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Pedunculate oak is among the most economically important deciduous forest 
tree species in Europe and is also a host for many important ectomycorrhizal 
(ECM) fungi. The aim of this study was to analyse the ECM fungal community in 
a mature pedunculate oak stand near Morović, Serbia in spring and autumn. 
ECM fungi were determined by combining morpho-anatomical characterization 
of ectomycorrhizas with molecular analysis based on PCR amplification of the 
internal transcribed spacer region of fungal nuclear ribosomal DNA. The num-
ber of ECM fungal taxa and the number of different categories of fine roots 
were counted, diversity indices were calculated, and ECM fungi were classified 
into exploration types. Twenty-one ECM fungal taxa were recorded in the stud-
ied mature pedunculate oak stand, 19 in spring and 13 in autumn. ECM com-
munities consisted of one dominant taxon and a larger number of rare taxa. 
Lactarius quietus was the most abundant ECM fungus in both seasons which 
made association with more than half of ECM root tips. At the stand near Mo-
rović,  contact  exploration type (ET)  dominated,  short-distance ET was  less 
abundant, while medium-distance fringe ET and long-distance ET were rare in 
both seasons. The most pronounced difference between seasons is recorded in 
the number of ECM fungal taxa. The number of ECM fungal taxa and diversity 
indices recorded in the studied pedunculate oak stand were lower or similar 
compared to values obtained in stands of oak species across Europe.

Keywords: Ectomycorrhizal Fungi, Quercus robur L., Morpho-Anatomical Char-
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Introduction
Pedunculate  oak  (Quercus  robur  L.)  be-

longs to the most economically important 
forest tree species in Europe because of its 
high-quality  wood  (Ducousso  &  Bordacs 
2004,  Eaton et al. 2016,  Kesić et al. 2018). 
Its acorns are a valuable source of food for 
many  animals  giving  it  a  great  ecological 
role (Eaton et al.  2016). Furthermore, this 
species  is  heliophilous,  and light-demand-
ing  which  enables  the  regeneration  of 
many other tree species and thus enriches 
forest biodiversity (Eaton et al.  2016).  Pe-
dunculate  oak  occurs  in  most  European 
countries  (Ducousso  &  Bordacs  2004, 
Eaton et al. 2016). In the Republic of Serbia, 
the area under the pedunculate oak covers 
32,400 ha (Banković et al. 2009) located in 
the valleys of the Sava, Danube, and Mor-

ava rivers, while the best quality peduncu-
late  oak  forests  are  situated  in  the  area 
Ravni Srem, Western Serbia (Radević et al. 
2020).

Ectomycorrhizal (ECM) fungi have a great 
influence  on  the  establishment,  growth, 
and  survival  of  trees  in  most  temperate 
ecosystems  because  they  provide  trees 
with water and nutrients in return for car-
bohydrates  (Smith  &  Read  2008).  Forest 
trees of the same and different species are 
connected  among  themselves  by  a  com-
mon  mycelial  network  formed  by  ECM 
fungi  which  have an  especially  important 
role in forest regeneration, succession, and 
resistance  against  different  stress  factors 
(Selosse  et  al.  2006).  Thus,  mycorrhizas 
play an essential role in the stability of for-
est  ecosystems which is  especially  impor-

tant under environmental stress (Milović et 
al.  2021a,  Stojanović  et  al.  2021).  Since 
stress tolerance and adaptation of ectomy-
corrhiza to different environmental condi-
tions depend on the species of  ECM fun-
gus,  knowledge  about  the  structure  of 
ECM  fungal  community  can  provide  valu-
able  information about  the  physiology  of 
forest  trees  (Kraigher  &  Petkovšek  2011). 
The latest findings of Anthony et al. (2022) 
showed  that  tree  growth  in  conifer  and 
broadleaved  forests  across  Europe  was 
strongly  correlated  with  the  composition 
of the ECM fungal community.

Oaks are hosts of many ECM fungi. In the 
DEEMY database there are 63 descriptions 
of ectomycorrhizas on Quercus spp. (Ager-
er & Rambold 2022). Especially species-rich 
is the genus  Russula containing 14 describ-
ed ECM fungi, while the genus Tuber (truf-
fles)  contains  nine  ECM  fungi,  some  of 
which being highly valuable as food (Katan-
ić et al. 2017). Moreover, members of the 
genus Quercus sp. and particularly Q. robur 
are  known  to  be  among  the  best  host 
plants for all the valuable European  Tuber 
species (Hall et al. 2007).

Ectomycorrhizas on temperate oaks were 
analysed across European countries (Suz et 
al. 2014), in Ireland (O’Hanlon & Harrington 
2012), south England (Barsoum et al. 2021), 
France  (Courty  et  al.  2008),  Central  Ger-
many (Schirkonyer et al. 2013), Austria (Ko-
vacs et al. 2000), and Poland (Bzdyk et al. 
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2019, Olchowik et al. 2019).
There is not much data about the diver-

sity of ECM fungi on oaks in the Republic of 
Serbia.  Initial  studies  were  performed  in 
sessile  oak stands from Fruška Gora (Mil-
ović et al. 2021b) and in the young pedun-
culate oak stand near Morović (Milović et 
al. 2022). The aim of this study was to ana-
lyse the ECM fungal community in mature 
pedunculate oak stand near Morović, Ser-
bia in two seasons spring and autumn.

Materials and methods

Sampling site and procedures
Sampling  was  conducted  in  145-year-old 

pedunculate oak (Quercus robur  L.)  stand 
under shelterwood cutting procedure. The 
stand was situated in forest administration 
“Morović”  under  management  of  Public 
Enterprise “Vojvodinašume” (44° 58′ 02.3″ 
N,  19°  10′ 56.2″ E;  elevation  86  m  a.s.l.), 
where some of the best pedunculate oak 
forests  of  Republic  of  Serbia are located. 
Other woody species, present with a minor 
share, are Acer campestre L. and Acer tatar-
icum  L.  According  to  meteorological  re-
cords from the nearby station of Sremska 
Mitrovica  over  the  period  1991-2020,  the 
mean annual temperature in the area is 11.8 
°C and the average annual rainfall  is  617.1 
mm.  According  to  the  average  monthly 
sum  of  precipitation  in  this  area,  the 
months with the most and the least precip-
itations  were  June  and  February,  respec-
tively  (http://www.hidmet.gov.rs/ciril/mete 
orologija/stanica_sr.php?moss_id=13266).

Physical and chemical properties were de-
termined in the surfice layer of the soil (up-
per 30 cm). The following soil characteris-
tics  were  analyzed:  particle-size  distribu-
tion  (%)  by  the  international  B-pipette 
method  with  preparation  in  sodium  py-
rophosphate; determination of soil textural 
classes  based  on  particle-size  distribution 
using  Atteberg  classification;  CaCO3 per-
centage  (%)  was  measured  volumetrically 
by using Scheibler’s calcimeter; and pH in 
H2O  was  determined  with  electrometric 
method using a combined electrode on Ra-
diometer  pH meter.  Carbon and nitrogen 

content  were  determined  with  CHN  ele-
ment  analyzer  (Vario® EL  III,  Elementar 
Analysensysteme,  Germany),  while  the 
content  of  humus  was  measured  by  the 
method  of  Turin.  All  analyses  were  per-
formed in the laboratory of Soil Science at 
the Institute of Lowland Forestry and Envi-
ronment in Novi Sad applying the method-
ology described by Galić et al. (2015).

Soil sampling was performed on 29th May 
2019  (spring)  and  1st October  2019  (au-
tumn) using a soil corer with a total volume 
of 274 ml and length of 18 cm . In both sea-
sons, ten soil samples were taken at about 
1 m from the target tree trunk. Soil samples 
were stored in a refrigerator at 4 °C for up 
to  three  months.  Before  analyses  each 
sample  was  submerged  overnight  in  tap 
water to loosen the soil structure. All fine 
roots were carefully washed from the soil 
and divided into vital ECM root tips, or old, 
nonturgescent,  and  nonmycorrhizal  roots 
using a dissecting stereomicroscope Olym-
pus SZX10® (Olympus Corp., Tokyo, Japan) 
with  magnifications  10-63×  (light  source: 
Olympus Highlight 3100, daylight filter). Vi-
tal  ECM  root  tips  were  categorized  into 
different morphotypes of ectomycorrhizas 
based on their morphological and anatomi-
cal characteristics using a dissecting micro-
scope and a microscope (Olympus BX53®) 
with magnifications 100-1000×.

Morphotypes  of  ectomycorrhizas  were 
described  following  the  methodology 
given by Agerer (1991) and Kraigher (1996). 
When it was possible, a fungal partner was 
determined by comparison of obtained de-
scriptions  with  published  descriptions  in 
Agerer (2008) or Agerer & Rambold (2022).

Morphotypes  of  ectomycorrhizas  were 
also classified into the exploration types as 
proposed by  Agerer (2001).  All  categories 
of fine root tips were quantified by count-
ing under the dissecting microscope.

Molecular identification of 
ectomycorrhizal fungi

Molecular  identification  of  fungus  from 
ECM root tip was based on PCR amplifica-
tion of internal transcribed spacer (ITS) re-
gion of fungal nuclear rDNA. Genomic DNA 
was extracted from 2-5 ECM root tips of ev-
ery ECM morphotype using a DNeasy® Plant 
Mini  Kit  (Qiagen, Hilden,  Germany).  Reac-
tions of amplification were performed us-
ing ITS 1F (Gardes & Bruns 1993) and ITS 4 
primer pair (White et al. 1990) in Eppendorf 
Master  cycler  (Eppendorf  AG,  Hamburg, 
Germany). The PCR mixture for each sam-
ple  was  composed of  2.5  µL  of  10×  Gold 
Buffer,  2  µL  of  deoxynucleotide  triphos-
phates  (0.2  mM  each),  0.6  µL  of  each 
primer  (10  µM  each),  2  µL  of  MgCl2  (2.0 
mM), 15 µL of sterile distilled water, 0.3 µL 
of Taq polymerase (5 U µL-1), and 2 µL of a 
DNA  extract.  Thermal  cycling  conditions 
were  as  follows:  initial  denaturation  and 
polymerase activation at 95 °C for 5 min; 13 
cycles at 94 °C for 45 s, 55 °C for 55 s and 72 
°C for 45 s; 13 cycles at 94 °C for 45 s, 55 °C 
for 55 s and 72 °C for 120 s; 12 cycles at 94 °C 

for 45 s, 55 °C for 55 s and 72 °C for 180 s 
and a final extension at 72 °C for 10 min. Af-
ter purification using the QIAquick PCR® pu-
rification  kit  (Qiagen,  Valencia,  CA,  USA) 
amplified DNA fragments were sent for se-
quencing to Macrogen Europe BV (Amster-
dam,  Netherlands).  The  ECM  fungi  were 
determined at the level of species, genus, 
or  family  by  comparing  the  obtained  se-
quences  to  those  deposited  in  GenBank 
(NCBI 2021) and UNITE (Nilsson et al. 2018) 
database.  The  threshold  value  applied  to 
differentiate the different OTUs based on 
ITS sequence similarity was 97%.

Data analysis
Diversity  indexes  were  calculated  per 

sample and per season (i.e., by pooling the 
ECM community data) following the formu-
las given by Atlas & Bartha (1981) and Tay-
lor et al. (2000): (i) species richness index 
(d) = (S-1)/log10N, where S is the number of 
ECM fungal taxa and N is the number of all 
mycorrhizal tips;  (ii)  Shannon-Weaver’s di-
versity index (H) = C/N (N logN – Σ ni  log ni), 
where C=2.3, N is the number of all mycor-
rhizal tips and  ni is the number of mycor-
rhizal  tips  of  an  individual  ECM  fungal 
taxon; (iii) Evenness (e) =  H/logS, where  H 
is  the  Shannon-Weaver’s  diversity  index 
and  S is  the number of  ECM fungal  taxa; 
(iv) Equitability (J) = H/Hmax, where H is the 
Shannon-Weaver’s diversity index and Hmax 

is  the  theoretical  maximum  H assuming 
that  each  ECM  fungal  taxon  was  equally 
abundant; (v) Berger-Parker’s evenness in-
dex (BP)  =  1  -  (Nmax/N),  where  Nmax is  the 
number of mycorrhizal tips of the most fre-
quent ECM fungal taxon and N is the num-
ber of all mycorrhizal tips.

Data from an individual  soil  sample was 
used  as  a  statistical  unit.  Student’s  t-test 
and Mann-Whitney’s U test were used to 
analyse seasonal  differences for  the mea-
sured parameters.  t-test was used to test 
the  significance  of  differences  between 
spring and autumn in the number of ECM 
fungal taxa; vital  ECM root tips;  old, non-
turgescent, and non-mycorrhizal roots; to-
tal number of fine root tips; percentage of 
vital  root  tips,  and  abundance  of  explo-
ration types (ET). In order to fit the normal 
distribution, data were transformed as fol-
lows:  count  data  were  transformed  by 
square root transformation (Bartlett 1936), 
while percentage values were transformed 
by  arcsine  transformation  using  the  Bliss 
formula  (Snedecor  &  Cochran  1976).  The 
Mann-Whitney U test was used to test the 
significance  of  differences  in  diversity  in-
dexes.  All  statistical  analyses  were  per-
formed using the package STATISTICA® ver. 
12 (StatSoft Inc., Tulsa, OK, USA).

Results
The chemical and physical characteristics 

of analyzed soil samples from the mature 
stand  of  pedunculate  oak  showed  high 
content  of  total  clay,  slightly  acidic  pH 
(6.31)  and concentration of  carbon,  nitro-
gen and humus of 2.26%, 0.126% and 3.12%, 
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Tab.  1 -  Physico-chemical  properties  of 
the  soil  from  the  mature  pedunculate 
oak  (Quercus  petrea L.)  stand  near 
Morović, NW Serbia.

Soil Property Value

Total sand (%) 30.4

Total clay (%) 69.6

Texture class Clayey-loam

pH in H2O 6.31

CaCO3 (%) 1.26

Humus (%) 3.12

Carbon (%) 2.26

Nitrogen (%) 0.13

C/N 17.93
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respectively (Tab. 1). According to its gran-
ulometric content, soil can be classified in 
the texture class clay loam, while soil type 
is chernozem gleic. The obtained C/N ratio 
is  favourable  and  leads  toward  nitrogen 
mineralization.

From 20 soil samples taken in the mature 
stand of pedunculate oak in two seasons, a 
total  of  51,739  fine  roots  were  analysed 
from  which  6,488  represented  vital  ECM 
root tips.

Total values of measured root parameters 
and diversity  indices had higher values in 
spring compared to autumn (Tab. 2).  The 
most pronounced difference was recorded 
in the number of ECM fungal taxa. Average 
values of all analysed parameters were also 
higher in spring than in autumn, but differ-
ences  were  not  statistically  significant 
(Tab. 2). However, p-value of t-test for the 
number  of  ECM  fungal  taxa  obtained  in 
two seasons was close to 0.05, which could 
indicate a certain trend in the decrease of 
this  parameter  in  autumn  compared  to 
spring.  In  both  seasons  oak  trees  had  a 
very low share of vital ECM root tips.

Twenty-one  ECM  fungal  taxa  were  re-
corded in the studied mature pedunculate 
oak  stand  in  the  two  analysed  seasons. 
Nineteen ECM fungal taxa were recorded 
in  spring  (14  Basidiomycota  and  five  As-
comycota), while 13 ECM fungal taxa were 
observed  in  autumn  (eight  of  Basidiomy-
cota  and  five  of  Ascomycota).  Thirteen 
ECM  taxa  were  identified  to  the  species 
level and eight to the genus level (Fig. 1). 
Eleven ECM fungi occured in both seasons: 
Cenococcum geophilum Fr.,  Cortinarius fus-
cogracilescens A.  Favre,  Inocybe  putilla 
Bres.,  Lactarius  quietus (Fr.)  Fr.,  Lactarius 
subumbonatus Lindgr.,  Scleroderma areola-
tum Ehrenb.,  Tuber  foetidum Vittad.,  Hu-
maria sp., Hydnotrya  sp.,  Russula sp.,  and 
Tomentella sp.  Following ECM fungi  were 
recorded  only  in  spring:  Clavulina  cristata 
(Fr.) J.Schroet., Pachyphlodes nemoralis Ho-
bart, Bona & Conde,  Russula insignis Quél., 

Russula  laeta Jul.  Schäff.,  Clavulina  alpina,  
Dermocybe  sp.,  Russulamelitodes and  To-
mentella sp. 1, while Inocybe sp. and Tuber 
sp.  were  observed  exclusively  in  autumn 
(Fig. 1).

The most abundant ECM fungus in both 
seasons was L. quietus which made associa-
tion with more than half  of  all  ECM root 

tips, while all other ECM fungal taxa were 
evidently less abundant.  R. laeta,  the sec-
ond  most  abundant  in  spring  was  not 
found  in  autumn,  while  L.  subumbonatus 
was the second most abundant ECM fun-
gus in autumn.  C. geophilum was the third 
most abundant fungal  taxon in both sea-
sons  (Fig.  1).  Family  Russulacae had  the 
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Fig. 1 - Relative abundance of ectomycorrhizal fungal taxa (based on the number of 
ectomycorrhizal root tips belonging to the particular ectomycorrhizal fungal taxon in  
relation to  all  ectomycorrhizal  root  tips)  in  a  mature  pedunculate  oak  stand near 
Morović (NW Serbia) in spring (a) and autumn (b).

Tab. 2 - Comparison of total and average values (± standard error) of number of ectomycorrhizal fungal taxa, vital ectomycorrhizal  
root tips, old, non-turgescent and non-mycorrhizal roots, total fine roots, % of vital ectomycorrhizal roots and diversity indexes in 
the mature pedunculate oak (Quercus petrea L.) stand near Morović (NW Serbia) in spring and autumn. (a): p-values after Student’s  
t-test; (b): p-values after the Mann-Whitney’s U test.

Parameter
Spring Autumn

p-valueTotal 
per site

Average per 
soil sample

Total 
per site

Average per 
soil sample

Number of ectomycorrhizal fungal taxa 19 4.5 ± 0.5 13 2.9 ± 0.7 0.055 a

Number of vital ectomycorrhizal root tips 4002 400.2 ± 197 2486 248.6 ± 101 0.442 a

Number of old, nonturgescent and nonmycorrhizal root tips 27570 2757 ± 896 17681 1768 ± 408 0.402 a

Total number of fine roots 31572 3157.2 ± 966 20167 2016.7 ± 460 0.381 a

% of vital ectomycorrhizal root 13 13 ± 4 12 11 ± 3 0.565 a

Species richness index (S) 4.99 1.59 ± 0.17 3.53 0.91 ± 0.25 0.064 b

Shannon-Weaver index (H) 1.91 1.09 ± 0.14 1.51 0.69 ± 0.20 0.186 b

Evenness (e) 1.49 1.71 ± 0.16 1.36 1.33 ± 0.32 0.970 b

Equitability (J) 0.64 0.74 ± 0.07 0.59 0.58 ± 0.14 0.970 b

Berger-Parker index (BP) 0.47 0.40 ± 0.07 0.38 0.32 ± 0.09 0.345 b
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highest  relative  abundance  and  species 
richness  in  both  analysed  seasons  (Fig.  2 
and Fig. 3).

There was no difference in the number of 
ECM  exploration  types  (ET)  between 
spring and autumn. In both seasons, con-
tact  ET  was  dominant,  which  was  associ-
ated with almost 70% of all vital ECM root 
tips,  and  followed  by  short  distance  ET. 
Contrastingly,  medium-  and  long-distance 
ETs were scarce (Fig. 4).

Discussion
In a mature pedunculate oak stand from 

the  site  near  Morović  in  spring  and  au-
tumn,  19  and  13  ECM  fungal  taxa  were 
recorded, respectively. In total, 21 ECM fun-
gal taxa were observed and analysed in the 
pedunculate  oak  stand  for  two  seasons. 
Our  results  are  similar  to  the  findings  of 

Milović et al. (2022) who recorded 18 ECM 
fungal taxa in summer in the young pedun-
culate oak stand from the same area. Simi-
larly,17 and 12 ECM taxa were determined 
in two sessile oak stands from Fruška Gora 
(Milović et al. 2021b). Furthermore, in three 
declining pedunculate oak stands in west-
ern Poland, the number of ECM fungal taxa 
ranged from 11  to  15  (Bzdyk et  al.  2019). 
Similarly, in a 150-year-old pedunculate oak 
forest in north-eastern Poland, fungal spe-
cies richness ranged from 12 to 14 taxa (Ol-
chowik et al. 2019). On sessile oak from the 
Taurus  mountains  in  Central  Germany,  18 
ECM  fungal  taxa  were  recorded  (Schirk-
onyer  et  al.  2013),  while  on  pedunculate 
and sessile oaks from Ireland, 21 ECM taxa 
were determined (O’Hanlon & Harrington 
2012). However, across three pedunculate 
oak-dominated  woodlands  in  southern 

England, the average species richness was 
in the range of 17-45 (Barsoum et al. 2021). 
Furthermore, in oak plots across European 
countries,  the  average  richness  of  ECM 
fungi  during  one  season  was  55,  ranging 
from 24 fungal taxa in the Netherlands to 
83 in Romania (Suz et al. 2014). A 15 month-
study  on  temporal  changes  in  the  ECM 
community  of  a  temperate  oak  forest  in 
northeast  France revealed 75  fungal  taxa 
(Courty et al. 2008). A 3 year-investigation 
of the diversity of ECM morphotypes in pe-
dunculate  and  sessile  oaks  in  Austria,  re-
vealed 46 and 38 ECM morphotypes (Ko-
vacs et al. 2000). The different number of 
ECM fungal taxa obtained in these studies 
could be explained by different age classes 
of oak stands and different sampling inten-
sities (i.e., different numbers or/and size of 
samples and different number of examined 
seasons).

On average, 4.5 and 2.9 ECM fungal taxa 
were recorded in soil samples from the ma-
ture pedunculate oak stand in spring and 
autumn, respectively. This is slightly lower 
in  comparison  to  the  young  pedunculate 
oak stand from the same locality, where six 
ECM  fungal  taxa  were  recorded  per  soil 
sample (Milović et al. 2022). The recorded 
values of fungal taxa per soil sample in this 
study  are  comparable  to  two  sessile  oak 
stands from Fruška Gora, where three ECM 
fungal  taxa  were  found  on  average  (Mil-
ović et al. 2021b). On the other hand, our 
results are considerably lower than those 
recorded on oaks in Austria (Kovacs et al. 
2000) where on average nine morphotypes 
were found.

Root colonization of mature pedunculate 
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Fig. 2 - Relative abundance 
of taxonomic families of 
ectomycorrhizal fungi 
based on the number of 
ectomycorrhizal root tips 
belonging to a particular 
family in relation to all 
ectomycorrhizal root tips 
in mature pedunculate oak 
stand near Morović (NW 
Serbia) in spring (a) and 
autumn (b).

Fig. 3 - Species richness of taxonomic families of ectomycorrhizal fungi based on the number of ectomycorrhizal taxa belonging to a  
particular family in relation to all ectomycorrhizal taxa in mature pedunculate oak stand near Morović (NW Serbia)in spring (a) and  
autumn (b).

Fig. 4 - Relative abundance of ectomycorrhizal exploration types in mature peduncu-
late oak (Quercus robur L.) stand near Morović (NW Serbia) in spring and autumn.
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oak trees with vital ECM fungi was very low 
(11-13%),  lower than in young pedunculate 
oak stand at the same locality (19%  –  Mil-
ović  et  al.  2022)  and  in  pedunculate  oak 
trees from the old-growth forest in Poland 
(23-27% – Olchowik et al. 2019). A consider-
ably  low  number  of  ECM  fungal  taxa  re-
corded  in  the  mature  pedunculate  oak 
stand near Morović (21) could be related to 
low levels of oak root colonization with vi-
tal ECM fungi.

Values of the Shannon-Weaver index ob-
tained in soil samples from the mature pe-
dunculate stand in spring and autumn (1.09 
and 0.69) were considerably lower in com-
parison  to  young  pedunculate  oak  stand 
from the same area near Morović (1.44  – 
Milović et al. 2022), to vital (1.2-1.3) and de-
clining (1.3-1.5) sessile and pedunculate oak 
trees in Austria (Kovacs et al. 2000), and in 
a  Quercus  ilex stand  3  years  after  fire  in 
Spain  (1.1-1.4  – De  Román  &  De  Miguel 
2005).  However,  the  values  of  Shannon-
Weaver index obtained in this study were 
comparable to those recorded in two pe-
dunculate  oak  stands  from  Fruška  Gora 
(0.69 and 0.87 – Milović et al. 2021b).

The number of ECM fungal taxa, number 
of vital ECM root tips, number of old, non-
turgescent  and  nonmycorrhizal  root  tips, 
the total  number of  fine roots,  %  of  vital 
ECM root tips, and diversity indices in ma-
ture  pedunculate  oak  (Quercus  robur L.) 
stand from site near Morović were higher 
in spring compared to autumn, which is in 
accordance to the findings of Milović et al. 
(2021c) in  a  mature  poplar  plantation.  In 
the A1 soil horizon (0-5 cm) of a temperate 
oak forest in France, the maximum species 
richness of ECM fungi was recorded in Sep-
tember of the first year of the study, but in 
September of the next year, the same pa-
rameter had a minimum value (Courty et al. 
2008). It might be assumed that factors af-
fecting  the  richness  of  ECM  fungi  could 
vary from year to year. Furthermore, in Po-
land in temperate oak forest soil, Voríšková 
et al. (2014) found that the fungal commu-
nity had been affected by season. The most 
important  factors  contributing to the ob-
served  variations  were  litter  decomposi-
tion and allocation of photosynthate.

ECM  communities  of  the  examined  ma-
ture oak stand near Morović consisted of 
one dominant and many rare fungal taxa. 
Many  previous  studies  showed  that  ECM 
communities have few dominant and many 
rare fungal taxa (Suz et al. 2014, Milović et 
al. 2021b,  2022). ECM fungus  Lactarius qui-
etus dominated ECM fungal community in 
mature pedunculate oak stand in both sea-
sons and made more than half of all  vital 
ECM root tips.  According to  Courty et  al. 
(2008) and Suz et al. (2014), L. quietus is an 
oak  specialist  present  during  all  the  year 
with fluctuating abundance.  Although be-
longing to contact ET category, known by 
scarce  extraradical  mycelium,  L.  quietus 
can behave saprotrophically, using soil or-
ganic matter as substrate in the situation 
when C demand is  high and photoassimi-

lates are not available (Courty et al. 2007). 
Also, this ECM fungus is found as an indica-
tor  species  which  represents  ECM  fungal 
community  cluster  associated  with  low-
tree growth in broadleaf forests (European 
beech  and  mixed  oak  – Anthony  et  al. 
2022). However, in the young pedunculate 
oak stand near Morović, where ECM fungi 
Entoloma sp.,  Thelephoraceae sp.,  Russula 
cf.  odorata, Russula lilacea and  Tomentella 
sp.  1  made  associations  with  most  ECM 
root tips, L. quietus was not observed (Mil-
ović et al. 2022).

The considerable difference in ECM fun-
gal community between young and mature 
pedunculate oak stand near Morović could 
be explained by the effect of stand age. It 
is  well  known that  tree age has a  strong 
effect  on  the  ECM  community  because 
older  stands  have  different  litter  quality 
and quantity, as well as different dynamics 
of nutrients and water compared to young-
er trees (Kyaschenko et al.  2017).  Accord-
ingly,  there  is  an  ordered  succession  of 
early-stage fungi with late-stage fungi, and 
these two groups seemed to have different 
abilities  to  form  mycorrhizas  on  roots 
growing in soils with accumulations of re-
calcitrant leaf litter (Last et al.  1987).  Lac-
tarius  quietus  is  considered  as  a  middle 
late-stage fungus (Keizer & Arnolds 1994) 
which  could  explain  its  absence  from 
young oak stand.

In the mature pedunculate oak stand, the 
family  Russulacae  had the highest relative 
abundance  and  species  richness  in  both 
analysed seasons, which is consistent with 
the results of Barsoum et al. (2021) and Suz 
et al. (2014). In the temperate oak forests 
across  Europe,  nearly  45%  of  mycorrhizas 
belonged to the family Russulaceae (Suz et 
al. 2014) but in our study, almost 70% of all 
vital ECM roots belonged to this family.

Classification  of  ectomycorrhizas  on  ETs 
connects fungal morphological traits such 
as  the  amount  and  differentiation  of  ex-
traradical  mycelium,  with  their  ecology 
(Agerer 2001). Each exploration type is de-
fined  by  functional  traits  regarding  its 
ability to store carbon (C) and take up and 
translocate  nutrients  (Hobbie  &  Agerer 
2010).

There  are  two  main  ECM  strategies  for 
growth  and  nitrogen  acquisition.  One  fo-
cuses  on  the  uptake  of  labile  nitrogen 
forms  such  as  amino  acids,  ammonium, 
and nitrate, and the other focuses on insol-
uble, complex organic resources (Hobbie & 
Agerer  2010).  Mycorrhizas  with  contact, 
short-  and  medium-distance  smooth  ETs 
use  labile,  mainly  inorganic  nitrogen  (N). 
On the other hand, medium-distance fringe 
and mat, and long-distance ETs are rich in 
the extraradical mycelium and have medi-
um  and  long-distance  hydrophobic  rhizo-
morphs.  Due  to  hydrolytic  exoenzymes, 
they have access to insoluble and nonlabile 
substances such as proteins, but they are 
more C demanding (Hobbie & Agerer 2010, 
Lilleskova et al. 2011).

Rosinger  et  al.  (2018) investigated  pat-

terns in ECM diversity, community compo-
sition, and ETs in beech, pine, and spruce 
forests across Europe and noted that con-
tact  and  short-distance  ETs  had  higher 
mean abundance compared to medium-dis-
tance and long-distance ETs.  Contact  and 
short-distance ETs of ECM fungi had mainly 
broad environmental  ranges,  they  prefer-
entially  take up N in the forms of nitrate 
and ammonium and facilitate humus build-
up which leads to high C sequestration in 
soils  (Rosinger  et  al.  2018).  Furthermore, 
Bzdyk  et  al.  (2019) noted  that  the  abun-
dance of contact ET was positively corre-
lated  with  soil  organic  matter  (C:N  ratio 
and  organic  carbon  content),  while  the 
abundance of short-distance ET was closely 
related to calcium and phosphorus content 
and pH. According to Suz et al. (2014) in Eu-
ropean forests N pollution and geography 
are  the  main  factors  that  structured  the 
abundance of ETs in soil. They found a posi-
tive response of contact ECM to N-related 
variables (throughfall N deposition, N in or-
ganic and mineral horizon, and soil solution 
nitrate).

In mature pedunculate oak stand, contact 
ET  of  ECM  fungi  dominated  in  both  sea-
sons,  followed by short distance ET. Since 
the analysed stand was under shelterwood 
cutting procedure,  canopy opening might 
provide  favourable  conditions  for  in-
creased mineralization. Therefore, the soil 
at the investigated site contains a sufficient 
amount of labile inorganic nitrogen to be 
inhabited by ECM taxa belonging to con-
tact and short-distance ETs, which are con-
sidered  to  be  carbon  cost-effective  in  an 
environment  rich  in  inorganic  nitrogen 
(Hobbie & Agerer 2010, Suz et al. 2014).

In the young pedunculate oak stand from 
the same locality,  short-distance ET  were 
dominant,  followed  by  MD  smooth-dis-
tance, and contact ET (Milović et al. 2022). 
Since the composition of ETs of ECM fungi 
from young and mature pedunculate oak 
stands are different, it can be assumed that 
the composition of ETs of the ECM fungal 
community changes by the tree age. This is 
in  accordance with previous findings that 
older stands have a different composition 
of litter and different dynamics of nutrients 
compared to younger trees (Kyaschenko et 
al. 2017) which might favour different ETs.

Conclusions
This work presents the results of the first 

study on the ECM fungi diversity of a ma-
ture pedunculate oak stand in Serbia. Dur-
ing two seasons, 21 ECM fungal taxa were 
recorded, described, and identified mostly 
with  molecular  methods.  Nineteen  ECM 
taxa were observed in spring and thirteen 
in autumn. ECM communities consisted of 
one dominant taxon and a large number of 
rare taxa. The most abundant ECM fungus 
in  both  seasons  was  Lactarius  quietus 
which  made  association  with  more  than 
half of ECM root tips analyzed. At the study 
site,  contact  exploration  type  was  domi-
nant  in  both  seasons,  short-distance  ET 
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was less abundant, while medium-distance 
fringe ET and long-distance ET were rare. 
The most pronounced difference between 
spring and autumn is observed in the total 
number  of  ECM  fungal  taxa.  Number  of 
ECM  fungal  taxa  and  diversity  indices 
recorded in studied pedunculate oak stand 
were lower or similar compared to values 
obtained  in  stands  of  oak  species  across 
Europe.
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