margalef ’s diversity index (DMg) 
and Shannon’s diversity index (H’). Evenness and 
dominance were indicated by Simpson’s diversity 
index (D), Shannon’s evenness index (E) and Berg-
er–Parker’s dominance index (d). The similarity be-
tween fungal communities was determined by calcu-
lating Sorensen’s qualitative similarity index (CN). 
Similarity and relationships among fungal commu-
nities are shown by a heat map and Venn diagram.

Results

In total, 264 307 OTUs were obtained from the 
deadwood of six oak logs using the Illumina se-
quencing technique (Table 1). This number includes 
sequences of culturable fungi (242 369 = 91.70%), 
non-culturable fungi (7 056 = 2.66%) and organ-
isms with no reference sequence in NCBI (14 880 = 
5.62%). The number of OTUs increased with the de-
cay class.

Ninety percent of culturable taxa were linked to 
a genus or species. The frequency of Zygomycota 
was 0.4–3.9%, Ascomycota was 81.3–89.2% and Ba-
sidiomycota was 2.8–5.7%. Wood was colonized by 
277 taxa. Culturable Zygomycota, Ascomycota and 
Basidiomycota comprised 74.4% of all taxa detected 
and were represented by 14, 139 and 53 taxa, respec-
tively. Non-culturable organisms were represented 
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Table 1. Fungi in wood of oak

No Taxa Order
Frequency (%) of OTUs

Decay class
1st 2nd 3rd

1 Ambomucor seriatoinflatus X.Y. Liu & R.Y. Zheng Mucorales 0.004 0.000 0.000

2 Mortierella alpina Peyronel + M. gamsii Milko + M. macrocystopsis W. Gams 
& Carreiro + M. parvispora Linnem.+ Mortierella sp. Mortierellales 0.035 0.046 0.036

3 Mucor abundans Povah + M. fragilis Bainier + M. genevensis Lendn. + M. 
silvaticus Hagem + M. racemosus Fresen. Mucorales 0.275 0.085 3.738

4 Umbelopsis isabellina (Oudem.) W. Gams + U. ramanniana (Möller) W. Gams 
+ Umbelopsis sp. Mucorales 0.040 0.000 0.100

Zygomycota 0.354 0.131 3.874

1 Alternaria alternata (Fr.) Keissl.+A. infectoria E.G. Simmons + A. rosae E.G. 
Simmons & C.F. Hil Pleosporales 0.041 0.067 0.017

2 Archaeorhizomyces finlayi Rosling & T.Y. James Archaeorhizomycetales 0.000 0.000 0.001
3 Arthoniomycetes   0.122 0.103 0.003
4 Ascocoryne sarcoides (Jacq.) J.W. Groves & D.E. Wilson Helotiales 7.620 0.092 2.182
5 Ascomycota   0.008 0.000 0.023

6

Aspergillus auratus Warcup + A. calidoustus Varga Houbraken & Samson + 
A. cervinus Massee + A. conicus Blochwitz + A. fumigatus Fresen. + A. halo-
philicus M. Chr.. Papav. & C.R. Benj. + A. kanagawaensis Nehira + A. nutans 
McLennan & Ducker + A. parvulus G. Sm. 

Eurotiales 2.820 0.281 7.319

7 Aureobasidium pullulans (de Bary & Löwenthal) G. Arnaud Dothideales 4.932 7.132 2.817
8 Babjeviella inositovora (Golubev & Blagod.) Kurtzman & M. Suzuki Saccharomycetales 0.000 0.000 0.125
9 Botryosphaeria stevensii Shoemaker Botryosphaeriales 18.140 0.126 0.016

10 Botrytis anthophila Bondartsev + B. cinerea Pers. Helotiales 0.027 13.411 0.003
11 Brachysporium nigrum (Link) S. Hughes Trichosphaeriales 0.023 0.053 0.013

12 Cadophora finlandica (C.J.K. Wang & H.E. Wilcox) T.C. Harr. & McNew + 
Cadophora sp. Helotiales 0.089 0.103 0.001

13 Candida albicans (C.P. Robin) Berkhout + C. zeylanoides (Castell.) Langeron 
& Guerra + Candida sp. Saccharomycetales 0.030 0.000 0.552

14 Capronia pilosella (P. Karst.) E. Müll. Petrini P.J. Fisher Samuels & Rossman Chaetothyriales 0.008 0.000 0.020
15 Cenangium acuum Cooke & Peck Helotiales 0.000 0.010 0.011
16 Cenococcum geophilum Fr. Mytilinidiales 0.023 0.000 0.001
17 Chaetomiaceae Sordariales 0.023 0.038 0.015

18 Chaetosphaeria decastyla (Cooke) Réblová & W. Gams + C. vermicularioides 
(Sacc. & Roum.) W. Gams & Hol.-Jech. + Chaetosphaeria sp. Chaetosphaeriales 0.004 0.000 0.390

19 Chaetothyriales Chaetothyriales 0.008 0.000 0.000
20 Chaetothyriomycetidae   0.000 0.002 0.000

21 Cladophialophora chaetospira (Grove) Crous & Arzanlou + Cladophialophora 
sp. Chaetothyriales 0.004 0.002 0.024

22 Cladosporium cladosporioides (Fresen.) G.A. de Vries + C. herbarum (Pers.) 
Link + C. sphaerospermum Penz. + C. tenuissimum Cooke + Cladosporium sp. Capnodiales 6.096 23.300 0.022

23 Colletotrichum capsici (Syd. & P. Syd.) E.J. Butler & Bisby + C. gloeosporioides 
(Penz.) Penz. & Sacc. Glomerellales 0.076 0.150 0.000

24 Cosmospora sp. Hypocreales 0.042 0.101 0.064
25 Debaryomyces hansenii (Zopf) Lodder & Kreger-van Rij Saccharomycetales 0.000 0.000 0.002

26 Dematioscypha catenata (Preuss) P.R. Johnst.+ D. dematiicola (Berk. & 
Broome) Svrček Helotiales 0.042 0.000 0.037

27 Dermateaceae Helotiales 0.782 0.082 0.071
28 Didymella macrostoma (Mont.) Q. Chen & L. Cai Pleosporales 0.000 0.073 0.000
29 Epicoccum nigrum Link Pleosporales 0.000 0.002 0.001
30 Erysiphe alphitoides (Griffon & Maubl.) U. Braun & S. Takam. Erysiphales 0.000 0.000 0.002
31 Eucasphaeria capensis Crous Hypocreales 0.000 0.002 0.000
32 Eurotiales Eurotiales 0.004 0.000 0.000
33 Exophiala angulospora Iwatsu Udagawa & T. Takase Chaetothyriales 0.000 0.000 0.001
34 Fulgidea oligospora (Timdal) Bendiksby & Timdal Umbilicariales 0.000 0.002 0.000
35 Fusarium lateritium Nees + F. oxysporum Schltdl.+ F. roseum Link Hypocreales 0.544 0.021 0.019
36 Geomyces auratus Traaen + G. pannorum (Link) Sigler & J.W. Carmich. Incertae sedis 1.340 0.000 16.655
37 Helotiales Helotiales 0.000 0.000 0.016
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No Taxa Order
Frequency (%) of OTUs

Decay class
1st 2nd 3rd

38 Hyaloscypha albohyalina (P. Karst.) Boud. Helotiales 0.000 0.004 0.013
39 Hymenoscyphus sp. Helotiales 0.012 0.002 0.001
40 Hypoxylon rubiginosum (Pers.) Fr. Xylariales 0.000 0.044 0.012
41 Infundichalara microchona (W. Gams) Réblová & W. Gams Helotiales 0.004 0.000 0.007
42 Lachnellula hyalina Dharne Helotiales 0.000 0.002 0.000
43 Lecythophora sp. Coniochaetales 23.560 0.258 0.095
44 Leotiomycetes Leotiomycetes 0.004 0.002 0.000

45 Leptodontidium trabinellum (P. Karst.) Baral. Platas & R. Galán + Leptodon-
tidium sp. Helotiales 0.447 0.058 1.311

46 Moristroma quercinum Nordén Phaeomoniellales 0.000 0.000 0.013
47 Natantiella ligneola (Berk. & Broome) Réblová Incertae sedis 0.000 0.000 0.010
48 Nakazawaea holstii (Wick.) Y. Yamada. K. Maeda & Mikata Saccharomycetales 0.004 0.000 0.000
49 Nectria cinnabarina (Tode) Fr. Hypocreales 0.019 0.044 0.002
50 Nemania serpens (Pers.) Gray Xylariales 0.000 0.000 0.004
51 Neocatenulostroma germanicum (Crous & U. Braun) Quaedvl. & Crous Capnodiales 0.096 0.199 0.010

52 Oidiodendron chlamydosporicum Morrall + O. periconioides Morrall + O. rho-
dogenum Robak + O. tenuissimum (Peck) S. Hughes Incertae sedis 0.015 0.136 3.285

53 Ophiostoma novo-ulmi Brasier Ophiostomatales 16.370 20.155 23.414
54 Orbilia coccinella Fr. + O. eucalypti (W. Phillips & Harkn.) Sacc. Orbiliales 0.011 0.002 0.001

55

Penicillium adametzii K.M. Zaleski + P. buchwaldii frisvad & Samson + P. 
canescens Sopp +
P. citreonigrum Dierckx + P. expansum Link + P. glabrum (Wehmer) Westling 
+ P. lanosum Westling + P. longicatenatum Visagie Busby Houbraken & K. 
Jacobs + P. macrosclerotiorum L. Wang X.M. Zhang & W.Y. Zhuang + P. 
quercetorum Baghd. + P. rubens Biourge + P. saturniforme (L. Wang & W.Y. 
Zhuang) Houbraken & Samson + P. solitum Westling + P. spinulosum Thom 
+ P. thomii Maire + P. westlingii K.M. Zaleski

Eurotiales 0.975 1.660 21.150

56 Pesotum piceae J.L. Crane & Schokn.  Ophiostomatales 0.000 0.029 0.001
57 Pestalotiopsis sp. Xylariales 0.023 0.006 0.021
58 Phaeosphaeria juncophila Leuchtm. Pleosporales 0.004 0.000 0.000

59 Phialocephala fortinii C.J.K. Wang & H.E. Wilcox + P. nodosa J.B. Tanney & 
B. Douglas Helotiales 0.840 0.008 0.024

60 Phialophora sp. Chaetothyriales 2.950 12.800 0.051
61 Phoma herbarum Westend Pleosporales 0.034 0.018 0.009
62 Phomopsis juglandina (Sacc.) Höhn. Diaporthales 0.076 0.034 0.003
63 Pleotrichocladium opacum (Corda) Hern.-Restr.. R.F. Castañeda & Gené Sordariales 0.000 0.000 0.001
64 Pleurostoma richardsiae (Nannf.) Réblová & Jaklitsch Calosphaeriales 0.000 0.000 0.002
65 Pseudogymnoascus pannorum (Link) Minnis & D.L. Lindner + P. roseus Raillo Incertae sedis 0.545 0.002 0.158
66 Rhinocladiella atrovirens Nannf. Chaetothyriales 0.000 0.002 0.008
67 Rhizosphaera kalkhoffii Bubák Dothideales 0.243 0.486 0.950

68 Saccharomyces cerevisiae Meyen ex E.C. Hansen + S. pastorianus Reess ex 
E.C. Hansen Saccharomycetales 0.035 0.000 0.316

69 Sagenomella diversispora (J.F.H. Beyma) W. Gams + S. striatispora (Onions & 
G.L. Barron) W. Gams Eurotiales 0.000 0.000 0.002

70 Scheffersomyces shehatae (H.R. Buckley & Uden) Urbina & M. Blackw. Saccharomycetales 0.008 0.048 5.838
71 Scytalidium album L. Beyer & Klingström Incertae sedis 0.000 0.006 0.004
72 Sporothrix sp. Ophiostomatales 0.008 0.002 0.092
73 Sugiyamaella paludigena (Golubev & Blagod.) H. Urbina & M. Blackw. Saccharomycetales 0.000 0.017 0.000
74 Sydowia polyspora (Bref. & Tavel) E. Müll. Dothideales 0.004 0.017 0.001

75
Talaromyces islandicus (Sopp) Samson N. Yilmaz Frisvad & Seifert + T. 
rugulosus (Thom) Samson N. Yilmaz Frisvad & Seifert + T. variabilis (Sopp) 
Samson N. Yilmaz Frisvad & Seifert + Talaromyces sp.

Eurotiales 0.034 0.050 0.001

76 Taphrina purpurascens B.L. Rob. Taphrinales 0.011 0.000 0.000
77 Titaea maxilliformis Rostr. Tubeufiales 0.023 0.000 0.000

78
Trichoderma asperellum Samuels Lieckf. & Nirenberg + T. minutisporum Bis-
sett + T. paraviridescens Jaklitsch Samuels & Voglmayr + T. semiorbis (Berk.) 
Jaklitsch & Voglmayr + T. sinuosum P. Chaverri & Samuels

Hypocreales 0.008 0.059 0.063
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No Taxa Order
Frequency (%) of OTUs

Decay class
1st 2nd 3rd

79 Xenoacremonium falcatum L. Lombard & Crous Hypocreales 0.000 0.000 0.01
Ascomycota 89.203 81.303 87.306

1 Agaricomycotina   0.000 0.000 2.912
2 Amanita rubescens Pers. Agaricales 0.000 0.067 0.000
3 Armillaria cepistipes Velen.+ A. gallica Marxm. & Romagn. Agaricales 0.863 2.285 0.478
4 Asterotremella sp. Tremellales 0.000 0.000 1.025
5 Athelia acrospora Jülich Atheliales 0.065 0.000 0.002
6 Baeospora sp. Agaricales 0.019 0.000 0.000
7 Basidiomycete   0.027 0.040 0.006
8 Bjerkandera adusta (Willd.) P. Karst. Polyporales 0.000 0.059 0.012
9 Chlorophyllum olivieri (Barla) Vellinga Agaricales 0.000 0.000 0.005

10 Cryptococcus tephrensis Vishniac + Cryptococcus sp. Tremellales 0.000 0.174 0.005
11 Cuniculitrema polymorpha R. Kirschner & J.P. Samp. Tremellales 0.000 0.000 0.002
12 Dacrymycetes   0.000 0.038 0.000
13 Daedaleopsis confragosa (Bolton) J. Schröt. Polyporales 0.027 0.000 0.000
14 Dioszegia hungarica Zsolt Tremellales 0.015 0.000 0.000
15 Entocybe turbida (Fr.) T. J. Baroni V. Hofstetter & Largent Agaricales 0.030 0.120 0.019

16 Filobasidium wieringae (Á. Fonseca. Scorzetti & Fell) Xin Zhan Liu. F.Y. Bai. 
M. Groenew. & Boekhout Filobasidiales 0.042 0.000 0.000

17 Ganoderma applanatum (Pers.) Pat. Polyporales 0.000 0.000 0.013

18 Genolevuria armeniaca (Á. Fonseca & J. Inácio) Xin Zhan Liu. F.Y. Bai. M. 
Groenew. & Boekhout Tremellales 0.021 0.000 0.000

19 Hamamotoa lignophila (I. Dill. C. Ramírez & A.E. González) Q.M. Wang. 
F.Y. Bai. M. Groenew. & Boekhout Sporidiobolales 0.011 0.000 0.001

20 Hebeloma pamphiliense Cittadini Lezzi & Contu Agaricales 0.019 0.000 0.000
21 Hymenogaster pruinatus R. Hesse Agaricales 0.000 0.000 0.004
22 Hyphoderma setigerum (Fr.) Donk Corticiales 0.019 0.000 0.000
23 Itersonilia perplexans Derx Cystofilobasidiales 0.008 0.000 0.000
24 Leucosporidium sp. Leucosporidiales 0.000 0.000 0.050

25 Malassezia globosa Midgley E. Guého & J. Guillot 1996 + M. sympodialis R.B. 
Simmons & E. Guého + Malassezia sp. Malasseziales 0.414 0.346 0.035

26 Mycena cinerella (P. Karst.) P. Karst. Agaricales 0.000 0.035 0.000
27 Paratritirachium sp. Tritirachiales 0.000 0.000 0.001
28 Peniophora piceae (Pers.) J. Erikss. Russulales 0.000 0.000 0.016
29 Peniophorella pubera (Fr.) P. Karst. Corticiales 0.003 0.000 0.004

30 Phlebia radiata Fr. + P. rufa (Pers.) M.P. Christ.+ P. tremellosa (Schrad.) 
Nakasone & Burds. Corticiales 0.000 0.000 0.176

31 Pleurotus ostreatus (Jacq.) P. Kumm. + P. cervinus (Schaeff.) P. Kumm. Agaricales 0.015 0.000 0.010
32 Postia rennyi (Berk. & Broome) Rajchenb. Polyporales 0.011 0.000 0.000
33 Resinicium bicolor (Alb. & Schwein.) Parmasto Incertae sedis 0.057 0.000 0.002

34 Russula nigricans Fr. Russulales 0.000 0.000 0.025

35 Saitozyma podzolica (Babeva & Reshetova) Xin Zhan Liu. F.Y. Bai. M. Groe-
new. & Boekhout Tremellales 0.000 0.000 0.003

36 Sebacinales Sebacinales 0.000 0.013 0.002
37 Sporobolomyces roseus Kluyver & C.B. Niel Sporidiobolales 0.000 0.000 0.001
38 Stereum sanguinolentum (Alb. & Schwein.) Fr. Russulales 0.000 0.008 0.000

39 Trichosporon porosum (Stautz) Middelhoven Scorzetti & Fell + Trichosporon 
sp. Tremellales 0.700 0.130 0.703

40 Wallemia sebi (Fr.) Arx Wallemiales 0.027 0.000 0.000

41 Vishniacozyma carnescens (Verona & Luchetti) Xin Zhan Liu. F.Y. Bai. M. 
Groenew. & Boekhout Tremellales 0.011 0.000 0.000

42
Xylodon brevisetus (P. Karst.) Hjortstam & Ryvarden + X. detriticus (Bour-
dot & Galzin) Tura Zmitr. Wasser & Spirin + X. flaviporus (Berk. & M.A. 
Curtis ex Cooke) Riebesehl & Langer

Hymenochaetales 0.350 1.165 0.203
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by 70 taxa. Wood in the 1st, 2nd and 3rd decay classes 
was colonized by 92, 94 and 149 taxa of culturable 
fungi, respectively. The highest number of taxa of As-
comycota was in the 1st decay class, and of Zygomy-
cota and Basidiomycota in the 3rd decay class.

Seventy–seven fungal taxa were common to the 1st 
and 2nd decay classes, and 51 occurred in wood of all 
three decay classes (Fig. 1).

The most common fungi were Ascocoryne sarcoides, 
Aspergillus kanagawaensis, Aureobasidium pullulans, 
Botryosphaeria stavensii, Botrytis cinerea, Cladospori-
um herbarum, C. tenuissimum, Geomyces pannorum, Le-
cythophora sp., Mucor abundans, Ophiostoma novo-ulmi, 
Penicillium spinulosum, Phialophora sp. and Scheffersomy-
ces shehatae.

Fungi detected were: (i) typical soft rot fungi, i.e. 
Aspergillus spp., Cadophora spp., Chaetosphaeria spp., 
Lecythophora sp., Penicillium spp., Phialocephala forti-
nii, Phialophora sp., Phoma herbarum, Talaromyces spp.; 
(ii) phytopathogens potentially hazardous to trees, 
i.e. Armillaria spp., Bjerkandera adusta, Botryosphaeria 
stevensii, Cenangium acuum, Botrytis spp., Colletotrichum 
spp., Cosmospora sp., Daedaleopsis confragosa, Didy-
mella macrostoma, Erysiphe alphitoides, Fusarium spp., 
Ganoderma applanatum, Hymenoscyphus sp., Itersonilia 

perplexans, Lachnellula hyalina, Nectria cinnabarina, Ne-
ocatenulostroma germanicum, Nemania serpens, Ophi-
ostoma novo-ulmi, Pesotum piceae, Pestalotiopsis sp., 

Basidiomycota 2.754 4.440 5.715
Fungi 95.527 87.205 99.960
Culturable fungi 92.311 85.874 96.896
Non-culturable fungi 3.616 1.331 3.065
No sequence in NCBI database 4.073 12.795 0.039
Pathogens 36.630 37.236 25.046
Mycorrhizal fungi including
Ectomycorrhizal species
Ericoid mycorrhiza species

2.061
0.072
1.989

0.432
0.187
0.245

20.157
0.045

20.1121

Number

OTUs 26 310 52 297 185 
700

Taxa 155 117 216
Fungal taxa 143 109 197
Culturable fungi 111 94 149
Non-culturable fungi 32 15 48
Zygomycota taxa
Ascomycota taxa

11
71

3
72

11
105

Basidiomycota taxa 29 19 33
Indices

Margalef ’s diversity index-DMg 15.72 13.35 17.23
Shannon’s diversity index- H’ 0.23 2.54 2.71
Simpson’s diversity index–D 0.87 0.88 0.87
Shannon’s evenness index-E 0.05 0.51 0.51
Sorensen qualitative similarity index (CN) between decay class 1st and 2rd , 2nd and 3rd 0.5660     0.4144
Sorensen qualitative similarity index (CN) between decay class 1st and 3rd 0.4798

1 – An increase in ericoid mycorrhiza species was mostly attributed to an increase in frequency of Geomyces spp. which are also common 
in soil and alternatively they can be classified as the soil species.

Fig. 1. Venn diagram: overlapping circles illustrate the sim-
ilarities, differences, and relationships between fungal 
communities, with numbers of taxa shown
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Phaeosphaeria juncophila, Phoma herbarum, Phomop-
sis juglandina, Pleurostoma richardsiae, Rhizosphaera 
kalkhoffii, Stereum sanguinolentum, Sydowia polyspora, 
Taphrina purpurascens and Xenoacremonium falcatum; 
(iii) epiphytes and endophytes or weak, opportun-
istic pathogens, i.e. Alternaria spp., Aureobasidium 
pullulans, Babjeviella inositovora, Cladosporium spp., 
Epicoccum nigrum, Phialocephala spp., Phialophora sp., 
Postia rennyi; (iv) ectomycorrhizal Amanita rubescens, 
Cenococcum geophilum, Entocybe turbida, Hebeloma pam-
philiense, Russula nigricans; (v) ericoid mycorrhizal 
Cadophora finlandica, Geomyces spp., Hyaloscypha al-
bohyalina, Oidiodendron spp., Pseudogymnoascus spp.; 
(vi) crust fungi, i.e. Phlebia radiata, Peniophora piceae, 
Xylodon spp.; (vii) resupinate basidiomycetes, i.e. 
Athelia acrospora, Resinicium bicolor; (viii) saprotrophs 
and soil fungi, i.e. Ascoryne sarcoides, Aspergillus spp., 
Brachysporium nigrum, Chlorophyllum olivieri, Exophiala 
angulospora, Geomyces spp., Infundichalara microchona, 
Leptodontidium spp., Moristroma quercinum, Mucor spp., 
Mycena cinerella, Natantiella ligneola, Orbilia coccinella, 
Penicillum spp., Peniophorella pubera, Pleurotus ostreatus, 
Resinicium bicolor, Talaromyces spp., Umbelopsis spp., Xy-
lodon brevisetus; (ix) opportunistic human pathogens 
causing superficial or systemic mycoses, i.e. Cladophi-
alophora spp., Exophiala angulospora, Lecythophora sp., 
Malassezia spp., Paratritirachium sp., Phoma herbarum, 
Rhinocladiella atrovirens, Sagenomella diversispora, Sporo-
thrix sp.; (x) pathogens of warm- or cold-blooded an-
imals, i.e. Geomyces spp., Sagenomella, Scytalidium sp., 
Malassezia spp.; (xi) ascomycetous yeasts, i.e. Babje-
viella inositovora, Candida spp., Cladophialophora spp., 
Debaryomyces hansenii, Exophiala angulospora, Hamamo-
toa lignophila, Nakazawaea, Saccharomyces spp., Scheffer-
somyces shehatae, Sugiyamaella paludigena, Trichosporon 
spp.; (xii) basidiomycetous yeasts, i.e. Asterotremella 
sp., Cryptococcus spp., Dioszegia hungarica, Filobasidium 
wieringae, Genolevuria armeniaca, Hamamotoa lignophila, 
Leucosporidium sp., Saitozyma podzolica, Sporobolomyces 
roseus, Trichosporon porosum, Vishniacozyma carnescens; 
(xiii) antagonists of fungi, i.e. Resinicium bicolor, 
Trichoderma spp.; (xiv) producers of metabolites ef-
fective against pathogens, i.e. Ascocoryne sarcoides, 
Epicoccum nigrum, Geomyces spp., Scytalidium album; 
(xv) hyperparasites i.e. Asterotremella sp., Cosmospora 
sp., Pesotum piceae; (xvi) lichen-forming species, i.e. 
Fulgidea oligospora; (xvii) partners of other fungi, i.e. 
Infundichalara microchona which accompanies Poro-
daedalea pini (Brot.) Murrill.; (xviii) species rare or 
uncommon in nature, i.e. Babjeviella inositovora, Eucas-
phaeria capensis and Hymenogaster pruinatus.

The frequency of pathogens decreased with the 
degree of decay from 36.63% in the 1st decay class to 
25.05% in the 3rd decay class. The frequency of my-
corrhizal fungi increased with the decay continuum 
from 2.06% in the 1st decay class to 20.16% in the 3rd 
decay class.

Margalef ’s diversity index (DMg), Shannon’s di-
versity index (H’) and Simpson’s diversity index (D) 
indicated a trend for increased diversity along the de-
cay continuum (Table 1). The dominance of single 
taxa in communities resulted in small and similar 
values for Shannon’s evenness indices (E). Shan-
non’s evenness index (E) shows that there was more 
evenness in wood in the 2nd and the 3rd decay classes 
than in wood in the 1st decay class. Berger–Parker’s 
dominance index (d) suggests more dominance by a 
single species in wood in the 2nd decay class than in 
wood in the 1st or 3rd decay classes. Sorensen qual-
itative similarity indices (CN) showed the fungal 
communities to have 41–57% similarity. The level of 
differences between communities are shown graphi-
cally by the heat map (Table 1).

Discussion

Until recently, deadwood was perceived as a neg-
ative element in forest ecosystems, supposedly indi-
cating mismanagement, negligence and wastefulness 
(Stachura et al., 2007). Over the last decades, howev-
er, as scientific research has produced information on 
the functions of deadwood, the perception of dead-
wood in forest ecosystems has gradually changed 
(Merganičova et al., 2012; Gao et al., 2015). North 
American researchers were the first to recognize the 
importance of deadwood in forests (Radu, 2007). A 
number of publications have documented its signif-
icance for biodiversity (Ferris & Humphrey, 1999; 
Humphrey et al., 2004; Müller & Schnell, 2003; 
Schuck et al., 2004), nutrient cycling (Harmon et al., 
1986; Krankina et al., 1999; Lexer et al., 2000; Pas-
inelli & Suter, 2000), natural regeneration (Harmon 
& Franklin, 1989; Mai, 1999; Ulbrichová et al., 2006; 
Vorčák et al., 2005, 2006; Zielonka, 2006) and other 
processes.

Nowadays, deadwood is of increasing interest not 
only to ecologists, but also to foresters and scien-
tists. It is increasingly often recognized as an impor-
tant component in the functioning of forest ecosys-
tems (Vandekerkhove et al., 2009) and is becoming 
an integrated part of forest management (Marage & 
Lemperiere, 2005). Deadwood has been selected as 
a pan-European indicator of sustainable forest man-
agement (Ministerial Conference of Protection of 
Forest Ecosystems (MCPFE), 2002) and is also one 
of 15 main indicators of biodiversity proposed by the 
European Environmental Agency (Humphrey et al., 
2004).

The main saproxylic taxa are fungi. Fungi are the 
first colonizers of deadwood and begin one of the 
main phases of nutrient cycling (Caza, 1993). Spe-
cialized wood-inhabiting fungi decompose organic 
molecules of wood, by production of wood-degrading 
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enzymes, and thus release nutrients for plants. The 
various processes that they employ to degrade wood 
components result, directly or indirectly, in further 
decay of wood, which becomes colonized by unspe-
cialized species, next in the fungal succession (Ham-
mel et al., 2002; Kwaśna et al., 2016a, b; 2017). The 
pattern of fungal distribution can provide specific 
information on the significance of fungi in the func-
tioning and stability of the ecosystem (Kubartová et 
al., 2012).

The present study on fungal colonization of log 
deadwood of Q. petraea was made in awareness that 
bark and heartwood are generally more resistant 
than sapwood to fungal colonization and decomposi-
tion, and that separate analysis of each would be ad-
visable. It was decided, however, to pool heartwood 
and sapwood for mycological analysis because (i) no 
important differences between the according to van 
der Wal et al. (2017) there was no bigger difference 
in structure of fungal communities from heartwood 
and sapwood of Quercus rubra L. had been found (van 
der Wal et al., 2017), and (ii) it was often difficult 
to separate heartwood from sapwood in the 3rd decay 
class.

In the six 3–30-year-old Q. petraea logs there were 
264 307 different OTUs, which is 127-fold more than 
the 2 080 OTUs found in nine samples of 3-year-old 
Q. rubra logs using high-throughput sequencing (by 
van der Wal et al., 2017), but less than the 687 662 
and 1 861 279 OTUs found in 20 samples of broad-
leaved trees from two locations in neotropical Atlan-
tic forests using massively parallel sequencing (Vaz 
et al., 2017). There were also 277 fungal taxa, which 
is more than the 141 taxa detected in deadwood of 
Quercus robur L. using the classical method based on 
isolation and microscopic analysis (Kwaśna et al., 
2016b), the 100 taxa detected in neotropical Atlantic 
forests (Vaz et al., 2017), and the 15 species detected 
in Q. rubra logs (by van der Wal et al., 2017). In two 
other tree species, beech and Scots pine, respectively 
96 and 138 fungal taxa were detected by isolation 
and microscopic analysis (Fukasawa et al., 2009; 
Kwaśna et al., 2016b). The impressive total of 277 
taxa was recorded despite the presence of a microbi-
al barrier and selection for specialized rotting fungi, 
which can decompose the highly resistant oak wood 
containing such organic compounds as tannins and 
suberin (Vane et al., 2006; van der Wal et al., 2017).

There was a significant positive relationship be-
tween wood decay class and fungal diversity. This 
agrees with observations of Rajala et al. (2011, 
2015) and van der Wal et al. (2015, 2016, 2017) but 
not with Kwaśna et al. (2017), probably because of 
the different techniques used for fungal detection. 
According to Rajala et al. (2015), fungal diversity 
is inversely related to wood density and C/N ratio 
(which decrease along the decay continuum) and 

directly related to moisture and the lignin content of 
wood (which increase along the decay continuum). 
Competition, succession or complementarity among 
fungi may, however, contribute to the final diversity 
as well as to the decay rate. Thus, the exact mecha-
nisms for positive or negative diversity-wood decay 
relationships in species-rich communities remain 
largely unknown and are challenging to investigate.

Ascomycota were dominant, particularly in wood 
of the 1st decay class where their frequency increased 
to over 89% of all fungi detected. Dominance of As-
comycota in deadwood was also observed by Vaz et 
al. (2017). Many Ascomycota taxa detected were soft 
rot fungi, meaning that they can break down cellu-
lose and hemi-cellulose, but not harder structural 
substances such as lignin (Mäkelä et al., 2015). The 
high abundance of Ascomycota in oak wood was ex-
pected since they are more frequent in wood of de-
ciduous than coniferous trees (Gutowski et al., 2004; 
Kwaśna et al., 2016b). Deciduous trees are more 
susceptible than coniferous trees to colonization by 
Ascomycota because of their higher content of cel-
lulose and hemicellulose, but not of lignin, which is 
in greater amounts in conifers. Coniferous species 
also contain resins, which limit fungal colonization 
(McKnight & Mullins, 1981; Macdonald et al., 2016). 
The abundance and wide distribution of Ascomycota 
may also be explained by their intensive production 
of easily-dispersed spores.

Ascomycota were still dominant in the 2nd and 3rd 
decay classes (with high frequency of 81–87%) and 
associated with only a small increase of Basidiomy-
cota. The soft rot phase caused by Ascomycota in oak 
deadwood is therefore long and progresses slowly, 
the fungi not being replaced by more aggressive but 
less frequent wood-decaying Basidiomycota (Vane 
et al., 2006). In nature, soft rot usually occurs when 
wet and dry seasons alternate. It is limited to surface 
layers of wood (2–4 mm) in periods of higher humid-
ity. In a drought the decomposed wood crumbles and 
the deeper layers are exposed to further colonization 
and decomposition. High moisture in wood inhibits 
the growth of wood-decaying Basidiomycota. The 
lower concentrations of toxic carbon monoxide in 
the exposed layers of wood favour colonization by 
fungi (Eaton & Hale, 1993).

Fukasawa et al. (2011) reported that soft rot taxa 
are secondary colonizers, present during the final 
stages of wood decomposition. In the present study, 
however, greatest abundance of Ascomycota oc-
curred in the early stages of wood decay, although 
fungal diversity increased substantially along the de-
cay continuum. This is consistent in part (abundance 
but not diversity on/in oak deadwood) with earli-
er studies (Kwaśna et al., 2016 b). Less abundance 
associated with greater diversity may result from a 
changed structure, physical characters and chemical 
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composition of the wood and the location and posi-
tion of the logs.

Logs of Q. petraea were shown to be a habitat for 
pathogens potentially dangerous to trees and haz-
ardous to forest health. They are often pathogens 
of foliage, stems, trunks and roots, with cosmopol-
itan distribution. Armillaria spp., Bjerkandera adusta, 
Daedaleopsis confragosa, Ganoderma applanatum, Hy-
phoderma setigerum, Resinicium bicolor and Stereum san-
guinolentum can cause root rot, white rot or red heart 
rot on living or injured conifers and deciduous trees 
(Schmidt, 2006). Botryosphaeria stevensii, Lachnellula 
hyalina, Nectria cinnabarina, Phomopsis juglandina and 
Xenoacremonium falcatum have been frequently associ-
ated with dieback and cankers in oak, larch, walnut 
and other deciduous trees (Alves et al., 2004; Anag-
nostakis, 2007; Lombard, et al., 2014). Cenangium ac-
uum, Neocatenulostroma germanicum, Rhizosphaera kalk-
hoffii and Sydowia polyspora colonize pine and spruce 
needles and cause needle blight or needle necrosis 
and cast (Skilling & Walla, 1986; Markovskaja et al., 
2016). The genus Colletotrichum contains important 
anthracnose pathogens (Damm et al., 2010). Erysiphe 
alphitoides causes powdery mildew on oak trees. The 
Fusarium spp. detected can cause damping-off, wilt-
ing of the foliage, necrosis and cankers of the bark 
(Gerlach & Nirenberg, 1982). Hymenoscyphus causes 
ash-dieback (Kowalski & Holdenrieder, 2009), Iter-
sonilia perplexans causes flower-petal blight and can-
kers (Boekhout et al., 1991) and Pestalotiopsis sp. 
causes diseases of foliage, stems and roots (Maha-
rachchikumbura et al., 2014). Phaeosphaeria species 
are pathogens of cereals, grasses, sedges, rushes, 
and grass-like plants. Pleurostoma richardsiae is a less-
er known vascular pathogen (Carlucci et al., 2013). 
Species of Alternaria, Athelia, Aureobasidium pullulans, 
Cladosporium spp., Botrytis spp., Brachysporium nigrum, 
Epicoccum nigrum and Phoma herbarum are facultative 
parasites of plants (including crops) and of lichens 
(Esslinger, 2009). The abundance of pathogens de-
creased with the decay continuum, in agreement 
with van der Wal et al. (2017). Some pathogens, i.e. 
Botryosphaeria stevensii, Botrytis spp., Colletotrichum 
spp., Fusarium spp., Hymenoscyphus sp., Nectria cinna-
barina, Neocatenulostroma germanicum, Pesotum piceae, 
Phoma herbarum, Phomopsis juglandina and Sydowia pol-
yspora, had almost disappeared from wood in the 3rd 
decay class.

Ophiostoma novo-ulmi was among the most abun-
dant fungi and dominant in all three decay classes. 
It causes the current Dutch elm disease (DED) pan-
demics and so far there have been no other records 
of O. novo-ulmi in oak deadwood. However, a high af-
finity of O. novo-ulmi to O. quercus (Georgev.) Nannf 
(expected on oak wood) has been noted (Harrington 
et al., 2001), which may explain its occurrence on the 
oak deadwood.

Armillaria gallica and A. cepistipes were most abun-
dant in wood in the 2nd decay class, consistent with 
earlier findings (Kwaśna et al., 2016b). Both species 
are known as opportunistic parasites in weakened or 
stressed trees (particularly A. gallica in oak). They 
may also act as saprotrophs, however, being able 
to decompose effectively plant residues containing 
lignin.

Each stage of decomposition seems to favour col-
onization by different pathogens. Those associated 
with dieback and cankers, e.g. Botryosphaeria stevensii, 
Fusarium spp., Nectria cinnabarina and Phomopsis jug-
landina, colonize wood at the early stages of decom-
position, and those associated with wilt and necro-
sis, e.g. Ophiostoma novo-ulmi, at the advanced stage. 
This results from specific adaptations for utilizing 
different qualities of deadwood, which differ accord-
ing to tree species, wood type (heartwood, sapwood 
or bark), sample size and decay rate (Abrego & Sal-
cedo, 2013). Although the frequency of pathogens 
decreased with increasing decay, the continuous 
presence of most pathogen species in deadwood rep-
resents a health risk for the forest, fungal diversity 
and fungal species conservation.

An increase in fungal diversity and a small de-
crease in abundance of Ascomycota as decay ad-
vanced were associated with only a small increase 
in the abundance of Basidiomycota, including path-
ogens, mycorrhizal species, white rot species and 
yeasts. This agrees with Rajala et al. (2011, 2012), 
Kubartová et al. (2012) and Ovaskainen et al. (2013) 
but not with Crawford et al. (1990), Lumley et al. 
(2001), Fukasawa et al. (2009, 2010) or Kim et al. 
(2009); the differences seem to result from incon-
sistency of methodologies used. Effects of position of 
the sampled logs on fungal diversity must, however, 
also be considered. In this study the sampled logs 
were lying horizontally on the ground. They were not 
only exposed to the local microclimate but also to 
colonization via air, by wind, or from soil (common 
for Ascomycota) rather than from roots (possible for 
pathogenic or mycorrhizal Basidiomycota).

Basidiomycota occurred much less frequently than 
Ascomycota at each stage in the decomposition of log 
deadwood of Q. petraea. This is consistent with earli-
er findings (Kwaśna et al., 2016b). Ectomycorrhizal 
species were rare. There were only single records of 
the bracket fungi, Daedaleopsis confragosa and Ganoder-
ma applanatum. Only a few crust and resupinate Ba-
sidiomycota, Athelia sp., Phlebia radiata, Peniophorella, 
sp. and Resinicium bicolor, detected in this study were 
also found among 23 species from 3-year-old Q. rubra 
logs (vanstudied by van der Wal et al., 2017). How-
ever, the low similarity of mycobiota between the 
two studies may be explained by the different primer 
(fITS9) and methodology (high-throughput sequenc-
ing) used by van der Wal et al. (2017).
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Although ectomycorrhizal fungi were most abun-
dant in the 2nd decay class, colonization had already 
started in the earlier stage, in agreement with Renvall 
(1995), Rajala et al. (2012, 2015) and Ottosson et al. 
(2014). Wood-colonizing mycorrhizal species, apart 
from their primary function of translocating nutri-
ents from soil to plant roots, also the ability to de-
compose wood (Lindahl & Tunlid, 2015). Some spe-
cies even tend to produce fruit bodies more often in 
wood than in soil (Stokland et al., 2012). Conversely, 
other wood-decay fungi (in particular cord-forming 
Basidiomycota) are able to grow out of the wood and 
forage for new resources in soil (Boddy, 1993, 1999). 
An increase in mycorrhizal taxa in the 3rd decay class 
was mostly attributable to an increase in frequency 
of Geomyces spp. Apart from being ericoid mycorrhiza 
species, Geomyces spp. are also common in soil and 
can be classified as soil species.

Many saprotrophs detected, e.g. Capronia pilosella, 
Dematioscypha spp., Hyaloscypha albohyalina, Hypoxylon 
rubiginosum, Lecythophora sp., Moristroma quercinum, 
Natantiella ligneola, Nemania serpens, Oidiodendron spp., 
Orbilia spp., Paratritirachium sp., Penicillium spp., Penio-
phorella pubera, Phlebia spp., Pleurotus ostreatus, Postia 
rennyi, Sporothrix sp., Talaromyces spp., Trichoderma 
spp., Wallemia sebi and Xylodon spp., are known from 
decorticated and highly decayed wood of Quercus and 
other deciduous tree species or from soil (Domsch et 
al, 1980; Müller et al., 1987; Wojewoda, 2003). Oth-
ers; Réblová & Stepánek (2009). Other are known 
from conifer habitats: coniferous tree roots (Archae-
orhizomyces finlayi), cones (Baeospora sp.), needles 
and coniferous litter (Mycena cinerella) or coniferous 
wood (Peniophora piceae) (Tyler, 1991; Hutchinson et 
al., 2012).

Wood in the 3rd decay class became a habitat for 
many soil fungi. Their frequency had been increas-
ing with the decay continuum. Decay eventually re-
sults in the dead wood constituents becoming soil, 
in which wood and soil-inhabiting fungal commu-
nities converge. Wood-soil and soil-wood transfers 
have important implications for fungal community 
dynamics, recycling of forest nutrients, activity of 
mycorrhiza, relocation of resources and overall nutri-
ent fluxes in forest ecosystems (Philpott et al., 2014; 
Mäkipää et al., 2017).

Soil fungi were represented mainly by Zygomyco-
ta and ascomycetous Aspergillus spp., Geomyces spp., 
Penicillium spp., Sporothrix sp. and Trichoderma spp. In 
various habitats they often need to employ different 
ecophysiological strategies adapted to the character-
istics of the substrate (Watkinson et al., 2006). In-
crease in abundance of Zygomycota, which generally 
do not have any cellulolytic or ligninolytic abilities 
and are secondary colonizers of substrata rich in sim-
ple carbohydrates (Hudson, 1968; Nilsson, 1973; 
Osono & Takeda, 2001), in the strongly decayed 

wood, was presumably made possible by earlier de-
composition of wood by other fungi. Geomyces species 
are usually particularly common in soils of temper-
ate and high-latitude ecosystems (Kirk et al., 2008). 
They are capable of withstanding, and thriving in, 
cold, low-nutrient environments (Hayes, 2012)

Soil can be a source of inoculum for fungal col-
onization and decomposition of deadwood (van 
der Wal et al., 2007). Polyphenolic materials from 
vegetation diffusing into the deadwood often affect 
fungal abundance and diversity. Logs sampled for 
the present study were lying on a poor soil (iron-
rich podzolic soil formed on sand), which supported 
growth of only a few plant species, mostly grasses. 
However, organic matter composed of the remains 
of vegetation presumably affected the abundance and 
diversity of fungi, first in the soil and later in lying 
deadwood. More information is needed on the effects 
of soil properties and vegetation on wood decompo-
sition by fungi.

Among antagonists, the genus Trichoderma was not 
as abundant as has been suggested by studies based 
on the classical method isolation of fungi on artifi-
cial media and microscopic analysis (Kwaśna et al., 
2016b). Their least abundance in the primary stage 
of decay can be explained by their lack of enzymes 
that decompose lignin, which is still present in struc-
tures during early colonization (lamellae of cells and 
outer cell walls) (Eaton & Hale, 1993; Fukasawa et 
al., 2009). Before utilizing cellulose, Trichoderma re-
quires prior decomposition of lignin by other fungi 
(Schwarze et al., 2000; Schmidt, 2006).

Among hyperparasitic fungi detected, Asterotremel-
la sp. is known to grow on agarics (Prillinger et al., 
2007) and Cosmospora sp. on polypores and xylaria-
ceous fungi (Gräfenhan et al., 2011). Pesotum piceae 
grows on mats of Ceratocystis fagacearum (Bretz) J. 
Hunt. (Ruetze & Parameswaran, 1984); thus, by re-
ducing the chance of contamination of insect vectors 
with spores of C. fagacearum, P. piceae is likely to con-
tribute to the low efficiency of oak wilt transmission.

The character and size of the wood samples ana-
lysed may have affected fungal diversity. The samples 
originated from logs lying horizontally on the ground, 
and were large (60 x 20 x 20 cm). Their choice was 
dictated by earlier findings (Lindhe et al., 2004), in 
which fungal diversity (based on fruit-body invento-
ry) was found to be greater on logs than on stumps 
and increased with the size of sample. It seems 
that that larger wood pieces were able to maintain 
the more stable microclimatic conditions required 
by some specialized species (Heilmann-Clausen & 
Christensen, 2004; Kwaśna et al., 2017; van der Wal 
et al., 2017). There was much variation among the 
large numbers of taxa favouring each of the differ-
ent decay classes. The succession of fungi along the 
wood decay continuum is in agreement with other 
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studies (Renvall, 1995; Rajala et al., 2012; Ottosson 
et al., 2014).

Fungal communities in the oak deadwood stud-
ied here, in the continental climate of Europe, did 
not include as many Sordariomycetes as observed 
in deadwood in tropical broad-leaved forests (Vaz 
et al., 2017). This class was represented here by the 
very frequent Lecythophora sp. and Ophiostoma no-
vo-ulmi, and non-frequent members of Calosphaer-
iales, Chaetosphaeriales, Diaportales, Hypocreales, 
Sordariales, Trichosphaeriales and Xylariales. Leo-
tiomycetes (Ascomycota) was the most frequently 
represented class; it included Helotiales (13 taxa) + 
Incertae sedis (five taxa: Geomyces, Natantiella, Oidi-
odendron spp., Pseudogymnoascus spp. and Scytalidium 
album). The other more common orders were Saccha-
romycetales in class Saccharomycetes (seven taxa), 
Chaetothyriales (six taxa) and Eurotiales (five taxa) 
in Eurotiomycetes class Eurotiomycetes, Capnodi-
ales (two taxa) and Pleosporales (five taxa) in class 
Dothideomycetes. Four species of Ascomycota, i.e. 
Ascocoryne sarcoides, Leptodontidium trabinellum, Moris-
troma quercinum and Pestalotiopsis sp., were common 
to oak and tropical broad-leaved deadwood (Vaz et 
al., 2017).

The wood-decaying Basidiomycota included most-
ly white rot fungi. The majority of taxa (i.e. Agar-
icales, Atheliales, Corticiales, Hymenochaetales, 
Polyporales, Russulales, Tremellales) are Agaricomy-
cetes. There was only one taxon of brown rot fungus, 
Athelia acrospora. Van der Wahl et al., (2017) found, 
however, Athelia decipiens (Höhn. & Litsch.), Daedalea 
quercina (L.) Pers. and Serpula himantoides (Fr.) P. Karst 
on deadwood of Q. rubra.

The majority of fungi (90%) were identified to ge-
nus or species level. Application of the Illumina tech-
nique, which achieves sequencing by synthesis, and 
identification based on probability, therefore ensured 
a high level of accuracy and reliability. Classification 
of fungi was more effective than in other studies in 
which 454 sequences resulted in 40% of sequences 
unidentified even to genus level (Ovaskainen et al., 
2010; Kubartová et al., 2012).

Unexpectedly, DNA of Solanum pennellii, a wild 
green-fruited tomato with extreme stress tolerance 
and unusual morphology, endemic to Andean re-
gions in South America, was detected in wood at 
the 3rd decay class. The most reasonable explanation 
for this finding is a taxonomic mistake made by the 
depositor.

Conclusions: Coarse, woody debris of oak is host 
to abundant and diverse mycobiota. Density and di-
versity of fungi increase with the decay continuum. 
Oak logs can be a habitat for phytopathogens po-
tentially hazardous for forest health. Different phy-
topathogens favour wood in different decay classes. 
Abundance of pathogens decreases, and of ericoid 

mycorrhizal (or soil) species increases with the de-
cay continuum. Maintaining different types of dead-
wood increases fungal diversity, but also the risk of 
diseases.
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