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2 State of the art 

 
2.1 Decomposition 

 
2.1.1 General features 
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2.1.2 Decomposition dynamics and environmental conditions 
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Fig. 1. Generalized schema of the decomposition and related processes in forests 

 

2.1.3 Degradation of the main groups of compounds in litter 
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2.1.4 Wood decay 
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2.1.5 Decomposer microorganisms  

!
Bacteria 02%)',!%#$'+!,.%+'$,%&!/+01!%#$!&0'3!&03.%'0,!2<!0&10%+0*#<4!"#$<!+$3<!0,!

,.%+'$,%&!),-!1',$+)3&!)3+$)-<!-'&&03@$-!/+01!3'%%$+4!L0&%!&*$>'$&!&$>+$%$!&1)33!$U%+)>$33.3)+!
$,J<1$&!%#)%!>),!*)&&!%#+0.7#!%#$!2)>%$+')3!1$12+),$&B!0+!%#)%!)&&$123$!0,!%#$!0.%$+!
1$12+),$4!"#$&$!$,J<1$&!-'7$&%!&*$>'/'>!>#$1'>)3!20,-&!0/!&.2&%+)%$!>01*0.,-&!',!%#$!&0'3!
$,@'+0,1$,%!),-!%#$!&03.23$!103$>.3$&!2$>01$!)>>$&&'23$!/0+!.*%)=$!2<!2)>%$+')3!>$334!P01$!
&*$>'$&!#)@$!&',73$!&.2&%+)%$!+$X.'+$1$,%!/0+!7+0(%#B!0%#$+&!+$X.'+$!10+$!%#),!0,$!&0.+>$!0+!
1)<!,$$-!>0/)>%0+&4!L0&%!&*$>'$&!>),!7+0(%#!0,!)!@)+'$%<!0/!&.2&%+)%$!103$>.3$&4!O,!%#$&$!
&*$>'$&B!(#$,!)!*+$/$++$-!&.2&%+)%$!'&!*+$&$,%B!'%!',#'2'%&!%#$!.*%)=$!0/!)3%$+,)%'@$!&.2&%+)%$&4!
"#$+$!>),!2$!>0++$3)%'0,!%#)%!)+$!)>%'@$!%07$%#$+!0,!0,$!&.2&%+)%$!),-!>00*$+)%$!2<!&<,%+0*#<!
%0!-'7$&%!10+$!$//$>%'@$3<!>01*3$U!103$>.3$&!65-3!CDD9;4!P01$!2)>%$+')!#)@$!$@03@$-!%#$!
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)>%'@'%<!6G0$+!et al.!CDD8;4!G)>%$+')!('33!*+02)23<!2$!0.%T>01*$%$-!2<!/.,7)3!#<*#)$!',!3'7,',!
-$>)<!6Y0+,$+TI$@',$!et al.!CDD9;4!!

Fungi!)+$!)3&0!0&10%#+0*#'>!),-!+$3$)&$!$U0$,J<1$&B!&'1'3)+3<!%0!2)>%$+')4!G.%!)&!
N.>)+<0%$&B!%#$<!>),!&<,%#$&'J$!3)+7$+!*+0%$',&!/0+!&$>+$%'0,!',!1.>#!7+$)%$+!X.),%'%'$&!),-!
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.%'3'J',7!)!3)+7$!2.%!+$3)%'@$3<!+$&%+'>%$-!+),7$!0/!>)+20,!&0.+>$&4!"#$<!)+$!+)%#$+!0**0+%.,'&%'>!
-$>01*0&$+&!),-!1)<!)>%!)&!*'0,$$+!&*$>'$&4!"<*'>)33<B!%#$<!7+0(!X.'>=3<!),-!#)@$!&#0+%!
+$*+0-.>%'@$!><>3$&4!W#)+)>%$+'&%'>)33<B!%#$<!$U*30'%!-'&%.+2$-!$,@'+0,1$,%&!(#$+$!
>01*$%'%'0,!'&!%<*'>)33<!30(!6',>3.-',7!3'%%$+!/)33;4!"#$<!',@$&%!&'7,'/'>),%!*)+%!0/!%#$'+!2'01)&&!
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',!&*0+$&B!),-!0/%$,!+$&%!&*0+$&B!%#)%!+$1)',!)&!%#$!.,'%&!0/!&.+@'@)34!V/%$,B!%#$<!)+$!&%+$&&T
%03$+),%!6'4$4!30(!()%$+!*0%$,%')3!0+!*#$,03&!',!3'%%$+;!6>4/4!I'U!),-!r$2&%$+!:qq8;4!V%#$+B!10+$!
&*$>')3'&%!&)*+0*#<%'>!&*$>'$&!#)@$!10+$!+$&%+'>%$-!%<*$&!0/!-'&%+'2.%'0,!),-!>),!2$!#'7#3<!
+$&0.+>$T&*$>'/'>4!"#$<!1$%)203'J$!)!('-$!+),7$!0/!0+7),'>!>)+20,!&0.+>$&B!',>3.-',7!3'7,',!',!
1),<!>)&$&4!"#$<!)+$!&30(!%0!+$*+0-.>$!),-!-$@0%$!10+$!$,$+7<!%0!%#$!*+0-.>%'0,!0/!/+.'%!
20-'$&4![$*+0-.>%'0,!'&!.&.)33<!&$)&0,)3!),-!>0',>'-$&!('%#!>0,-'%'0,&!1)U'1'J',7!%#$!
&.>>$&&!0/!*+07$,<!$&%)23'&#1$,%4!"#$<!)+$!>#)+)>%$+'&%'>)33<!#'7#3<!>01*$%'%'@$!),-!
),%)70,'&%'>B!('%#!%$,-$,><!%0!+$*3)>$!0%#$+!/.,7'!',!%#$!>011.,'%<B!%)=',7!0@$+!%#$'+!%$++'%0+<!
),-!)>>.1.3)%$-!+$&0.+>$&!6I'U!h!r$2&%$+!:qq8;4!!!

"#$!*#<330*3),$!/.,7'!>),!*$+&'&%!0,!/)33$,!3'%%$+!&$@$+)3!10,%#&!)/%$+!%#$!3'%%$+!/)33B!
$@$,!%#0.7#!10&%!)**$)+!%0!2$!*00+3<!)-)*%$-!/0+!&.&%)',$-!7+0(%#!',!3'%%$+!),-!%#$'+!
-$>01*0&',7!)2'3'%<!'&!1)<!2$!+)%#$+!&3'7#%4!"#$!>0110,!&0'3!/.,7'!&.>#!)&!Penicillium, 

Humicola, Trichoderma, Fusarium, Gliocladium, Doratomyces, X.'>=3<!>030,'J$!/)33$,!3'%%$+!
),-!)+$!('-$3<!2$3'$@$-!%0!2$!+$&*0,&'23$!/0+!'%&!-$7+)-)%'0,B!#)@',7!%#$!>$33.303<%'>!>)*)>'%<!
6I'U!h!r$2&%$+!:qq8;. 5&&0>')%$-!('%#!%#$!/',)3!&%)7$&!0/!-$>)<!)+$!%#$!3'%%$+!',#)2'%',7!
2)&'-'01<>$%$&B!1)',3<!)7)+'>&B!',>3.-',7!%#$!7$,$+)!Mycena, Marasmius, Collybia, 

Clitocybe 6I'U!h!r$2&%$+!:qq8;4 "#$&$!/.,7'!&%+0,73<!#<-+03<J$!*3),%!>$33!()33!
*03<&)>>#)+'-$&!),-!10&%!)3&0!-$7+)-$!3'7,',4!"#$!)2'3'%<!%0!-$7+)-$!3'7,0>$33.30&$!$//'>'$,%3<!
'&!%#0.7#%!%0!2$!)&&0>')%$-!('%#!)!1<>$3'.1!7+0(%#!(#'>#!)330(&!%#$!/.,7.&!%0!%+),&*0+%!
&>)+>$!,.%+'$,%&!0@$+!)!-'&%),>$!',%0!%#$!,.%+'$,%!*00+!3'7,0>$33.30&$!&.2&%+)%$!%#)%!>0,&%'%.%$&!
'%&!>)+20,!&0.+>$!6I'U!h!r$2&%$+!:qq8;4!

"#$!1)K0+'%<!0/!&)*+0*#<%'>!/.,7'!7+0(%#&!0,!('-$!+),7$!0/!*3),%!3'%%$+!('%#',!
-'//$+$,%!#)2'%)%&4!"#$!1)K0+'%<!0/!-$>'-.0.&!(00-3),-!&*$>'$&!>),!)**$)+!',!>0,'/$+&!)&!($33B!
2.%!1)<!&#0(!*+$/$+$,>$&!/0+!0,$!0+!%#$!0%#$+4!V,3<!)!/$(!&*$>'$&!)+$!>0,&'-$+$-!%0!2$!%)U0,!
&*$>'/'>B!$474!Clitocybe odora 0+!Collybia dryophila )+$!%(0!$U)1*3$&!%#)%!)+$!)&&0>')%$-!
)310&%!$U>3.&'@$3<!%0!2$$>#!3$)/!3'%%$+!6I'U!h!r$2&%$+!:qq8;4 5>>0+-',73<B!>0110,!&*$>'$&!0/!
>0,'/$+!(00-&!)3&0!-$>)<!-$>'-.0.&!3'%%$+!0,3<!('%#!/$(!$U>$*%'0,&B!&.>#!)&!Micromphale  

perforans ),-! Marasmius androsaceus 6I'U!h!r$2&%$+!:qq8;4!
!

2.1.6 Decomposer communities 

!
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6P$%)3)!CDDC;4!

O,%+)T&*$>'/'>!@)+')%'0,!',!/.,>%'0,!>),!2$!#'7#B!'4$4!%#$+$!'&!@)+')2'3'%<!2$%($$,!%#$!
*+0*0+%'0,&!0/!>$33.30&$B!#$1'>$33.30&$&!),-!3'7,',!(#'>#!)+$!-'7$&%$-!2<!-'//$+$,%!&%+)',&!0/!
0,$!&*$>'$&B!),-!$@$,!2<!%#$!&)1$!&%+)',!%#+0.7#!@)+'0.&!+$7'0,&!0/!%#$!&.2&%+)%$!6I'U!h!
r$2&%$+!:qq8p!@),!-$+!Y$'K-$,!et al.!CDDo;4!H.+%#$+B!)!=$<T&*$>'$&!('%#!+$&*$>%!%0!-'@$+&'%<!
1)<!,0%!,$>$&&)+'3<!2$!=$<T&*$>'$&!/0+!*+0>$&&$&!0+!+$&'&%),>$!),-!+$&'3'$,>$4!R0!&'7,'/'>),%!
+$3)%'0,&#'*!2$%($$,!/+$X.$,><!0/!0>>.++$,>$!),-!-$>01*0&',7!)2'3'%<!()&!/0.,-!6V&0,0!h!
")=$-)!:qqqp!I$)>0,!et al.!CDDQ;4W011.,'%<!>01*0&'%'0,!'&!3'=$3<!%0!2$!10+$!'1*0+%),%!
%#),!&*$>'$&!+'>#,$&&!6j0,$&!h!G+)-/0+-!CDD:p!G+)-/0+-!et al.!CDDC;B!2.%!'&!10+$!>01*3'>)%$-!
%0!-$&>+'2$!),-!%$&%!)33!%#$!',%$+)>%'0,&!)10,7!,.1$+0.&!&*$>'$&4!!

O%!'&!,$>$&&)+<!%0!($33!>#00&$!%#$!)**+0*+')%$!%$1*0+)3!),-!&*)%')3!&>)3$&!',!$)>#!&%.-<4!
"$1*0+)3!#$%$+07$,$'%<!1)<!*0&$!3'1'%&!0,!1'>+02')3!)>%'@'%<B!),-!/3.&#$&!0+!+$&0.+>$!',*.%&!
/+01!3'%%$+!0+!+00%!$U.-)%$&!1)<!)330(!3)+7$3<!-0+1),%!*0*.3)%'0,&!%0!2$>01$!)>%'@$4!6S$>='$!
CDD8;!"#.&B!%#$+$!>),!2$!)!+)*'-!%+),&'%'0,!)10,7!+)+$!),-!>0110,!&*$>'$&!),-!%#$'+!%.+,0@$+!
0.7#%!%0!2$!',>3.-$-!',!%#$!),)3<&'&!6P>#()+%J!et al.!CDDD;4!"#$!&*)%')3!&>)3$!'&!1)',3<!+$3)%$-!
%0!%#$!)'1&!0/!%#$!&%.-<!6j0,$&!h!G+)-/0+-!CDD:;4!O%!>),!@)+<!/+01!&0'3!1'>+0#)2'%)%&!%#+0.7#!
@$+%'>)3!&%+)%'/'>)%'0,!('%#',!&0'3!#0+'J0,&!%0!$474!/+)71$,%$-!#)2'%)%&!0,!3),-&>)*$!3$@$3!
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2.1.7 Links between decomposers and vegetation cover 

!
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2.2 Molecular approach 

 
2.2.1 General features 
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2.2.2 DNA extraction 
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2.2.3 Polymerase Chain Reaction  
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2.2.4 Primers 
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Fig. 2 Fungal rDNA fragment amplified in this study using fungal specific primer ITS1F and universal 

ITS2 (for TGGE) or ITS4 (in case of T-RFLP). 
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2.2.5 TGGE 
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Fig. 3 Schema of DNA migration and denaturation during the TGGE on acrylamide gel. 
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3 Materials and methods 
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4 Discussion and conclusion of the result 
!
4.1 Molecular approach optimization 
!
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4.2 Fungal diversity in decomposing substrates 
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Tab. 1 Abundances of twenty sequenced species (Art. III), given in the percentage of all samples of a 

substrate/tree stand, where the species was present. Species n. indicates the band position in the TGGE 

profile, which was then used for the species indication in text and graphs.  Identity means the closest Blast 

result, which percentage of similarity is also shown, after the Blast match. A – Ascomycetes, B – 

Basidiomycetes. Black colour indicates the present of the given species in more than 50% of the samples, 

dark grey: 25-50%, light grey: 10-25%, white: 0-10%. 

!

Species n. Identity Blast match Similarity Cellulose Lignin Litters Layers Native f. Beech Oak Spruce Douglas

Q Leaf litter ascomycete strain its408 isolate 5 5H8DCffq qQ QD o8 Ef 8D o8 QD 8o 8D Q9
E Megacollybia platyphylla G !!5HoqfCfq!!! :DD 8E QC EC E9 Qq 8o f9 8Q E:
:D unpublished species T T :8 9C 9Q 8D CQ 9: C8 :E 8o
:C Epacris microphylla root associated fungus 5vCQf:qE! qf :E 89 oC CE 99 98 oQ :9 oC
:o uncultured fungus clone B1c from forest !!!!5v9Co:8q!!! qf :D CE C8 oD Cq :8 Cq C: C8
:E leaf litter ascomycete strain its356 5 !5H8DCf8q! qE :8 9f CC o9 Cq C: C: 9: oC
:q Trametes versicolor G 5vQE9DEQ q9 :9 Cf C8 :D :C C9 9f :8 :E
C: Gerronema strombodes G eQQo99 qC CC o8 :o CD CQ oD C8 :q 99
C9 Phlebia albida G 5vC:q9Qf qo 9Q CE Cf 9E 8D Cq f oC C:
C8 Dactylaria sp. P24 5 !5vCQ899C ff C: 9E :o o9 Cq 9f C8 C: 9f
CQ Phanerochaete sordida G 5vC:q9f9 qQ oo 8f 9: :E oD 8C oQ oD C8
Cf Fungal endophyte WMS13 5 !!5vDQ99Dq!!! qo C8 o9 oE 9E Cq 99 oC 9f oQ
9D Cryphonectria sp. CMW 11302 5 5vC:o9Co qf f oC :E C9 :q CE C: C9 C8
99 Epacrid root endophyte E4-5-5 5 !5H:ofq8C q: :D :E CC :E E :E :E :9 :9
98 Menispora tortuosa 5 5H:Ef88f qC f :8 :E CD E :9 :9 :q C8
9E Coniosporium apollinis 5 5jCooCE: qD :D :E :q 9D :E :E :E :9 99
9q Helotiales sp. sd2aN4b(A) 5 5voQ8o8C q8 :: Cf f :E :q C9 f :9 :E
o: ascomycete sp. olrim349 5 5v98oCEq q8 f CE CC oD :C C: 99 :8 C:
oC Woollsia root associated fungus XVIII 5 5vC9DEff qD :: 9f :o 9D Cq :q C8 :q 99
oQ Chaetosphaeria pulviscula 5 5H:Ef8oo qo CQ :f 9 9E :o :q C8 Cq C8 !

!
4.3 Effect of fungal diversity to decomposition rate 
!
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4.4 Role of environmental conditions 
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4.5 Bacterial diversity 
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 a)      b) 

    
 c)      d) 

    
e) f) 

Fig. 1 Tree plantations and the native forest; a) Douglas-fir b) spruce c) oak d) beech e-f) the native forest 

 

     
 a)    b)    c) 
Fig. 2  Samples in different stages of the experiment; a) litter bags prepared for sampling b) cellulose 

sample after sampling c) TGGE in progress 
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 a)    b)    c) 

                
 d)       e) 

              
 f)       g) 
Fig. 3 Examples of the substrates after the incubation; a-c) cellulose d-e) wood f) oak-Douglas mixed litter 

g)spruce needles  

       
 a)    b)     c) 
Fig. 4 DNA in different steps of the molecular approach; a)extracted DNA b) DNA amplified by PCR  

c) bands separated on acrylamide gel by TGGE 
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Abstract We studied the effect of forest tree species on a
community of decomposers that colonize cellulose strips.
Both fungal and bacterial communities were targeted in a
native forest dominated by beech and oak and 30-year-old
beech and spruce plantations, growing in similar ecological
conditions in the Breuil-Chenue experimental forest site in
Morvan (France). Microbial ingrowths from the 3rd to 10th
month of strip decomposition (May to December 2004) were
studied. Community composition was assessed using temper-
ature gradient gel electrophoresis with universal fungal
(ITS1F, ITS2) and bacterial (1401r, 968f) primers. Soil
temperature and moisture as well as fungal biomass were also
measured to give additional information on decomposition
processes. Changing the dominant tree species had no
significant influence in the number of decomposer species.
However, decomposer community composition was clearly
different. If compared to the native forest, where community
composition highly differed, young monocultures displayed
similar species structure for fungi and bacteria. Both species
numbers and community composition evolved during the

decay process. Time effect was found to be more important
than tree species. Nevertheless, the actual environmental
conditions and seasonal effect seemed to be even more
determining factors for the development of microbial com-
munities. The course and correlations of the explored
variables often differed between tree species, although certain
general trends were identified. Fungal biomass was high in
summer, despite that species richness (SR) decreased and
conversely, that high SR did not necessarily mean high
biomass values. It can be concluded that the growth and
development of the microbiological communities that colo-
nized a model material in situ depended on the combination
of physical and biological factors acting collectively and
interdependently at the forest soil microsite.

Introduction

Changing forest species is a common practice in European
forestry, especially when the forest production is favored.
Such a change in plant diversity has implications for
belowground ecosystem functioning, including microorgan-
ism diversity [4]. Decomposer communities may in turn
affect the process of decay of raw organic material and thus
the mineralization of nutrients strongly relevant for nutrient
bioavailability, especially in acid soil conditions. This may
cause feedback effects on the plant community that modify
net primary production, root exudation, the forest-floor
diversity and the abundance, and activity and composition
of the communities [5].

Decomposition of plant litter is a key process in nutrient
recycling and humus formation in forest ecosystems. The
combined effects of resource quality (chemical and physical
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characteristics of the litter), physical–chemical environment
(e.g., moisture, pH, radiation, and temperature), and the
occurrence and activity of decomposer organisms regulate
decomposition processes. The community structure and
activity of decomposers in holorganic layers changes
throughout the decay process as the quality of the substrate
changes. In addition, there are seasonal changes reflecting
temperature and moisture conditions [6]. Microbial activity
is supposed to be depressed by low temperature in the cold
period and by aridity in the warm period. It is therefore
essential to study the relationships between microorgan-
isms, vegetation, and environment to better understand
forest ecosystem processes and to predict possible turnover
caused by a disturbance.

Decomposition is usually initiated by generalist primary
colonizers involving a diverse community of fungi and
bacteria that utilize simple sugars, oligosaccharides, and
other low molecular weight compounds. After this initial
flush of microbial activity, specialist secondary colonizers
that are less competitive are involved in the decay of more
recalcitrant polymers such as lignocellulose complexes [9].
Both bacteria and fungi play typical roles in decomposition
processes in forests. They are seen to compete for simple
plant-derived substrates and have developed antagonistic
strategies. For more recalcitrant substrates both competitive
and mutualistic strategies appear to have developed.
Bacteria can produce growth factors required by fungi,
regulate fungal enzymatic activity by utilizing the break-
down products, or increase accessibility of substrates to
fungi producing their own cellulases and pectinases, as
discussed by Boer et al. [8].

The dynamics of complex systems are not easy to
describe. The use of model material decomposing in tree
monocultures could be a possible way to control variability
by decreasing the effects of total natural complexity.
Cellulose strips were chosen as a model material to simplify
the complexity of the studied system because they
decompose quickly and permit frequent sampling and the
study of early and late decay stages and seasonal effect.
However, most of the plant-derived cellulose is physically
protected from enzymatic hydrolysis by lignin and thus its
colonization and degradation is more complicated. We
studied the decay of the cellulose strips during 10 months
and their colonization by fungi and bacteria in different tree
stands. Different parameters have been investigated along
time: cellulase decomposition (mass loss, fungal biomass,
cellulase activity, and carbon and nitrogen dynamics);
diversity of bacterial and fungal communities colonizing
and degrading the cellulose strips; and environmental field
parameters (moisture and temperature in the profile, nitrate
and ammonium concentrations in soil solution). Possible
correlations between microbial community diversity and
environmental parameters are presented in the first article.

The decomposition parameters in relation with microbial
diversity will be discussed in a second paper.

The present study aims were (1) to determine the
differences in pattern of fungal and bacterial ingrowths in
decomposing cellulose strips in three forest stands with
attention to the succession of species, (2) to determine the
role of soil moisture and temperature or season effect in the
processes of community dynamics, (3) to find relationships
between microorganisms and their environment, and (4) to
identify a general trend of microbial colonization of
decomposing organic substrate, if it exists. To answer these
questions, we investigated polymerase chain reaction/
temperature gradient gel electrophoresis (PCR-TGGE) as
culture-independent molecular fingerprinting approach,
which helped to determine the dominant fungal and
bacterial species patterns in decomposed samples.

Methods

Site Description

The experimental site of Breuil forest is situated in theMorvan
highlands NE of Central Massif, France (altitude 640 m,
latitude 47°18′10″, longitude 4°4′44″, mean annual tempera-
ture 9°C, precipitation 1280 mm, evapotranspiration
640 mm). The soil developed on granite is a coarse-textured
acid Alocrisoil (pH 4–4.5). The previous coppice with
standard forest dominated by European beech (Fagus
sylvatica L.) and secondarily by sessile oak (Quercus petraea
Liebl.) in the high forest strata and by birch (Betula pendula
Roth) and hazel (Corylus avellana L.). It was replaced by
various monospecific plantations in 1000-m2 plots 30 years
ago [25]. Breuil study site is homogenous; the tree species
plots should not differ in substrate or mesoclimatic con-
ditions. Hence, differences should be caused only by trees
dominant over the last 30 years.

In Situ Experiments

The cellulose decomposition experiment was completed in a
native forest and in two plantations (Norway spruce, Picea
abies Karst. and European beech, F. sylvatica L.) from late
February 2004 to early December 2004. Five round cellulose
strips (Whitman, ∅ 47 mm, total weight ±0.9 g) were put into
a polyamide porous bag (mesh size 5 μm). The distance
between two replicates was 0.5 and 1.5 m between the blocks.
Seven bags were collected from each stand regularly at 4-
week intervals. Three bags from the 3rd to the 10th (May to
early December) sampling dates were analyzed for fungal and
bacterial diversity. Soil temperature (Campbell data logger
CR10 and probes 107, Shepshed, England) and moisture
(TDR Trase system BE, Soil Moisture Equipment Corp.,
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Santa Barbara, CA, US) were continuously measured every
4 h in the studied plots (except the native forest because of
technical reasons) and their average values during the 4-week
period between samplings were used for analyses. Ammoni-
um and nitrate concentrations were continuously monitored in
soil solutions collected under forest floor in the three stands
using zero-tension thin plate lysimeters [25]. Fungal biomass
in samples was estimated using the ergosterol method
described in Ruzicka et al. [26] and Zhao et al. [31], based
on ergosterol concentration measures in the membrane of
fungal cells. Ergosterol was extracted from an aliquot of
powdered cellulose with pure methanol (7 mL) in the presence
of potassium hydroxides (0.44 g). The mixture was main-
tained at 70°C for 90 min. Then 2 mL of hexane was added
and all was shaken before extracting the hexane. Hexane
extracts were nitrogen-dried, then stored at −20°C before
analysis. For analysis, samples were dissolved in 500 μL of
methanol then treated in high performance liquid chromatog-
raphy HPLC (with a C18 column, detector at 282 nm, and
methanol [95%] as mobile phase). The calibration curve was
established with the commercial ergosterol (Sigma-Aldrich).
Ergosterol data were converted to biomass of fungal hyphae
as 7 mg ergosterol/1 g hyphae [1].

Molecular Analyses

Total genomic DNAwas extracted from the samples using the
DNeasy plant mini kit (Qiagen) following the manufacturer’s
protocol without any modification and amplified using PCR.
Concerning fungi, ITS1F and clamped ITS2 primers were
used giving partial ITS rDNA sequence of ±280-bp-length.
The 50-μL of PCR assays contained 2 μL of template, 5 μL of
PCR buffer (Sigma, 100 mMTris–HCl, pH 8.3, 500 mMKCl,
15 mM MgCl2), 1 μL of diethylnitrophenyl thiophosphate
(10 mM), 1 μL of each primer (20 μM), 0.5 μL of Taq
polymerase (5 U/μL, Sigma), and 1 μL of GC-rich solution
(Sigma); the amplification regime was as follows: initial
cycle of denaturation at 95°C for 3 min, followed by 35
cycles of denaturation at 94°C for 45s, annealing at 55°C for
45 s, and extension at 72°C for 1 min 15 s, ending with a
final elongation at 72°C for 8 min. In bacterial treatment,
16S gene of rDNA from the same extraction was targeted
using 1401r and a clamped 968f primer pair giving a 450-bp
segment [15] and a similar reaction mixture with 2 μL of
bovine serum albumin (3%) added. The PCR regime differed
slightly: denaturation at 94°C for 5 min, 35 cycles of
denaturation at 94°C for 40s, annealing at 56°C for 30 s, and
extension at 72°C for 1 min, and the final elongation step at
72°C for 5 min. All PCR reactions were performed with
iCycler Thermal cycler (BioRad). PCR products were
verified on agarose gel stained with ethidium bromide.
TGGE was performed with a Dcode Universal Mutation
Detection system (BioRad). For fungi, the polyacrylamide

gels were prepared with 8% of acrylamide (w/v), 8 M of
urea, 1.25× Tris–acetate–EDTA (TAE) and 0.2% of glycerol
(v/v) and 300 μL of ammonium persulfate (10%) and 30 μL
of TEMED as polymerization agents. Ten microliters of
amplified DNA samples with the same volume of loading
buffer were separated using electrophoresis in 1.25× TAE at
a constant voltage of 145 V with a temperature gradient from
50 to 55°C with temperature increment of 1°/h and stained
with ethidium bromide. For bacteria, TGGE differed in that
we used 7% acrylamide gels (w/v) and a temperature
gradient from 58 to 63°C with the same temperature
increment. Fungal and bacterial species were represented
by the TGGE bands. There were no obvious traces of strip
colonization during the first 2 months after the placement.
Hence, the molecular analyses covered a period from the 3rd
to the 10th month of incubation, i.e., from May to December.
Twenty of the most important fungal bands were sequenced
previously [17]. However, the species are presented only as
numbers because their identification to genus level was not
possible. For more details, see Kulhankova et al. [17].

Statistics

The gel profiles were analyzed using the Quantity One
software (BioRad). A matrix of species distribution and
relative abundance was obtained both for fungi and
bacteria. Variables targeted were: (1) total number of
species, i.e., species pool present in all involved samples,
e.g., in the three repetitions from a tree plot in a given
sampling time or overall in a plot depending on circum-
stances; (2) species richness (SR below), i.e., average
number of species per sample; (3) Shannon–Wiever
diversity index (SW below), based on decimal logarithm;
and (4) community composition of fungi or bacteria. These
variables were first analyzed together within all tree plots
and sampling dates. Then they were tested separately in a
particular tree plot or a sampling time to obtain a clearer
picture of the importance of the studied variable. The data
were tested by computing ANOVA using the Statistica
software (StatSoft) and multivariable analyses using Can-
oco (Microcomputer Power). Principal component analysis
(PCA, or unimodal detrended correspondence analysis,
DCA, if needed) was used to assess the general differences
between band patterns. Redundancy discriminate analysis
(RDA, or unimodal canonical correspondence analysis, CCA,
if needed) then provided more information because it also
took into account environmental factors such as tree species,
time, and soil properties related to the sample and gave the
proportion of variation explained [20]. The Monte Carlo
permutation test was used to calculate the significance of a
given environmental factor and thus its relevance for
community structure. Application of the multivariable
methods was reviewed by Fromin et al. [12]. The correla-
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tions were described by Pearson’s correlation coefficient:
correlation ρX,Y between the variables X and Y with values
μX and μY, respectively, and standard deviations σX and σY
were defined as: ρX,Y=cov(X, Y)/σXσY, where cov(X, Y)=E
((X−μX) (Y−μY)), in which E is the expected vale of the
variable and cov means covariance.

Results

Species Richness and Diversity, Fungal Biomass

Forty-seven different fungal species (presented by numbers)
were detected from the potentially detectable number of 50
within all studied TGGE profiles, i.e., within all cellulose
samples (Table 1). The total number of species per sample
varied from 4 to 16 with the average SR equal to 9.1 within
all samples. Among the tree species, the highest average was
found for Norway spruce followed by the native forest and
beech (9.5, 8.9, and 8.8, respectively). The same order was
also observed for the SW diversity index. There were no
large differences in the total numbers of species detected
between the three studied tree plots, ranging from 44 species
present in Norway spruce, 42 in beech, and 40 in the native
forest. The tree species effect for fungal SR within the whole
data set was not significant. SW diversity differed signifi-
cantly between tree stands. The SR differed for individual

sampling times whereas SW diversity did not. In individual
stands no richness or diversity changed significantly within/
throughout time and both seemed to be more affected by the
current ecological conditions. Similarly the tree species effect
on SR was only weak in some given sampling times.

For the whole dataset, i.e., for all tree plots together, the
least total number of fungal species in all samples were
found after 4 months of incubation in June (27). The largest
total number, 34 species, was detected after 3 and
10 months, in May and December, which were the first
and last samplings dates. Differences appeared for individ-
ual tree plots (Fig. 1a), e.g., there was no decrease in the
total species number in late summer (September) in spruce,
comparing to beech and to the native forest.

Generally, the average SR per sample increased until
August, then decreased in September before reaching its
highest value in October. It then decreased continuously until
winter (Table 1). There were no strong differences between
tree plots except that the changes appeared earlier in beech
than in spruce and in the native forest (Fig. 1c). The SW
diversity index followed the same trend as SR for all tree
species taken as a whole and if considered individually
(Fig. 1e).

Fungal biomass in all tree plots as a whole increased
continuously from May to September, when it reached its
highest value. Then it decreased notably in October and
maintained the same value until the end of the incubation

Table 1 Results of the multivariable analyses, total species number, SR, and SW diversity index values in fungal communities

Data set Tested
effect

Species
number

Indirect
1st axe

Direct anal.
canonical axes

p
value

F
ratio

SR SW index
of diversity

All matrix Timea 47 10.7 4.7 0.002 3.331 9.1 0.802
Standa 3.9 0.044 1.385 4–16b 0.28–1.21b

3 months Stand 34 21.6 22.3 0.770 0.863 8.4 0.814
4 months c 27 26.1 44.2 0.002 2.377 7.1 0.765
5 months 28 24.6 29.8 0.132 1.274 8.7 0.824
6 months 32 26.4 33.1 0.048 1.485 10.6 0.828
7 months c 33 24.8 26.8 0.264 1.097 8.0 0.684
8 months 33 25.7 36.5 0.002 1.721 11.1 0.887
9 months 29 31.2 35 0.052 1.616 9.8 0.856
10 months 34 21 31.5 0.034 1.378 9.0 0.754
Native forest Time 40 16.4 9.4 0.004 2.272 8.9 0.810
Spruce 44 15.2 8.5 0.006 2.047 9.5 0.857
Beech 42 14.4 5.7 0.102 1.324 8.8 0.738
Spruce and beech Moisture 5.1 0.002 2.472

Temperature 5.2 0.002 2.539

The first two lines show scores where all the data set was analyzed together to detect time and tree stand effect, respectively; 3–10 months: effect
of tree stand was tested in particular sampling dates; Native forest–Beech: effect of time was tested separately in the tree stands; lastly, moisture
and temperature effect was tested in the beech and spruce stand together.
Variability explained by the first axis of indirect analysis and by all canonical axes; results of Monte Carlo permutation tests can be found.
3 months corresponded to May and 10 months to December samplings.
a Second effect (time or tree stand) used as covariable
b Total range of values
c Unimodal analysis (DCA and CCA) had to been used instead of linear analysis (PCA and RDA)
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period (Fig. 1g). In individual tree plots, spruce and the
native forest showed a similar trend except that there was
an earlier peak and decline of biomass in the native forest
during the summer. In both native forest and spruce, the
biomass increased again in the last 2 months. The trend for
beech was different; the value heightened sharply in

September from the lowest values of the tree species to
the highest for the whole group, and later decreased to the
lowest values again. The biomass did not significantly
differ between stands, but did within the sampling times.

Forty-six different bacterial species were detected in the
8-month study period (Table 2). The average SR was found
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Figure 1 (a–g) Curves of vari-
ables along time, from the sam-
pling in May 2004 (3 months of
incubation) to the last sampling
in December 2004 (10 months
of incubation). Numbers on x-
axis correspond to months (6 =
June, 12 = December). Total
number (species pool) of differ-
ent species detected within all
replicates for fungi and bacteria
(a, b); SR (average species
number per sample) of fungi and
bacteria (c, d); SW diversity
index of fungi and bacteria
(e, f); fungal biomass (g)
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to be 10.7 species per sample with a total range from 6 to
17 species. Among tree species, the highest richness was
found in beech followed by the native forest and the spruce
plantation (11.2, 11.1, and 9.9 species per sample, respec-
tively). The same order was obtained for the average SW
diversity (0.937, 0.896, and 0.891, respectively) and for the
total number of bacterial species detected within all samples
from a tree plot (43, 40, and 38, respectively). Neither time
nor stand effects were significant for SR or for SW
diversity index for all trees together or taken individually.

Generally, the total number of bacterial species detected
within all tree plots together increased until July, fell
markedly in August, then reached a high value again that
was maintained until winter. In individual tree species
(Fig. 1b), bacterial SR in beech reached its highest value in
June, whereas at that time the SR values were the lowest in
spruce and the native forest. In September, beech and the
native forest showed lower SR values after a decrease in
August, but overall the greater number of species for all
dates was detected in spruce.

The bacterial average species number per sample, i.e.,
SR, was highest in July (11.8 overall), then decreased to the
lowest value in August (9.1) and increased again in
September followed by a slow decline until winter. There
was a certain distinctness in the trend between the tree
species effect (Fig. 1d). The decline in July and the increase
in September were most evident in the native forest.

The bacterial SW in tree species as a whole remained
similar throughout the period, except for a moderate
decrease in August (0.87, the lowest value). It reached its
highest rate in October (0.93). Spruce and the native forest
showed similar courses: two declines in diversity in June
and August and otherwise balanced values, only gently

declining until winter. On the contrary, beech presented the
highest values in June and August and the lowest values in
July and September (Fig. 1f).

Community Structure

Multivariable analyses of community structure showed
clear discrimination because of tree species both for fungi
and bacteria. Similarly, each sampling date was character-
ized by a specific pattern.

The first PCA component expressed 10.7% of the
variability of the fungal community composition for the
whole dataset. In RDA, time and tree species explained
only 8.2% of the total variability. Time effect appeared a
little stronger than tree species effect (4.7 or 3.9% with tree
species or time as the covariable; Table 1). Both time and
tree species effect were significant when analyzing with the
second factor (tree species or time, respectively) as the
covariable. The native forest was the most discriminating
toward community structure, regarding the forward selec-
tion results. Spruce and beech were less discriminating.
They were clearly separated from the native forest in the
RDA ordination plot (Fig. 2a).

Community composition was also tested separately for
each sampling date and for individual tree species to more
precisely identify the changes. The tree species effect was
detected as significant in half of sampling times and
explained from 22.3 to 44.2% of the species variability
(Table 1). Very low tree effect was found in the first
sampling in May and quite low again in September. The
time effect was important for the native forest and for
spruce, whereas the beech fungal community was less
affected by the duration of incubation. The variability

Table 2 Results of the multivariable analyses, total species number, SR, and SW diversity index values in bacterial communities

Data set Tested
effect

Species
number

Indirect
1st axe

Direct anal.
canonical axes

p
value

F
ratio

SR SW index
of diversity

All matrix Timea 46 13.7 4.9 0.002 3.873 10.7 0.908
Standa 4.1 0.038 1.427 6–17b 0.63–1.22b

3 months Stand 29 24.4 25.4 0.440 1.021 10.6 0.920
4 months 32 33.7 41.3 0.018 2.108 10.6 0.918
5 months 33 23 31.5 0.050 1.378 11.8 0.919
6 months 25 26.4 37.9 0.016 1.827 9.1 0.872
7 months 33 24.4 41.4 0.002 2.123 11.3 0.908
8 months 32 23.7 39.6 0.017 1.742 11.6 0.926
9 months 33 25.9 40.1 0.009 1.964 10.7 0.904
10 months 30 22.4 36.2 0.027 1.598 10.2 0.897
Native forest Time 40 29.5 9.8 0.002 2.849 11.1 0.896
Spruce 38 26.2 8.7 0.034 2.076 9.9 0.891
Beech 43 25.4 6.3 0.002 2.684 11.2 0.937
Spruce and beech Moisture 6.4 0.002 2.142

Temperature 5.3 0.002 1.724

See the legend of Table 1.
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expressed by the time effect in individual tree species was
9.4% for the native forest, 8.5% for spruce, and 5.7% for
beech.

Concerning bacterial communities, the first PCA axis
explained 13.7% of variability for the whole data set
(Table 2). As for fungi, time and tree species effect were
significant only with the second variable of tree species or
time as covariable. Time and tree species effect explained
together 8.7% of the total variability for the community
structure. Time was more relevant (4.9% with tree species
as covariable) than tree species, responsible for 4.1% of
variability (time as covariable). The forward selection
showed the native forest to be the most discriminating to
bacterial community structure, whereas beech was the least.
The native forest and spruce were well discriminated in
RDA ordination plot whereas beech took approximately a
central position (Fig. 2b).

At particular sampling times, tree species effect
explained from 25.4 to 41.4% of the variability and was
significant every time except for the first sampling. Time
effect was found to be significant also in individual stands
and explained the highest proportion of the variability for
the community in the native forest, less in spruce and the
least in beech (9.8, 8.7, and 6.3%, respectively).

Species Patterns

Three of 47 detected fungal species were presented only
once in all 72 TGGE profiles, and 8 species were very
frequent (present in more than two third of the samples).
Thirty-five species were present in all tree stands whereas
only ten species were found in the eight sampling times.
Nine of them were common to all stands. For bacteria, 4

species from the 46 detected appeared only once in all
TGGE profiles, 11 of them were very frequent. Thirty-four
species occurred in all stands. Thirteen species were present
at all sampling times, 11 of them in all tree species. Besides
the generalists, other species were typical, had higher
abundances or avoided particular tree species, both for
fungi and bacteria. No fungal species, detected at least two
times, was present only in one tree plot. Four species
avoided native forest, three beech, two spruce.

For bacteria, one species was detected only in beech and
one only in the native forest. Spruce was avoided by four
fungal species, followed by native forest and beech (two
and one nondetected species). Similarly, certain species
preferred early or conversely later stages of colonization.
However, most species were dependent rather on seasonal
fluctuation of soil conditions and appeared either in
summer months or both in the early and the late sampling
dates. Several species appeared only rarely or randomly.

Fungal species distribution within the tree species after
6 months, in August, is shown in the RDA ordination plot
in Fig. 3. August was chosen as the month representing the
middle period of incubation with favorable conditions,
allowing full development of colonizing species. The tree
species effect on community structure was significant and
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Figure 2 (a, b) RDA plots showing tree species position in
ordination space according to community composition development
along time. Time was a more determining variable than tree species
and thus is closer to the x-axis. Spruce and beech, selecting more
resembling communities, would be more distinctly separated on the
third axis, whereas the native forest is well discriminated in the upper
part of the plot; (a) fungal communities, (b) bacterial communities
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Figure 3 RDA plot illustrating tree species positions in ordination
space according to fungal species distribution along the two first
canonical axes in August, after 6 months of decay. The tree species
effect on community structure was significant and SR and diversity
were high that month. The beech and native forest were clearly
separated along the x-axis. Spruce took a central position on the x-
axis, but was markedly discriminated on the second, y-axis from both
beech and native forest, whose position on that axis did not differ.
Arrows with numbers represent fungal species detected in the
sampling. The length of the arrow indicates relative importance of
the species in explaining variability in samples whereas the angle
between arrows indicates the degree to which they are correlated
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SR and diversity were high in the months of August. Beech
and native forest were clearly separated along the x-axis.
Spruce took a central position on the x-axis, but was
markedly discriminated on the second, y-axis, from both
beech and the native forest, whose position on that axis did
not differ. The plot shows that the distribution of trees on
the RDA ordination plot did not always follow the general
trend (Fig. 3) in certain sampling dates. Correlation
coefficients of particular fungal species to tree species were
evident when analyzing sampling dates separately (Fig. 3);
that was not so clear when analyzing all sampling dates
together. Species correlations to time when analyzing the
tree species together are shown in Fig. 4. The plot shows
that there were no species strictly correlated with time.
Some species had no seasonal specificity and appeared in
the central part of the ordination space, others were present
either in the middle time (negative part of y-axis) or both in
the beginning and the end (positive part of y-axis) of the
study period, as mentioned above.

Environmental Conditions

Soil temperature and volumetric moisture were continuously
measured in spruce and beech forest and their role within the
seasons was tested more in detail. Beech was found to be

warmer and drier than the spruce forest. Temperature ranged
from 8.4 to 16.3°C in beech whereas in spruce it ranged only
from 5.7 or 14.1°C with a minimum in spring and maximum
in late summer. Moisture reached the highest values in late
autumn during the last sampling (20.7% in beech and 23.0%
in spruce) whereas the lowest in late summer (9.9 and 13.4%
of soil volume, respectively; Fig. 5a).

Fungal community changes showed a higher relation to
these two variables than to the duration of incubation. Tree
species effect was minor compared to the other variables. Both
temperature and moisture effects were significant to fungal
community composition and responsible for 5.2 and 5.1% of
the species structure variability in beech and spruce together
(Table 1). The trend was the same when regarding bacterial
community structure in the two forests; 6.4 and 5.3% of the
variability were explained by these variables in beech and
spruce together (Table 2). The values were slightly higher
when testing tree stands individually, namely, for spruce.

In addition, inorganic nitrogen, both ammonium and
nitrates, concentrations in soil solution were collected in all
tree stands under the forest floor. The evolution of the
concentrations is given in Fig. 5b, c. The concentration of
NO!

3 was the highest in the spruce plot until July, and in the
beech plot starting with August. Ammonium concentration
was mostly the highest in spruce and the lowest in the
beech plot. Both ion concentrations explained 5.3% of the
whole fungal matrix variability. Nitrate concentration was
more relevant than ammonium and its effect on community
composition was significant, whereas ammonium was not.
However, no species were strongly related to nitrogen ion
concentrations.

In individual stands, only the nitrate concentration effect in
the spruce plot was significant for fungal community compo-
sition, explaining 11.4% of its variability. Hence, NO!

3
concentration was an even more determining factor than time,
temperature, or moisture effect in spruce. In other cases, only
from 3.5 to 5.7% of the variability were explained by NO!

3 or
NHþ

4 concentration and the effect was not important. A
similar relation was also found for bacterial diversity.

Correlations of the Variables

Correlation coefficients between studied parameters are
given in Table 3, both for individual tree species and for all
together with average values as general trends. Fungal total
species number, SR, and SW diversity were not necessarily
well correlated together. Although their time trends basi-
cally matched, there were certain irregularities, mainly in
certain periods and in the spruce plot (Fig. 1a–f), e.g., the
total number of fungal species present in the spruce plot
was still high in September, whereas the SR per sample and
SW diversity index fell. The total number decreased in
other tree plots at the same time. A month later, in October,
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time. Certain species had no preferences and were plotted in the
central part of the ordination space, others were present either in
summer months (negative part of y-axis) or both in the beginning and
the end (positive part of y-axis) of the study period
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the total number of fungal species present in the spruce plot
started to decrease but SR per sample and SW increased; so
there was no relation of these variables in spruce. The total
number of bacterial species detected within samples, SR per
sample, and SW diversity index were better correlated than
in the case of fungi.

Fungal biomass was not correlated with total species
number, SR, or with SW diversity index. Biomass
gradually increased until August despite fluctuations in
SR. The main differences occurred in September. Biomass
declined in the native forest according to the SR. In spruce,
it increased a little and reached a very high value in beech,
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Figure 5 (a–c) Curves of envi-
ronmental variables along time,
from the sampling in May 2004
(3 months of incubation) to the
last sampling in December 2004
(10 months of incubation).
Numbers on x-axis correspond
to months (6 = June, 12 =
December). Average soil volu-
metric moisture (M) and tem-
perature (T) values in beech (B)
and spruce (S) forest (a); nitrate
and ammonium concentrations
in tree plots (b, c)

Table 3 Correlation coefficients between species parameters, biomass, soil moisture, temperature and time, both for fungi and bacteria (except
biomass), in individual tree species and general trend in all trees together

Fungi Bacteria

Native forest Spruce Beech All Native forest Spruce Beech All

Total sp. number SR 0.95 0.54 0.89 0.34 0.94 0.95 0.96 0.86
SW diversity 0.49 −0.17 0.69 −0.14 0.81 0.90 0.67 0.72
Biomass 0.04 0.30 −0.29 −0.03 – – – –
Moisture −0.22 −0.78 0.07 −0.02 0.21 −0.60 0.29 0.25
Temperature 0.25 0.54 −0.29 −0.09 0.00 0.67 −0.37 0.15
Time 0.85 0.06 −0.05 0.27 0.00 0.39 −0.35 0.18

SR SW diversity 0.67 0.52 0.83 0.73 0.80 0.81 0.84 0.83
Biomass 0.25 −0.09 −0.08 −0.07 – – – –
Moisture −0.21 −0.75 −0.21 −0.55 0.12 −0.62 0.25 −0.01
Temperature 0.28 0.57 −0.07 0.38 0.16 0.72 −0.35 0.25
Time 0.81 0.32 −0.19 0.48 0.02 0.41 −0.42 0.00

SW diversity Biomass 0.36 −0.16 −0.09 −0.55 – – – –
Moisture −0.44 −0.12 0.09 −0.23 0.19 −0.33 0.15 0.32
Temperature 0.44 0.09 −0.26 0.02 −0.03 0.48 −0.34 −0.18
Time 0.26 0.19 −0.21 0.04 0.15 0.34 −0.51 −0.29

Biomass Moisture −0.28 −0.53 −0.40 −0.64 – – – –
Temperature 0.15 0.78 0.58 0.78 – – – –
Time −0.18 0.31 0.16 0.14 – – – –
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although it was relatively low before. In October, biomass
decreased in all tree species whereas SR increased again. In
general, fungal biomass was higher in warmer conditions
and lower in humid, the most markedly in spruce again,
independent of SR.

Highly negative correlation of total species number and
SR per sample to moisture was found in spruce compared
to other tree plots for both kinds of organisms. Simulta-
neously, the most positive correlation to temperature was
found in spruce plot, possibly too cold and humid
environment for microorganisms. Conversely, the native
forest fungal diversity was lower in colder and more humid
months. More fungal and bacterial species survived in
spruce in September compared to beech and the native
forest, probably because of the drought. Another extreme
could be found in beech, where SR and SW were slightly
negatively correlated to temperature and neutrally to
moisture. Maybe it was too warm or dry for certain species
in beech in the summer. The coefficient values also showed
that bacteria should be more moisturized or rather less
drought-tolerant than fungi, which also coincided to the
earlier decline of bacterial species numbers in August,
whereas fungal decline appeared in September.

Discussion

Methodology

The homogeneity of the Breuil study site provided similar
mesoclimatic and geological conditions within involved
forest plots. Biases in results were thus eliminated and all
differences were assumed to be caused by the changed
vegetation. The PCR-TGGE method gives a rapid, repeat-
able, and relatively confident opportunity to analyze the
distribution of microbial species in environmental samples
without any cultivation step. In addition, it has been shown
that DGGE/TGGE profiles can be used for semiquantitative
comparison [11, 23]. PCA confirmed higher resemblance
within the replicates from a tree species than to the samples
from other tree species.

Time and Tree Species Effect

Incubation time effect was more important in microbial
community development than tree species. The most evident
shift in species structure within time was found in the native
forest, followed by spruce and beech. Time effect was not
significant for the fungal community in beech because of an
important species shift in summer samplings. The pro-
nounced temporal shift in microbial communities because
of changing composition of the decomposing plant material
was accompanied by a significant seasonal influence.

Each tree species supported its own unique communities
for both kinds of organisms; however, the incubation time
and environmental conditions were the main determining
factor for the community structure. Certain microbial
species were more rare in a tree plot compared to other
plots. The overall composition was closer for the young
plantations of spruce and beech. The native forest commu-
nity was the most different for both types of organisms
(Fig. 2a, b). Such similarity between beech and spruce
communities may indicate that the different plantation
environments selected similar communities. Alternatively,
these two tree species have not strongly affected the
microorganism communities because the plantation. In our
opinion, the effect of clear-cutting and replanting distur-
bances might still be influential for microbial communities.
Higher soil temperatures, easier drying, more sunlight, or
development of spontaneous vegetation at the clearing
stage could cause an important species shift. The cutting
influence might be still evident, being not completely
overlapped by planted tree species effect yet. The planta-
tions also varied in stand structure from the native forest.
They were more dense, even-aged, monospecific, and still
in their young stage of development. It can be hypothesized
that all species present in plantations originate from the
native forest, where they could be present in less active or
dormant stages and where they become favored or
dominant after tree species change. Several authors [11,
16, 28] have mentioned the potential importance of
biodiversity for the stability of an ecosystem after dis-
turbances by providing new species that may ensure the
continuation of key functions.

Several recent studies screened the microbial diversity
among forest stands, e.g., Hackl et al. [14] described the
differences of bacterial communities present in 12 different
types of native forest in Austria. The shift of communities’
structure along the fertility gradient in boreal forests was
detected by Pennanen et al. [24] and variant spatial
distribution of microorganisms in mixed spruce-birch forest
was found by Saetre and Baath [27]. Virzo de Santo et al.
[29] defined differences of litter colonizing fungi among
tree coniferous litter species, whereas Wilkinson et al. [30]
showed the sensitivity of microbial populations’ structure
associated with decomposing conifer litter to changes in
environmental conditions. Grayston and Prescott [13]
showed floor layer and site effect to be more important
than tree species role in a study of four forests in British
Columbia. According to the results of our study, the
incubation time effect was more important than the site
effect during the decay of beech leaves in Japan [23]. Aneja
et al. [3] noticed the shift in microbial community during
the course of degradation of spruce and beech litter and a
unique community profile for each litter sample. In spite
that many investigations have demonstrated the influence of
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tree species on soil processes, these studies are difficult to
compare because they have considered different forest
ecosystems located at different sites and have often been
affected by factors other than tree cover, such as variation
in pedoclimatic conditions [18]. The studies also used
different approaches, whether molecular or PFLA, and
different scales to answer different questions, which further
complicates comparison, generalization, and extrapolation
of the results. Thus, further studies are still needed to
improve the knowledge of forest ecosystem processes.

Fungal vs Bacterial Communities

The highest fungal richness was found in the spruce forest
and the lowest in the beech forest whereas it was opposite
for bacteria. This might be indicative of the antagonistic
relationship between fungi and bacteria documented, e.g.,
by Boer et al. [8] or Moller et al. [21]. SR of fungi and
bacteria developed comparably in spruce, which was not
the case of the beech and native forest. But generally,
bacterial SR decreased already in August, a month earlier
than the fungal one. Both fungal and bacterial communities
differed in dependence mainly on ecological conditions,
incubation time, or tree species. Similarly, Lejon et al. [19]
documented a significant discrimination between fungal
and bacterial communities indigenous to the tree species,
using the RISA approach in the same study site. The
bacterial communities were found to be more discriminat-
ing than fungal ones in general and the tree species effect in
individual sampling dates was more often significant for
bacteria as well. Agnelli et al. [2] also pointed out higher
bacterial than fungal diversity between soil profiles in an
80-year-old Picea alba plantation in Apennines. On the
contrary, Lejon, et al. [19] showed that fungal diversity was
more discriminated compared to the bacterial community in
the upper soil layers in the same study site, and Leckie et al.
[18] demonstrated the same in forests of the Vancouver
Island. In the present study, fungal communities were
conversely found to be more dynamic with faster species
turnover because of actual ecological conditions than
bacterial ones. Both communities were clearly unaffected
by tree species in the first sampling after 3 months of decay
in early stages of colonization. Fungal community was also
highly unaffected by tree species in September, when the
role of environmental conditions dominated.

Environmental Condition Effect

Environmental conditions were found to have a major
importance for both species numbers and community struc-
ture. Their effect overlapped the incubation duration and tree
species role for both fungal and bacterial communities. Few
species were found at all dates, although the majority was

found at least randomly present in all tree stands. SR increased
with the beginning of summer but decreased later because of
dry conditions in the site before September sampling. Next,
SR increase followed moisture increase in October. The next
decline was observed later because of the influence of the
temperature decline in late autumn. During the summer, many
species present in colder and more humid months were
replaced by others that prefer the more extreme hot and dry
summer conditions. Another hypothesis could be that the
fade-away of otherwise common species in the summer
allowed feeble competitors to develop even in unfavorable
conditions. Analyses confirmed that many species were
present both in early and later months whereas different
species were detected only in summer samplings and some
were rare or present just randomly. These “summer” species,
although less numerous, produced high biomass, especially in
spruce and beech. In our opinion, summer months still had
higher amounts of nutrients released from litter because of
higher microbial activity, which could by feedback effect
sustain the higher activity and/or biomass production of
drought-surviving species. Such seasonal changes in commu-
nity composition show the importance of studying the whole
pool of species present in the soil and forest floor and not only
the species present at a unique period. Berg andMcClaugherty
[6] also found that the abundance of bacteria and fungi in a
Scots pine forest in The Netherlands was influenced by soil
water content, and that of fungi also by temperature, and
showed clear seasonal pattern. Hyphae length was positively
related to moisture and negatively to temperature in the same
study. Inorganic forms of nitrogen concentration did not
seem to be widely important either for fungal or bacterial
communities, which is in agreement with our results.

Conclusions

The TGGE was used as a powerful fingerprinting technique
to analyze fungal and bacterial communities present from
the 3rd to the 10th month of the decay of cellulose strips,
covering the period from spring to autumn. SR was not
highly affected by tree species change. It did not increase
with time, mainly because nonbounded cellulose is an
easily accessible material for microbial ingrowths. The
microbial communities were distinct in the individual tree
stands and developed over the period of decomposition.
Many species were detected in all three tree stands, but
highly differed in patterns. Conversely, no species were
typical for only one tree stand. The actual community
composition was highly related to environmental condi-
tions, which seemed to be more important for the presence
or absence of microbial species than incubation time or tree
species. An interesting situation was found in the summer,
when the fungal biomass reached its highest value,
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although the SR was low after the elimination of commonly
abundant species, probably by drought combined with high
temperatures. At the same time, rare or infrequent species
were detected, disappearing later with the reappearance of
the abundant species. Such species were for the most part
present both in the spring and in the autumn, being replaced
only in the summer. The correlation coefficients between
studied variables highly differed between the tree stands,
which could be caused partly by the environmental
conditions and partly by different decomposer community
responses in a given tree stand. However, all variables
seemed to be very complex and inseparable. To link the
decomposer diversity to ecosystem functioning, we also
studied several parameters of the strip decomposition, such
as the decay rate, cellulase activity, or nitrogen accumula-
tion. The results and the aggregate discussion are given in
the second part of this study.
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3<55(5$A<&$3*#,#*?&g$A&8$#%5?&"<5$*<2&*+&K(%C$5&)#+8$AA&$%2&g$A&*E<&E#CE<A*&#%&A(88<"e&

I<3+8J+A#*#+%&$3*#,#*?&g$A&%+*&A#C%#K#3$%*5?&#%K5(<%3<2&)?&K(%C$5&+"&)$3*<"#$5&AJ<3#<A&
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1. Introduction 
6+A*&5#*<"$*("<&+%&*E<&"<5$*#+%AE#J&)<*g<<%&)#+2#,<"A#*?&$%2&<3+A?A*<8&K(%3*#+%#%C&E$A&

K+3(A<2&+%&$)+,<C"+(%2&J$"*A&+K&*E<&A?A*<8Ae&!2,$%3<2&*<3E%#@(<A&A(3E&$A&8+5<3(5$"&

$JJ"+$3E<A&E$,<&+J<%<2&%<g&J+AA#)#5#*#<A&*+&#%,<A*#C$*<&*E<&2#,<"A#*?&+K&A+#5&8#3"++"C$%#A8A&

$%2&K(%3*#+%A&G!%2<"A+%&9PPY0&><37#<&9PPXHe&;E$%C<A&+K&$)+,<C"+(%2&AJ<3#<A&2#,<"A#*?&$5A+&

E$,<&#8J5#3$*#+%A&K+"&)<5+gC"+(%2&<3+A?A*<8&K(%3*#+%#%C0&gE#3E&8$?0&#%&*("%0&$KK<3*&*E<&

2<3+8J+A#*#+%&+K&+"C$%#3&8$*<"#$5&$%20&*E(A0&*E<&8#%<"$5#R$*#+%&+K&%(*"#<%*A&$%2&3$(A<&

K<<2)$37&<KK<3*&+%&*E<&J5$%*&3+88(%#*?&$%2&gE+5<&<3+A?A*<8&Gi$"25<&<*&,$%&2<%&Q(**<%&

9PP:He&[,<"&^Xj&+K&*E<&)#+8$AA&+K&8+A*&2<3+8J+A<"&K++2&g<)A&#A&3+8J+A<2&+K&8#3"+)<A0&

i.e.,&K(%C#&$%2&)$3*<"#$&GM<*$5$&9PP9H&$%2&A+#5&3+88(%#*#<A&$"<&$8+%C&*E<&8+A*&AJ<3#<A="#3E&

3+8J+%<%*A&+K&*<""<A*"#$5&<3+A?A*<8A&G1+%<A&<*&D"$2K+"2&9PP.He&I<AJ#*<&*E$*0&*E<&5#%7$C<A&

)<*g<<%&8#3"+)#$5&)#+2#,<"A#*?0&#*A&K(%3*#+%A&$%2&A+#5&J"+3<AA<A&E$,<&%+*&?<*&)<<%&35$"#K#<2e&S*&

#A&+K&+,<""#2#%C&#8J+"*$%3<0&gE<*E<"&AJ<3#<A&2#,<"A#*?&#A&*E<&8$#%&2"#,<"&+K&<3+A?A*<8&

K(%3*#+%A&GM3Eg$"*R&<*&$5e&9PPP0&M"#,$A*$,$&9PP9H&+"&#K&#*A&<KK<3*A&$"<&"$*E<"&(%#8J+"*$%*&#%&

3+8J$"#A+%&*+&*E<&8+"<&2#"<3*&<KK<3*&+K&E$)#*$*&3E$%C<Ae&FE<&<Z*<%*&*+&gE#3E&*E<&3+8J5<Z&

"<5$*#+%AE#J&)<*g<<%&J5$%*A&$%2&8#3"+=+"C$%#A8A&#%K5(<%3<&+"C$%#3&8$**<"&2?%$8#3A&#A&$5A+&

3"#*#3$5&*+&+("&(%2<"A*$%2#%C&+K&C5+)$5&3$")+%&3?35<A0&A+("3<A&$%2&A#%7A0&#%&*E<&,#<g&+K&*E<&

C5+)$5&3E$%C<e&B<5$*<2&@(<A*#+%A&#%35(2<&E+g&8$%$C<8<%*&J"$3*#3<A&$KK<3*&<3+5+C#3$5&

J"+3<AA<A&*+&A<*&C+$5A&+K&A(A*$#%$)5<&8$%$C<8<%*&GD<%C*AA+%&<*&$5e&9PPP0&k"#KK#*EA&<*&$5e&

9PP.He&

S%3"<$A#%C&*"<<&2#,<"A#*?&#%&K+"<A*A&AE+(52&5<$2&*+&$%&#%3"<$A<&#%&8#3"+)#$5&)#+8$AA&$%2&

$3*#,#*?&)?&E#CE<"&%#3E<&,$"#$)#5#*?&G<eCe&2#,<"A#*?&+K&3$")+%&A+("3<A&#%&8+"<&,$"#$)5<&5#**<"&

*?J<A&$%2&"++*&<Z(2$*<A0&E#CE<"&J"#8$"?&J"+2(3*#+%0&,$"#$)5<&8#3"+35#8$*<0&J"<A<%3<&+K&g++2&

2<)"#A&+"&AJ$*#$5&$%2&$C<&E<*<"+C<%<#*?He&L("*E<"0&#*&#A&<ZJ<3*<2&*E$*&C"<$*<"&8#3"+)#$5&2#,<"A#*?&

<%A("<A&K$A*<"&+"C$%#3&8$**<"&2<3+8J+A#*#+%&$*&$&E#CE<"&"$*<&*E$%&$&A?A*<8&g#*E&$&K<g&*$Z$0&

)<3$(A<&*E<&"<2(3*#+%&#%&3+8J5<Z#*?&8$?&"<A(5*&#%&"<2(3<2&$3*#,#*?e&T<,<"*E<5<AA0&*E<&AJ<3#<A&

"#3E%<AA&#A&%+*&*E<&+%5?&#AA(<b&*E<&C<%<=)$%70&K(%3*#+%$5&3E$"$3*<"#A*#3A&$%2&"<A+("3<&(A<&
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<KK#3#<%3?&+K&#%2#,#2($5&AJ<3#<A&$"<&#8J+"*$%*&$A&g<55e&Q+A#*#,<&+"&%<C$*#,<&#%*<"$3*#+%A&

)<*g<<%&3+=+33(""#%C&8#3"+)#$5&*$Z$&8$?&$5A+&)<&"<5<,$%*0&<eCe&#%&*E<&$3@(#A#*#+%&+K&%(*"#<%*A0&

#%&*E<&A<@(<%*#$5&$**$37&+K&A()A*"$*<&+"&#%&3+8J<*#*#+%&K+"&AJ$3<&GM<*$5$&<*&63><$%&9PPY0&

I<$3+%&<*&$5e&9PP_He&FE<&<KK<3*&+K&2#,<"A#*?&+%&<3+A?A*<8&K(%3*#+%&3+(52&)<&%<C$*#,<0&2(<&*+&

+,<"=A$*("$*#+%&$%2&<%E$%3<2&3+8J<*#*#+%0&+"&g<$7&)<3$(A<&+K&A$*("$*#+%&$*&5+g&AJ<3#<A&

"#3E%<AA&+"&K(%3*#+%$5&"<2(%2$%3?&#%*<"$3*#+%A0&$A&"<,#<g<2&)?&V7A3E8#**&<*&$5e&G9PP.H0&

6#7+5$&<*&$5e&G9PP:H0&i$"25<&<*&,$%&2<"&Q(**<%&G9PP:He&\+g<,<"0&<,<%&#K&A+#5&)#+2#,<"A#*?&#A&

(%#8J+"*$%*&(%2<"&A*<$2?=A*$*<&3+%2#*#+%A0&#*&8$?&A#C%#K#3$%*5?&$KK<3*&*E<&<3+A?A*<8&A*$)#5#*?&

#%&"<AJ+%A<&*+&2#A*(")$%3<Ae&!&2#,<"A<&3+88(%#*?&g+(52&)<&8+"<&5#7<5?&*+&3+%*$#%&AJ<3#<A&

$)5<&*+&*+5<"$*<&$&2#A*(")$%3<&*E$%&$&J++"&+%<&Gi$"25<&<*&,$%&2<"&Q(**<%&9PP:0&M<*$5$&<*&

63><$%&9PPYHe&

FE#A&A*(2?&$#8A&*+&$AA<AA&*E<&"<5$*#+%AE#J&)<*g<<%&8#3"+)#$5&AJ<3#<A&"#3E%<AA0&

3+88(%#*?&3+8J+A#*#+%&$%2&2<3+8J+A#%C&$3*#,#*?&*+&#2<%*#K?&*E<&#%*<"<A*&+K&)#+2#,<"A#*?&*+&

K+"<A*&<3+A?A*<8&J"+3<AA<Ae&FE<&@(<A*#+%A&*+&$%Ag<"&#%35(2<a&#H&E+g&2+<A&*"<<&AJ<3#<A&$%2&

*#8<&$KK<3*&*E<&2?%$8#3A&+K&3<55(5+A<&2<3$?0&##H&gE#3E&,$"#$)5<&#A&*E<&8+A*&"<5<,$%*&*+&<ZJ5$#%&

*E<&"<5$*#+%AE#J&)<*g<<%&<3+A?A*<8&K(%3*#+%#%C&$%2&AJ<3#<A&"#3E%<AA0&3+88(%#*?&3+8J+A#*#+%&

+"&AJ<3#K#3&$3*#,#*?&+K&AJ<3#<A&###H&gE$*&#A&*E<&"+5<&+K&#%2#,#2($5&AJ<3#<A&$%2&*E<#"&K"<@(<%3?&+K&

+33(""<%3<e&&

&

2. Materials and Methods 
2.1. In situ experiment 

FE<&#%K+"8$*#+%&$)+(*&2<3$?&$%2&8#3"+)#$5&3+5+%#R$*#+%&+K&$&8+2<5&8$*<"#$50&A(3E&$A&

3<55(5+A<0&#%&8+%+AJ<3#K#3&$%2&<,<%=$C<2&K+"<A*&A#*<A&3$%&#8J"+,<&+("&(%2<"A*$%2#%C&+K&*E<&

K$3*+"A&"<C(5$*#%C&3+8J5<Z&<3+A?A*<8&J"+3<AA<Ae&FE<&A*(2?&A#*<&+K&D"<(#50&A#*($*<2&#%&L"<%3E&

D("C(%2?&#%&*E<&g<A*&J$"*&+K&6$AA#K&;<%*"$50&#%35(2<A&A*$%2A&+K&2#KK<"<%*&*"<<&AJ<3#<A&#%&:P=&

?<$"=&+52&J5$%*$*#+%A&$%2&$&A<8#=%$*#,<&K+"<A*&$A&$&3+%*"+5&A*$%20&.PPP8
9&
<$3E&+K&*E<8e&FE<&

%$*#,<&K+"<A*&GFagus sylvatica >e0&Quercus petraea >#<)5e&#%&*E<&E#CE&K+"<A*&A*"$*$0&Betula 

pendula&B+*Ee0&$%2 Corylus avelana >eH&$%2&*g+&J5$%*$*#+%A&GT+"g$?&AJ"(3<0&Picea abies 

'$"A*e0&$%2&V("+J<$%&)<<3E0&Fagus sylvatica >eH&g<"<&3E+A<%&K+"&*E<&#%3()$*#+%&+K&3<55(5+A<&

A*"#JAe&`<C<*$*#+%&AE+(52&E$,<&3$(A<2&$55&<%,#"+%8<%*$5&2#KK<"<%3<A&)<*g<<%&*E<A<&*E"<<&

K+"<A*A&2(<&*+&*E<&E+8+C<%<#*?&+K&*E<&A*(2?&A#*<e&L#,<&"+(%2&3<55(5+A<&A*"#JA&GiE#*8$%0&l&

Y]880&*+*$5&g<#CE*&mPe^CH&g<"<&<%35+A<2&#%&$&5#**<"&)$C&g#*E&8<AE&A#R<&X!8&$%2&J5$3<2&#%*+&

*E<&*<""$#%&#%&5$*<&L<)"($"?&9PPYe&M<,<%&)$CA&g<"<&3+55<3*<2&#%&Y&g<<7&#%*<",$5A0&#e<e&+%3<&$&

8+%*E0&#%&<$3E&+K&*E<&A*$%2A&+,<"&.P&8+%*EA&(%*#5&<$"5?&I<3<8)<"&9PPYe&&

& :



2.2. Biotic variables 

FE<&8+5<3(5$"&$%$5?A<A&+K&8#3"+)#$5&3+88(%#*#<A&g<"<&2<A3"#)<2&#%&2<*$#5&#%&$&

J"<,#+(A&J$J<"&G'()$"*+,$&<*&$5e&9PP]Hb&$&)"#<K&+,<",#<g&#A&J"+,#2<2&E<"<e&D$CA&K"+8&*E<&:
"2
&*+&

.P
*E
&A$8J5#%CA&G6$?=I<3<8)<"H&g<"<&(A<2&*+&$%$5?R<&*E<&2#,<"A#*?&+K&K(%C$5&$%2&)$3*<"#$5&

AJ<3#<Ae&IT!&g$A&<Z*"$3*<2&K"+8&$55&A$8J5<A&(A#%C&*E<&I%<$A?&J5$%*&8#%#&7#*&Gn#$C<%H&

K+55+g#%C&*E<&8$%(K$3*("<"oA&J"+*+3+5e&IT!&g$A&$8J5#K#<2&)?&Q;B&(A#%C&SFM.L&$%2&;kSFM9&

J"#8<"&J$#"A&K+"&K(%C#&GXP!5&+K&Q;B&$AA$?A&3+%*$#%<2&9!5&+K&*<8J5$*<0&X!5&+K&Q;B&)(KK<"&

GM#C8$0&.PP86&F"#A=\;50&J\&Oe:0&XPP86&';50&.X86&6C;59H0&.!5&+K&2TFQ&G.P86H0&.!5&+K&

<$3E&J"#8<"&G9P!6H0&P0X!5&+K&F$@=J+5?8<"$A<&GX&(%#*Ah!50&M#C8$H0&.!5&+K&k;="#3E&A+5(*#+%&

GM#C8$Hb&*E<&$8J5#K#3$*#+%&"<C#8<&g$A&$A&K+55+gAa&#%#*#$5&3?35<&+K&2<%$*("$*#+%&$*&^Xp&;&K+"&:&

8#%0&K+55+g<2&)?&:X&3?35<A&+K&*E<&K+55+g#%Ca&2<%$*("$*#+%&$*&^Yp&;&K+"&YX&A0&$%%<$5#%C&$*&XXp&;&

K+"&YX&A&$%2&<Z*<%A#+%&$*&]9p&;&K+"&.8#%&.X&A0&<%2#%C&g#*E&*E<&K#%$5&<5+%C$*#+%&$*&]9p&;&K+"&O&

8#%e&.YP."&$%2&;k^_OK&J"#8<"&J$#"A&g<"<&(A<2&K+"&)$3*<"#$&GA#8#5$"&"<$3*#+%&8#Z*("<&g#*E&9!5&

+K&DM!&G:jH&$22<20&*E<&Q;B&"<C#8<&2#KK<"<2&A5#CE*5?a&2<%$*("$*#+%&$*&^Yp&;&K+"&X&8#%0&:X&

3?35<A&+K&*E<&K+55+g#%Ca&2<%$*("$*#+%&$*&^Yp&;&K+"&YP&A0&$%%<$5#%C&$*&X_p&;&K+"&:P&A&$%2&

<Z*<%A#+%&$*&]9p&;&K+"&.&8#%0&$%2&*E<&K#%$5&<5+%C$*#+%&A*<J&$*&]9p&;&K+"&X&8#%He&!55&Q;B&

"<$3*#+%A&g<"<&J<"K+"8<2&g#*E&#;?35<"&FE<"8$5&3?35<"&GD#+"$2He&

Q;B&J"+2(3*A&g<"<&*E<%&A<J$"$*<2&+%&$3"?5$8#2<&C<5&)?&*<8J<"$*("<&C"$2#<%*&C<5&

<5<3*"+JE+"<A#A&GFkkVH&$%2&,#A($5#R<2&(%2<"&N`&5#CE*&$K*<"&A*$#%#%C&g#*E&<*E#2#(8&)"+8#2<e&

FkkV&g$A&J<"K+"8<2&g#*E&$&I3+2<&N%#,<"A$5&6(*$*#+%&I<*<3*#+%&A?A*<8&GD#+"$2He&L+"&

K(%C#0&*E<&J+5?$3"?5$8#2<&C<5A&g<"<&J"<J$"<2&g#*E&Oj&+K&$3"?5$8#2<&Gg*h,+5H0&O6&+K&("<$0&

.e9XZ&F!V0&Pe9j&+K&C5?3<"+5&G,+5h,+5H0&$%2&g#*E&:PP&!5&+K&$88+%#(8&J<"A(5JE$*<&G.PjH&$%2&

:P&!5&+K&FV6VI&$A&J+5?8<"#R$*#+%&$C<%*Ae&!8J5#K#<2&IT!&A$8J5<A&G.P!5&J5(A&.P!5&5+$2#%C&

)(KK<"H&g<"<&A<J$"$*<2&)?&<5<3*"+JE+"<A#A&#%&.e9XZ&F!V&$*&$&3+%A*$%*&,+5*$C<&.YX`&g#*E&$&

*<8J<"$*("<&C"$2#<%*&K"+8&XPp&;&*+&XXp&;&g#*E&$&*<8J<"$*("<&#%3"<8<%*&+K&.&2<C"<<&J<"&E+("&

$%2&A*$#%<2&g#*E&<*E#2#(8&)"+8#2<e&L+"&)$3*<"#$0&FkkV&2#KK<"<2&#%&*E$*&g<&(A<2&]j&

$3"?5$8#2<&C<5A&Gg*h,+5H&$%2&$&*<8J<"$*("<&C"$2#<%*&K"+8&XOp&;&*+&_:p&;&g#*E&*E<&A$8<&

*<8J<"$*("<&#%3"<8<%*e&FkkV&+J*#8#R$*#+%&<%$)5<2&*E<&2<*<3*#+%&+K&XP&)$%2A0&2#KK<"#%C&#%&

F8qPe.
r
;e&MJ<3#<A&2#A*"#)(*#+%&$%2&"<5$*#,<&$)(%2$%3<&8$*"#3<A&g<"<&3"<$*<2&)+*E&K+"&K(%C#&

$%2&)$3*<"#$5&3+88(%#*#<Ae&FE<%&#H&*+*$5&AJ<3#<A&%(8)<"&##H&$,<"$C<&AJ<3#<A&"#3E%<AA&###H&

ME$%%+%=i#<,<"&2#,<"A#*?&#%2<Z&GMiH&$%2&#,H&3+88(%#*?&3+8J+A#*#+%&g<"<&"<3+"2<2&$%2&

(A<2&K+"&A*$*#A*#3$5&$%$5?A<Ae&L(%C$5&)#+8$AA&+%&3<55(5+A<&A*"#JA&g$A&2<*<"8#%<2&8<$A("#%C&

<"C+A*<"+5&3+%*<%*&#%&K(%C$5&8<8)"$%<A&GB(R#37$&<*&$5e&9PPP0&sE$+&<*&$5e&9PPXH&$%2&2<A3"#)<2&

& Y



#%&$&J"<,#+(A&J$J<"&G'()$"*+,$&<*&$5e&9PP]He&Fg<%*?&+K&*E<&8+A*&#8J+"*$%*&K(%C$5&)$%2A&g<"<&

A<@(<%3<2&J"<,#+(A5?&G'(5E$%7+,$&<*&$5e&9PP_He&\+g<,<"0&*E<&AJ<3#<A&$"<&J"<A<%*<2&+%5?&$A&

%(8)<"A0&A#%3<&*E<#"&#2<%*#K#3$*#+%&*+&C<%(A&5<,<5&g$A&%+*&J+AA#)5<e&&

S%&*E#A&A*(2?0&K(%C$5&$%2&)$3*<"#$5&3+88(%#*?&3+8J+A#*#+%&2$*$&g<"<&"<5$*<2&*+&<$3E&+K&

*E<&$3*#,#*?&,$"#$)5<A&(A#%C&BI!&#%&+"2<"&*+&2<*<3*&*E<&8+A*&#8J+"*$%*&AJ<3#<A&G2$*$&%+*&

AE+g%0&K+"&A(88$"#R#%C&BI!&J5+*&GK(%C#H&A<<&L#Ce&XHe&L#,<&K(%C$5&AJ<3#<A0&*E<&8+A*&"<5<,$%*&

K+"&*E<&$3*#,#*?&$%2h+"&2#,<"A#*?0&g<"<&2<*<3*<2e&FE<#"&$)(%2$%3<A&$%2&5#K<=A*"$*<C#<A&$"<&

2<A3"#)<2&8+"<&35+A<5?&)<5+ge&&&

&

2.3. Environmental variables and microbial activity  

M+#5&*<8J<"$*("<&G;$8J)<55&2$*$&5+CC<"&;B.P&$%2&J"+)<A&.P]0&ME<JAE<2&V%C5$%2H&$%2&

8+#A*("<&GFIB&F"$A<&A?A*<8&DV0&M+#5&6+#A*("<&<@(#J8<%*&;+"Je&M$%*$&D$")$"$0&;$5#K+"%#$&

NMH&g<"<&3+%*#%(+(A5?&8<$A("<2&<,<"?&Y&E+("A&#%&*E<&A*(2#<2&J5+*A&G<Z3<J*&*E<&%$*#,<&K+"<A*&

2(<&*+&*<3E%#3$5&"<$A+%AH&$%2&*E<#"&$,<"$C<&,$5(<A&2("#%C&*E<&K+("&g<<7&J<"#+2&)<*g<<%&

A$8J5#%CA&g<"<&(A<2&K+"&$%$5?A<Ae&!88+%#(8&$%2&%#*"$*<&3+%3<%*"$*#+%A&g<"<&3+%*#%(+(A5?&

8+%#*+"<2&#%&A+#5&A+5(*#+%A&3+55<3*<2&(%2<"&*E<&K+"<A*&K5++"&#%&*E<&*E"<<&A*$%2A&(A#%C&R<"+&

*<%A#+%&*E#%&J5$*<&5?A#8<*<"A&GB$%C<"&<*&$5e&9PPY0&'()$"*+,$&<*&$5e&9PP]He&

S%&*E#A&A*(2?0&8#3"+)#$5&$3*#,#*?&g$A&*$"C<*<2e&6$AA&+K&*E<&A*"#JA&g$A&2<*<"8#%<2&$K*<"&

9Y&E+("A&+K&2"?#%C&$*&_Xr;e&I<3+8J+A#*#+%&"$*<&g$A&<ZJ"<AA<2&#%&8C&J<"&2$?&g#*E&Y&g<<7A&+K&

#%*<",$5&)<*g<<%&*E<&A$8J5#%C&2$*<Ae&[5A+%oA&<ZJ+%<%*#$5&8+2<5&7&q&=.h*/5%&Gt*htPH&g$A&(A<2&

K+"&*E<&gE+5<&J<"#+2&+K&2<3+8J+A#*#+%0&gE<"<&tP&&q&#%#*#$5&8$AA&5+AA0&t*&q&K#%$5&8$AA&5+AA&$%2&*&

q&*#8<&+K&*E<&2<3+8J+A#*#+%&G[5A+%&.^_:He&;<55(5$A<&$3*#,#*?&g$A&#%,<A*#C$*<2&(A#%C&

3+5+"#8<*"#3&2<*<"8#%$*#+%&+K&"<2(3#%C&A(C$"A&GI<%C&<*&F$)$*$)$#&.^^Y0&;"#@(<*&9PP9He&

B<2(3#%C&A(C$"A&g<"<&<Z*"$3*<2&K"+8&$%&$5#@(+*&+K&J+g2<"<2&3<55(5+A<&g#*E&2<#+%#A<2&g$*<"e&

!K*<"&8<3E$%#3$5&AE$7#%C&G_P&8#%H&$%2&3<%*"#K(C#%C&G9P&8#%&$*&:XPP&"J8H0&<Z*"$3*A&g<"<&

K#5*<"<2&*E"+(CE&Pe9u8&J+"<&A#R<&8<8)"$%<Ae&FE<&K#5*"$*<&g$A&*"<$*<2&g#*E&M+8+C?#=T<5A+%&

"<$C<%*&$%2&*E<&$)A+")$%3<&8<$A("<2&$*&].P&%8&g#*E&$&AJ<3*"+JE+*+8<*<"&D<378$%&IN=]Pe&

FE<&3$5#)"$*#+%&3(",<&g$A&<A*$)5#AE<2&g#*E&C5(3+A<0&$%2&3<55(5$A<&$3*#,#*?&g$A&<ZJ"<AA<2&$A&!C&

C5(3+A<h8C&3<55(5+A<e&V$3E&A$8J5<&g$A&K#%<5?&C"+(%20&2"#<2&$*&_Xr;&$%2&*"<$*<2&(A#%C&;\TM=

[&..PO&;$"5+&V")$&$%$5?R<"&G3+8)(A*#+%&$*&.P9Pr;H&#%&+"2<"&*+&$AA<AA&3$")+%&$%2&%#*"+C<%&

3+%3<%*"$*#+%Ae&&

FE<&$3*#,#*?&2$*$&G8$AA&5+AA0&2<3+8J+A#*#+%&"$*<0&3<55(5$A<&$3*#,#*?0&T&$33(8(5$*#+%H&

g<"<&*<A*<2&)?&3+8J(*#%C&!T[`!&(A#%C&M*$*#A*#3$&A+K*g$"<&GM*$*M+K*He&FE<&3+""<5$*#+%A&

)<*g<<%&*E<&$3*#,#*?&2$*$&$%2&<%,#"+%8<%*$5&,$"#$)5<A&+"&8#3"+)#$5&J$"$8<*"<A&G'()$"*+,$&

& X



9PP]H&g<"<&2<A3"#)<2&)?&Q<$"A+%vA&3+""<5$*#+%&3+<KK#3#<%*&G3+""<5$*#+%&'X, Y&)<*g<<%&*E<&

,$"#$)5<A&t&$%2&w&g#*E&"<AJ<3*<2&,$5(<A&(X&$%2&(Y&$%2&A*$%2$"*&2<,#$*#+%A& )X&$%2&)Y&g$A&

2<K#%<2&$Aa&'X, Y&q&3+,&Gt0&wH&h&)X&)Y&0&gE<"<&3+,&Gt0&wH&q&E&GGt&=&(XH&Gw&=&(YHH0&#%&gE#3E&E #A&

*E<&<ZJ<3*<2&,$5(<&+K&*E<&,$"#$)5<&$%2&3+,&8<$%A&3+,$"#$%3<He&Q"#%3#J$5&3+8J+%<%*&$%$5?A#A0&

Q;!0&$%2&"<2(%2$%3?&2#A3"#8#%$*<&$%$5?A#A0&BI!0&g<"<&(A<2&*+&,#A($5#R<&*E<&"<5$*#+%A&$8+%C&

8+"<&,$"#$)5<A&$%2&K(%C$5&AJ<3#<Ae&FE<A<&g<"<&3+8J(*<2&)?&;$%+3+&G6#3"+3+8J(*<"&Q+g<"He&&

&

3. Results 
3.1. Microbial activity during decomposition  

FE<&8$AA&5+AA&+K&3<55(5+A<&A*"#JA&g$A&8<$A("<2&$5+%C&*<%&8+%*EA0&K"+8&L<)"($"?&*+&

I<3<8)<"&GL#Ce&.He&FE<&3+88+%&*"<%2&K+"&$55&*"<<&AJ<3#<A&g$A&$%&#%3"<$A<&#%&2<3+8J+A#*#+%&

"$*<&(%*#5&M<J*<8)<"&GL#Ce&9$He&FE<&8$AA&5+AA&g$A&A#C%#K#3$%*5?&5+g<"&#%&)<<3E&(%*#5&6$?&GL#C&

.H0&)(*&*E<&E#CE<A*&+K&$55&*"<<&AJ<3#<A&#%&1(%<e&FE<&"<8$#%#%C&8$AA&g$A&.:e^j&#%&*E<&5$A*&

A$8J5#%Ce&FE<&8$AA&5+AA&g$A&*E<&5+g<A*&#%&AJ"(3<&$%2&#%*<"8<2#$*<&#%&*E<&%$*#,<&K+"<A*&

)<*g<<%&1(%<&$%2&[3*+)<"e&FE<&2<3+8J+A#*#+%&A5+g<2&2+g%&#%&*E<&%$*#,<&K+"<A*&$K*<"&

M<J*<8)<"&$%2&*E(A&*E<&E#CE<A*&"<8$#%#%C&8$AA&g$A&+)A<",<2&*E<"<&$*&*E<&<%2&+K&*E<&

<ZJ<"#8<%*&G:^eXj0&3+8J$"<2&g#*E&._ePj&#%&AJ"(3<He&I<3+8J+A#*#+%&3+%A*$%*&k&g$A&*E<&

E#CE<A*&#%&)<<3E0&8#225<&#%&AJ"(3<&$%2&*E<&5+g<A*&#%&*E<&%$*#,<&K+"<A*&G9eX.0&9e:&$%2&.eYY/?<$"
=

.&
"<AJ<3*#,<5?He&6$AA&5+AA&,$5(<A&2#KK<"<2&A#C%#K#3$%*5?&$8+%C&*"<<&A*$%2Ae&

>#7<g#A<0&*E<&3<55(5$A<&$3*#,#*?&#%3"<$A<2&(%*#5&M<J*<8)<"0&8$#%5?&#%&)<<3E&GL#Ce&9)He&S*&

g$A&#%*<"8<2#$*<&#%&AJ"(3<&$%2&5+g<A*&#%&%$*#,<&K+"<A*&(%*#5&M<J*<8)<"0&)(*&g#*E&A#8#5$"&,$5(<A&

#%&I<3<8)<"&K+"&$55&GL#Ce&9)He&FE<&$,<"$C<&3<55(5$A<&$3*#,#*?&,$5(<A&g<"<&Pe_O0&PeY:&$%2&

Pe:Y!C&C5(3+A<h8C&3<55(5+A<&#%&)<<3E0&AJ"(3<&+"&*E<&%$*#,<&K+"<A*0&"<AJ<3*#,<5?e&;<55(5$A<&

$3*#,#*?&2#KK<"<2&A#C%#K#3$%*5?&$8+%C&*"<<&A*$%2A&$%2&+,<"&*#8<&#%&$%&#%2#,#2($5&*"<<&A*$%2e&&

T#*"+C<%&3+%3<%*"$*#+%&+%&*E<&3<55(5+A<&A*"#JA&#%3"<$A<2&+,<"&*#8<&GL#Ce&93H0&$A&

%#*"+C<%&g$A&#88+)#5#R<2&)?&*E<&8#3"++"C$%#A8Ae&S*&$**$#%<2&(J&*+&PeXj&#%&*E<&%$*#,<&K+"<A*0&

9e]j&#%&*E<&AJ"(3<&$%2&:eOj&#%&*E<&)<<3E&$*&*E<&<%2&+K&#%3()$*#+%e&T#*"+C<%&3+%3<%*"$*#+%&

A#C%#K#3$%*5?&2#KK<"<2&$8+%C&*"<<&A*$%2Ae&&

FE<&3$")+%h%#*"+C<%&"$*#+&GL#Ce&92H&2<3"<$A<2&+,<"&*#8<0&J"+)$)5?&)<3$(A<&%#*"+C<%&

$33(8(5$*<2&#%&*E<&"<8$#%#%C&3<55(5+A<&$%2&*E<&3$")+%&3+%3<%*"$*#+%&#%3"<$A<2&,<"?&A5#CE*5?&

G)<<3EH&+"&8$#%*$#%<2&$58+A*&*E<&A$8<&,$5(<&*E"+(CE+(*&*E<&J<"#+2&GAJ"(3<&$%2&*E<&%$*#,<&

K+"<A*0&2$*$&%+*&AE+g%He&!*&*E<&<%2&+K&*E<&<ZJ<"#8<%*0&*E<&5+g<A*&;hT&"$*#+&g$A&K+(%2&#%&)<<3E&

$%2&*E<&E#CE<A*&#%&*E<&%$*#,<&K+"<A*0&)(*&*E<&2#KK<"<%3<A&g<"<&%+*&A#C%#K#3$%*&$8+%C&*"<<&A*$%2Ae&

& _



FE<&3+5+%#R$*#+%&+K&*E<&A*"#JA0&"<J"<A<%*<2&)?&$%&#%3"<$A<&#%&)#+8$AA0&AJ<3#<A&"#3E%<AA0&

2<3+8J+A#*#+%&"$*<&$%2&T&3+%3<%*"$*#+%0&g$A&A#C%#K#3$%*&#%&*E<&<$"5?&A*$C<A&+K&*E<&<ZJ<"#8<%*e&

S*&g$A&+,<")$5$%3<2&)?&<KK<3*&+K&A<$A+%&#%&A(88<"e&

&

3.2. Links between microbial diversity, activity and environmental conditions 

6#3"+)#$5&$3*#,#*?&,$"#$)5<A0&*$"C<*<2&#%&*E#A&A*(2?0&g<"<&3+""<5$*<2&*+&K(%C$5&$%2&

)$3*<"#$5&2#,<"A#*?&$A&g<55&$A&*+&<%,#"+%8<%*$5&3+%2#*#+%A0&2<A3"#)<2&J"<,#+(A5?&G'()$"*+,$&

9PP]He&FE<&Q<$"A+%vA&3+""<5$*#+%&3+<KK#3#<%*A&g<"<&AE+g%&#%&F$)5<&.e&I<3+8J+A#*#+%&"$*<&+K&

*E<&K+("&g<<7&#%*<",$5A&)<*g<<%&A$8J5#%CA&g$A&*E<&8+A*&J+A#*#,<5?&3+""<5$*<2&*+&*#8<&+K&

2<3+8J+A#*#+%0&A5#CE*5?&J+A#*#,<5?&3+""<5$*<2&*+&*<8J<"$*("<&$%2&K(%C$5&)#+8$AAe&S*&g$A&%+*&

A#C%#K#3$%*5?&"<5$*<2&*+&K(%C$5&+"&)$3*<"#$5&AJ<3#<A&"#3E%<AAe&;<55(5$A<&$3*#,#*?&AE+g<2&*E<&

E#CE<A*&J+A#*#,<&"<5$*#+%AE#J&g#*E&K(%C$5&)#+8$AAb&E+g<,<"&#*&g$A&+K*<%&%<C$*#,<&g#*E&K(%C$5&

AJ<3#<A&"#3E%<AAe&S*&g$A&8+2<"$*<5?&%<C$*#,<5?&3+""<5$*<2&*+&*#8<&$%2&*E<"<&g$A&%+&5#%7&*+&

)$3*<"#$5&AJ<3#<A&"#3E%<AAe&M+#5&*<8J<"$*("<&#%K5(<%3<2&*E<&3<55(5$A<&$3*#,#*?&,$5(<&"$*E<"&

J+A#*#,<5?0&8+#A*("<&"$*E<"&%<C$*#,<5?e&FE<&%#*"+C<%&$33(8(5$*#+%&g$A&E#CE5?&3+""<5$*<2&*+&

2<3+8J+A#*#+%&"$*<&GF$)5<&.He&FE<&5+g<A*&;hT&"$*#+&3+#%3#2<2&g#*E&*E<&K$A*<A*&2<3$?&#%&*E<&

)<<3E&A*$%2e&&

M#C%#K#3$%*&2#KK<"<%3<A&#%&3+""<5$*#+%A&+K&2#,<"A#*?0&$3*#,#*?&$%2&<%,#"+%8<%*$5&

,$"#$)5<A&+33(""<2&)<*g<<%&*"<<&AJ<3#<Ae&S%&*E<&%$*#,<&K+"<A*&#%2#,#2($55?0&2<3+8J+A#*#+%&"$*<&

g$A&8+"<&J+A#*#,<5?&3+""<5$*<2&*+&)+*E&)$3*<"#$5&$%2&K(%C$5&AJ<3#<A&"#3E%<AA0&*+&8+#A*("<&$%2&

*<8J<"$*("<&*E$%&#%&+*E<"&*"<<&AJ<3#<Ae&S*&g$A&8+"<&%<C$*#,<5?&"<5$*<2&*+&K(%C$5&)#+8$AA&

GF$)5<&.0&L#Ce&:He&S%&AJ"(3<0&2<3+8J+A#*#+%&"$*<&g$A&8+"<&J+A#*#,<5?&"<5$*<2&*+&)$3*<"#$5&

AJ<3#<A&"#3E%<AA&*E$%&#%&*E<&+*E<"&A*$%2A&$%2&5<AA&#%K5(<%3<2&)?&8+#A*("<&$%2&*<8J<"$*("<e&S%&

)<<3E0&*E<&%<(*"$5&"<5$*#+%AE#J&+K&2<3+8J+A#*#+%&"$*<&*+&K(%C$5&AJ<3#<A&"#3E%<AA&$%2&%<C$*#,<&

"<5$*#+%AE#J&*+&)$3*<"#$5&AJ<3#<A&"#3E%<AA&g$A&K+(%2e&S*&g$A&8+"<&J+A#*#,<5?&3+""<5$*<2&*+&

K(%C$5&)#+8$AA&*E$%&#%&+*E<"&*"<<&A*$%2Ae&

Q;!&J5+*A&GL#Ce&:H&AE+g<2&3+""<5$*#+%A&+K&A*(2#<2&,$"#$)5<A&#%&*E<&#%2#,#2($5&A*$%2A0&$A&

g<55&$A&*E<&J+A#*#+%&+K&A$8J5#%C&2$*<A&#%&*E<&+"2#%$*#+%&AJ$3<e&FE<&BI!&2#$C"$8&#%&L#Ce&Y&

AE+g<2&*E<&A$8<&3E$"$3*<"#A*#3A0&gE<%&*<A*<2&g#*E#%&*#8<&$%2&*"<<&A*$%2Ae&FE<&#%3"<$A<&#%&

2<3+8J+A#*#+%&"$*<&+,<"&*#8<&g$A&<,#2<%*0&3+%*"$"?&*+&3<55(5$A<&$3*#,#*?e&S*&$5A+&2+3(8<%*<2&

+%5?&$&g<$7&"<5$*#+%AE#J&)<*g<<%&3<55(5$A<&$3*#,#*?&$%2&AJ<3#<A&"#3E%<AAe&F#8<0&f+#%<2&*+&*E<&

Z=$Z#A0&g$A&$&8$f+"&J$"$8<*<"&#%&3+8J$"#A+%&*+&*"<<&A*$%2A0&AJ"<$2&$5+%C&*E<&?=$Z#Ae&MJ"(3<&

g$A&g<55&A<J$"$*<2&K"+8&)+*E&)"+$25<$,<2&A*$%2Ae&FE<&%<Z*&BI!&J5+*&GL#Ce&XH&AE+g<2&"<5$*#+%&

& ]



+K&*E<&K(%C$5&AJ<3#<A&*+&*E<&,$"#$)5<Ae&FE<"<&g<"<&%+&AJ<3#<A&E#CE5?&3+""<5$*<2&g#*E&*#8<e&FE<&

A(88<"=$)(%2$%*&AJ<3#<A&g<"<&C"+(J<2&#%&*E<&5+g<"&5<K*&J$"*&+K&*E<&J5+*e&&

&

3.3. Abundance and distribution of selected fungal species  

i<&AE+g<2&#%&$&J"<,#+(A&J$J<"&G'()$"*+,$&9PP]H0&*E$*&*E<&8+A*&2#A*#%3*&3+88(%#*?&

A*"(3*("<&g$A&K+(%2&#%&*E<&%$*#,<&K+"<A*&G*<A*<2&)?&BI!H0&)+*E&#%&)$3*<"#$5&$%2&K(%C$5&

3+88(%#*#<Ae&6$%?&+K&)+*E&K(%C$5&$%2&)$3*<"#$5&AJ<3#<A&g<"<&J"<A<%*&#%&$55&*E"<<&*"<<&A*$%2A0&

)(*&g#*E&2#KK<"<%*&J$**<"%Ae&I#A*"#)(*#+%&$%2&$)(%2$%3<A&+K&K#,<&K(%C$5&AJ<3#<A0&*E<&8+A*&

"<5<,$%*&K+"&2<3+8J+A#*#+%&$%2h+"&2#,<"A#*?&G*<A*<2&)?&BI!0&%+*&AE+g%H0&g#*E#%&*#8<&$%2&*"<<&

A*$%2A&$"<&AE+g%&#%&L#Ce&_e&FE<&35+A<A*&A<@(<%3<A&K"+8&*E<&2$*$)$A<&Gk<%)$%7H&$"<&#%2#3$*<2&

#%&*E<&C"$JE&E<$25#%<Ae&!55&*E<&"<5$*<2&AJ<3#<A&$"<&7%+g%&$A&g++25$%2&A$J"+JE?*<Ae&&

MJ<3#<A&%(8)<"&]0&35+A<5?&"<5$*<2&*+&Megacollybia platyphylla, g$A&*E<&*E#"2&3+88+%&

AJ<3#<A0&2<*<3*<2&#%&Y.&FkkV&J"+K#5<A&K"+8&]9e&6$3"+3$"JA&+K&*E<&AJ<3#<A&E$2&)<<%&K+(%2&#%&

*E<&A*(2?&A#*<&J"<,#+(A5?&GB$%C<"&<*&$5e&9PPYHe&S*A&$)(%2$%3<&#%3"<$A<2&g#*E&*#8<0&8$#%5?&#%&

*E<&%$*#,<&K+"<A*&$%2&AJ"(3<e&S*A&2+8#%$%*&$JJ<$"$%3<&g$A&2<*<3*<2&#%&*E<&%$*#,<&K+"<A*0&gE<"<&

#*&g$A&J"<A<%*&#%&$55&*E"<<&"<J5#3$*<A&2("#%C&*E<&5$A*&K+("&8+%*EAe&S*&$JJ<$"<2&8+"<&"$%2+85?&#%&

)<<3E&*E$%&#%&AJ"(3<0&)(*&$A&+K*<%&G..&$%2&.9&+33(""<%3<A0&"<AJ<3*#,<5?He&S*&AE+g<2&$&%<(*"$5&

"<5$*#+%AE#J&*+&A+#5&8+#A*("<0&*<8J<"$*("<&$%2&3<55(5$A<&$3*#,#*?e&

MJ<3#<A&%(8)<"&Y_0&8+A*&"<A<8)5#%C&*+&*E<&A<@(<%3<&+K&Chaetosphaeria pulviscula0&

g$A&2<*<3*<2&.^&*#8<A0&8+A*5?&#%&AJ"(3<e&S%&)<<3E&$%2&*E<&%$*#,<&K+"<A*0&#*&g$A&2<*<3*<2&#%&$55&

"<J5#3$*<A&#%&T+,<8)<"&$%2&$58+A*&%+&+*E<"e&S%&AJ"(3<0&#*&g$A&*?J#3$5&)+*E&#%&AJ"#%C&G1(%<0&

1(5?H&$%2&#%&$(*(8%&G[3*+)<"0&T+,<8)<"H&$%2&$,+#2<2&A(88<"&8+%*EA0&gE#3E&g<"<&J+AA#)5?&

*++&g$"8&+"&2"?e&FE(A0&#*&J"<K<""<2&$&3+8)#%$*#+%&+K&E#CE&8+#A*("<&$%2&*<8J<"$*("<e&S*&g$A&

A5#CE*5?&%<C$*#,<5?&3+""<5$*<2&*+&3<55(5$A<&$3*#,#*?e& &

FE<&%<Z*&AJ<3#<A0&%(8)<"&9:0&35+A<&*+&Phlebia albida0&g$A&2<*<3*<2&9_&*#8<A0&8+A*&

K"<@(<%*5?&#%&*E<&%$*#,<&K+"<A*e&S*&$5A+&"<J"<A<%*<2&$&AJ<3#<A&2<3"<$A#%C&+,<"&*#8<&*E<"<0&<,<%&

*E+(CE&#*&g$A&2<*<3*<2&$C$#%&#%&I<3<8)<"e&S*&g$A&$5A+&3+88+%&#%&AJ"(3<0&8$#%5?&2("#%C&*E<&

A(88<"&8+%*EAe&S*&3+(52&A(JJ+"*&#*A&J"<K<"<%3<A&K+"&8+2<"$*<&8+#A*("<&$%2&*<8J<"$*("<&

,$5(<Ae&S%&)<<3E0&#*&$JJ<$"<2&"$*E<"&"$%2+85?e&S*&g$A&+%5?&A5#CE*5?&3+""<5$*<2&*+&3<55(5$A<&

$3*#,#*?e&&

MJ<3#<A&%(8)<"&._&E$A&%+*&)<<%&A<@(<%3<2e&S*&$JJ<$"<2&8$#%5?&#%&A(88<"&$%2&*E(A&

g$A&g<55&3+""<5$*<2&*+&*E<&3<55(5$A<&$3*#,#*?&G*<A*<2&)?&BI!0&%+*&AE+g%He&S*&g$A&8+2<"$*<5?&

K"<@(<%*&g#*E&.]&+33(""<%3<A0&8$#%5?&#%&AJ"(3<e&S*&A<<8<2&*+&J"<K<"&E#CE<"&*<8J<"$*("<A&$*&

A(KK#3#<%*&8+#A*("<&5<,<5Ae&& FE<&!A3+8?3<*<&%(8)<"&:]0&g#*E&$&A<@(<%3<&"<A<8)5#%C&*+&

& O



Coniosporium apollinis A<@(<%3<0&g$A&$%&<Z$8J5<&+K&$&"$"<0&"$%2+85?&J"<A<%*&AJ<3#<A0&

2<*<3*<2&+%5?&A<,<%&*#8<A0&8+A*5?&#%&)<<3Ee&M*#550&#*&$JJ<$"<2&#%&J<"#+2A&+K&E#CE&3<55(5$A<&

$3*#,#*?&$%2&g$A&J+A#*#,<5?&3+""<5$*<2&*+&#*e&&

&

4. Discussion!! !

4.1. Microbial activity 

FE<&(A<&+K&3<55(5+A<&A*"#JA&g$A&A(JJ+A<2&*+&<5#8#%$*<&*E<&<KK<3*&+K&2#KK<"<%3<A&#%&#%#*#$5&

3E<8#3$5&3+8J+A#*#+%&+K&*E<&A()A*"$*<&$%20&*E(A0&<KK<3*A&+K&*"<<&A*$%2&+"&A<$A+%&AE+(52&)<&

8+"<&+),#+(Ae&\+g<,<"0&@(#*<&$%&#8J+"*$%*&$33(8(5$*#+%&+K&%#*"+C<%&K"+8&*E<&A(""+(%2#%C&

<%,#"+%8<%*&g$A&K+(%2&#%&*E<&5$*<"&8+%*EA&+K&*E<&#%3()$*#+%&GL#Ce&93He&FE$*&8#CE*&)<&"<5<,$%*&

K+"&8#3"+=+"C$%#A8&$)(%2$%3<A&$%2&$3*#,#*#<A&#%&5$*<"&A*$C<Ae&FE<&#%3"<$A#%C&#8J+"*$%3<&+K&

)#+*#3&#%*<"$3*#+%A&*E"+(CE+(*&*#8<&3+(52&$5A+&)<&#%K5(<%*#$5&GI#55?&<*&$5e&9PP.H0&<AJ<3#$55?&#%&

*E<&3$A<&+K&$%&<$A#5?&$33<AA#)5<&A()A*"$*<0&A(3E&$A&3<55(5+A<e&!55&*E<&*"<<&A*$%2A&#%&*E<&D"<(#5&

"<A<$"3E&A#*<&E$2&+"#C#%$55?&*E<&A$8<&$)#+*#3&3+%2#*#+%Ae&FE(A0&,$"#$*#+%A&#%&JE?A#3$5&$%2&

3E<8#3$5&J"+J<"*#<A&g<"<&<ZJ<3*<2&*+&)<&"<5$*<2&*+&*"<<&AJ<3#<A&3E$%C<e&L+"&*E<&A$8<&"<$A+%A0&

3E$%C<A&#%&8#3"+)#$5&2#,<"A#*?&$%2&$3*#,#*?&$"<&$5A+&A(JJ+A<2&*+&)<&2"#,<%&)?&*E<&*"<<&AJ<3#<Ae&

I<3+8J+A#*#+%&"$*<A&$%2&%#*"+C<%&$33(8(5$*#+%&E$,<&)<<%&A*(2#<2&$%2&2#A3(AA<2&#%&

8$%?&<ZJ<"#8<%*A&A#%3<&<3+A?A*<8&A*(2#<A&E$,<&)<3+8<&3+88+%&GD<"C&<*&63;5$(CE<"*?&

9PP:0&Q"<A3+**&9PPXHe&M#8#5$"5?0&3<55(5$A<&$3*#,#*?&+K&K+"<A*&A+#5A&E$A&)<<%&2<A3"#)<2&#%&A<,<"$5&

A*(2#<A0&<eCe&#%&2<J<%2<%3<&*+&%#*"+C<%&A(JJ5?&GM$#?$=;+"7&<*&$5e&9PP90&i$52"+J&<*&$5e&9PPYH0&

$8+%C&%$*#,<&$%2&<Z+*#3&AJ<3#<A&G'+("*<,&<*&$5e&9PP9H&+"&$3"+AA&V("+J<$%&)<<3E0&AJ"(3<&$%2&

J#%<&K+"<A*&C"$2#<%*A&G!%2<"AA+%&9PPYHe&FE<&5$**<"&%+*<2&*E<&)("A*&+K&3<55(5$A<&$3*#,#*?&#%&*E<&

5#**<"&5$?<"&#%&1(5?0&gE#3E&3+#%3#2<2&g#*E&*E<&A(88<"&#%3"<$A<&+K&3<55(5$A<&$3*#,#*?&#%&*E<&

J"<A<%*&A*(2?e&M+8<&3+88+%&JE<%+8<%$0&A(3E&$A&$33<5<"$*#+%&+K&*E<&2<3+8J+A#*#+%&"$*<&+"&

%#*"+C<%&$33(8(5$*#+%&3$%&)<&K+(%2&#%&$55&+K&*E<&A*(2#<Ae&!A&AE+g%&)?&;$""<#"+&<*&$5e&G9PP:H0&

*E<&%#*"+C<%&A*#8(5$*<A&3<55(5+5?*#3&<%R?8<A&A(3E&$A&%=C5(3+A#2$A<0&3<55+)#+E?2"+5$A<&$%2&

<%2+3<55(5$A<e&FE#A&3+(52&<ZJ5$#%&*E<&E#CE&2<3+8J+A#*#+%&"$*<&+)A<",<2&(%2<"&*E<&)<<3E&

J5$%*$*#+%0&gE<"<&%#*"+C<%&#%3+"J+"$*#+%&g$A&A#C%#K#3$%*5?&E#CE<A*e&FE<&A5+g#%C&+K&

2<3+8J+A#*#+%&$%2&*E<&2<3"<$A<&#%&3<55(5$A<&$3*#,#*?&#%&*E<&%$*#,<&K+"<A*&2("#%C&*E<&5$*<"&A*$C<A&

g$A&E$"2&*+&<ZJ5$#%e&S*&3+(52&3+#%3#2<&g#*E&*E<&A*"+%C&"<*<%*#+%&+K&+"C$%#3&K+"8A&+K&%#*"$*<&$%2&

JE+AJE+"(A&$%2&5+g&%#*"#K#3$*#+%&"$*<0&2<*<3*<2&#%&*E<&%$*#,<&K+"<A*&GB$%C<"&<*&$5e&9PPYHe&

S*&#A&C<%<"$55?&$AA(8<2&*E$*&K(%C#&$"<&*E<&8$#%&2<3+8J+A<"A&+K&+"C$%#3&8$**<"&#%&

K+"<A*A&GB(**#8$%%&<*&$5e&.^^.0&><37#<&<*&$5e&9PPYHe&D$3*<"#$&$"<&3+%A#2<"<2&%+*&*+&2<C"$2<&*"<<&

5#**<"&$A&<KK#3#<%*5?&2(<&*+&*E<#"&"<A*"#3*<2&$)#5#*?&*+&J<%<*"$*<&A+5#2&A()A*"$*<A&$%2&*+&)<&

& ^



3+%K#%<2&*+&<$A#5?&$33<AA#)5<0&#e<e&%+%=)+(%20&3<55(5+A<e&FE<?&$"<&8+A*5?&2<J<%2<%*&+%&

A()A*"$*<&"<5<$A<2&)?&K(%C$5&$3*#,#*?0&8$#%5?&gE<%&3+%A#2<"#%C&,<"?&"<3$53#*"$%*&8$*<"#$5&A(3E&

$A&$&5#C%+3<55(5+A<&3+8J5<Ze&!&8#3"+3+A8&<ZJ<"#8<%*&AE+g<2&*E$*&3<55(5$A<&$3*#,#*?&+%&)<<3E&

5<$,<A&g$A&8$#%5?&+K&K(%C$5&+"#C#%&G6+55<"&<*&$5e&.^^^He&\+g<,<"0&#%&*E<&3$A<&+K&A<8#=

2<C"$2$)5<&+"C$%#3&8$**<"0&A(3E&$A&3<55(5+A<0&)+*E&3+8J<*#*#,<&$%2&8(*($5#A*#3&A*"$*<C#<A&E$,<&

)<<%&%+*<20&$%2&)$3*<"#$&$%2&K(%C#&$"<&A<<%&*+&3+8J<*<&8+A*&5#7<5?&K+"&3$")+%&A()A*"$*<&

G6+55<"&<*&$5e&.^^^0&D+<"&<*&$5e&9PPXHe&FE$*&g$A&8+A*&J"+)$)5?&*E<&3$A<&#%&*E<&J"<A<%*&A*(2?0&

)<3$(A<&%+%=)+(%2&3<55(5+A<&K"+8&A*"#JA&AE+(52&)<&<$A#5?&$33<AA#)5<&K+"&)+*E&$%2&*E(A&*E<&"+5<&

+K&)$3*<"#$&3+(52&)<&8+"<&#8J+"*$%*e&&

&

4.2. Links between microbial diversity and activity 

S8J+"*$%*&2#KK<"<%3<A&#%&3+""<5$*#+%A&g<"<&K+(%2&$8+%C&*"<<&A*$%2Ae&\<%3<0&*E<"<&8$?&

%+*&)<&$&(%#,<"A$5&$%2&35<$"5?&J"<2#3*$)5<&"<5$*#+%AE#J&)<*g<<%&2#,<"A#*?&$%2&K(%3*#+%&#%&K+"<A*&

A+#5Ae&

FE<&3+%*"#)(*#+%&+K&K(%C$5&AJ<3#<A&"#3E%<AA&*+&2<3+8J+A#*#+%&"$*<&g$A&)+*E&J+A#*#,<&

G*E<&%$*#,<&K+"<A*&$%2&AJ"(3<H&$%2&%<C$*#,<&G)<<3EHe&FE<&<KK<3*&+K&K(%C$5&AJ<3#<A&"#3E%<AA&*+&

*E<&3<55(5$A<&$3*#,#*?&g$A&<#*E<"&%<(*"$5&+"&%<C$*#,<&G*E<&%$*#,<&K+"<A*0&)<<3EHe&M#8#5$"5?0&*E<&

<KK<3*&+K&)$3*<"#$5&AJ<3#<A&"#3E%<AA&g$A&%<(*"$5&+"&%<C$*#,<&G)<<3EHe&;+8J$"#%C&*E<&*"<<&A*$%2A&

*+C<*E<"0&)<<3E&AE+g<2&*E<&5+g<A*&K(%C$5=&$%2&*E<&E#CE<A*&)$3*<"#$5&AJ<3#<A&"#3E%<AA0&*E<&

E#CE<A*&3<55(5$A<&$3*#,#*?&$%2&2<3+8J+A#*#+%&"$*<e&;+%,<"A<5?0&AJ"(3<&E$2&E#CE&K(%C$5=&$%2&

5+g&)$3*<"#$5&AJ<3#<A&"#3E%<AA0&*E<&3<55(5$A<&$3*#,#*?&g$A&+%5?&8+2<"$*<&$%2&8$AA&5+AA&g$A&*E<&

5+g<A*&(%*#5&M<J*<8)<"e&FE$*&A#C%#K#<2&#8J+"*$%3<&+K&+*E<"&,$"#$)5<A&*E$%&*E<&AJ<3#<A&"#3E%<AA&

$5+%<e&L(%3*#+%$5&<KK#3#<%3?&+K&K(%C$5&3+88(%#*#<A&3+(52&*E<+"<*#3$55?&#%3"<$A<&g#*E&*E<&

%(8)<"&+K&*$Z$0&)(*&#*&g$A&J"<,#+(A5?&K+(%2&*+&)<&A#C%#K#3$%*&$*&*E<&AJ<3#<A=J++"&<%2&+K&*E<&

C"$2#<%*&+%5?&G;+Z&<*&$5e&9PP.0&M<*$5$&<*&63><$%&9PPYHe&FE<&)#+8$AA&E$2&$&J+A#*#,<&<KK<3*&+%&

2<3+8J+A#*#+%&"$*<&$A&g<550&<Z3<J*&K+"&*E<&%$*#,<&K+"<A*0&$%2&g$A&#%2<J<%2<%*&+%&K(%C$5&

AJ<3#<A&"#3E%<AA&G'()$"*+,$&<*&$5e&9PP]He&L(%C$5&)#+8$AA&$%2&3<55(5$A<&$3*#,#*?&g<"<&

J+A#*#,<5?&3+""<5$*<2&#%&$55&*"<<&A*$%2Ae&&

;+88(%#*?&3+8J+A#*#+%&#A&5#7<5?&*+&)<&8+"<&#8J+"*$%*&*E$%&AJ<3#<A&"#3E%<AA&gE<%&

"<5$*<2&*+&<3+A?A*<8&K(%3*#+%A&G1+%<A&<*&D"$2K+"2&9PP.0&M<*$5$&<*&63><$%&9PPYHe&S%&*E#A&

A*(2?0&*E<&3+88(%#*?&3+8J+A#*#+%&2#KK<"<2&$8+%C&*"<<&A*$%2A0&$A&g<55&$A&*E<&$3*#,#*?&

,$"#$)5<Ae&\+g<,<"0&AJ"(3<&$%2&)<<3E&8+%+3(5*("<A&2#AJ5$?<2&A#8#5$"&8#3"+)#$5&3+88(%#*#<A&

g#*E#%&$55&A$8J5#%CA&*+C<*E<"e&S%&AJ#*<&+K&*E$*0&*E<&2<3+8J+A#*#+%&,$"#$)5<A&2#KK<"<2&

A#C%#K#3$%*5?&)<*g<<%&*E<8e&FE#A&A*(2?&$5A+&#%2#3$*<2&*E$*&$&2#$C%+A*#3&AJ<3#<A&g#*E&"<AJ<3*&*+&

& .P
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4.3. Links between microbial activity and environmental conditions 
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4.4. Conclusions 
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Megacollybia platyphylla 

(Bas., 100%, n. 7)
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Chaetospheria pulviscula 
(Asco., 94%, n. 46)
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Phlebia albida 
(Bas., 94%, n. 23)
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Coniosporium apollinis

(Asco., 90%, n. 37)
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Spatial and temporal diversity of wood decomposer communities in
different forest stands, determined by ITS rDNA targeted TGGE

Ariana Ḱ́a,b*, Thierry B́b, Judicaël Ma,b,
Jacques Bb, Jacques Ra

a INRA, Centre de Nancy, Unité Biogéochimie des Écosystèmes Forestiers, 54280 Champenoux, France
b LIMOS, CNRS UHP UMR 7137, Université Henri Poincaré, BP 239, 54506 Vandœuvre-les-Nancy, France

(Received 3 March 2005; accepted 22 March 2006)

Abstract – The aim of this study was to determine the dynamics of colonisation and composition of the wood-decomposer community in a native forest
and four monocultures over time. A fingerprinting method of TGGE (temperature gradient gel electrophoresis) with rDNA amplified by ITS1F and
ITS2 primer pairs was optimized and used as a culture-independent approach to determine the dominant fungal species and biodiversity over a two-year
period of decomposition of beech-wood samples. The bacterial community after two years was also investigated. Data showed that each tree species, as
well as sampling date, displayed the characteristic community structure. There was no strong decrease in microbial species richness or Shannon-Wiener
diversity index caused by a change of tree species. Nevertheless, a strong shift in decomposer community structure was evident among the tree species
both for fungi and bacteria. The effect of environmental conditions was also significant.

wood / decomposers / forest / ITS / TGGE

Résumé – Étude par TGGE de la diversité spatiale et temporelle des communautés de décomposeurs du bois en fonction des essences fores-
tières. L’objectif de cette étude était de caractériser la dynamique de colonisation d’un matériau modèle (du bois de hêtre) par les lignivores au cours
de la décomposition, dans une forêt native et sous quatre essences de substitution à la forêt native feuillue. La technique d’empreinte génétique de
TGGE (électrophorèse sur gel en gradient de température) ciblée sur l’ADN ribosomique, amplifié par les amorces ITS1F et ITS2, a été optimisée et
utilisée pour déterminer les espèces fongiques dominantes ainsi que la diversité totale au cours des deux années d’incubation in situ des échantillons. La
diversité bactérienne a également été étudiée sur les échantillons prélevés après deux années d’incubation. Les données indiquent que le peuplement et
la durée d’incubation modifient la structure des communautés fongiques. Il n’y a cependant pas de forte diminution du nombre d’espèces ni de l’index
de diversité de Shannon-Wiener associée au changement d’essence forestière. Toutefois, il y a une forte évolution dans la structure des communautés
de décomposeurs entre les peuplements, à la fois pour les champignons et les bactéries. Les effets des paramètres environnementaux sont discutés.

bois / lignivores / forêt / ITS / TGGE

1. INTRODUCTION

A significant part of European forests has been replaced by
even-aged plantations of native or alien tree species, especially
during the last century. Such large changes modify soil condi-
tions such as microclimate or organic and mineral chemistry of
the litter. This can significantly influence the abundance, struc-
ture and activity of the soil microbial community regarding its
and, thus, the functional integrity of the forest soil.

Plant litter decomposition is an important factor controlling
organic matter decay, nutrient turnover and humus formation
in forest ecosystems. It is also relevant at the biosphere level,
because decomposition releases significant amounts of green-
house gases. Thus, soil organic matter represents a major sink
for carbon [6]. Therefore, research of belowground species di-
versity, with respect to the environment and microbial activity,
is required to achieve a full understanding of forest ecosystem
functioning. It is an important goal in regards to sustainable

* Corresponding author: arikul@centrum.cz

forestry as well as having a potential role in global climate
change.

The decay activity is expected to be positively related to
the number of decomposer taxa. Even recalcitrant substrates,
such as lignin, should degrade faster in diverse systems rela-
tive to simple ones, probably due to the complementary roles
of different fungal species [26]. Fungal succession during lit-
ter decomposition has been recently studied for several forest
floors under different tree species [22, 27, 31].

However, the dynamics of complex systems are not easy
to describe. The behaviour of a single, isolated species or a
simple community in a micro- or mesocosm study might not
reflect its behaviour in a more complex natural environment.
The use of model material decomposing in a tree monoculture
could be a possible way to control variability by decreasing
the effects of total natural complexity.

Suitable molecular techniques to study microbial species
composition are based on direct extraction of DNA from envi-
ronmental samples, thereby circumventing the culturing step
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and giving a more realistic view of total diversity [1]. The use
of internal transcribed spacer (ITS) primers to amplify fungal
ITS of rDNA was originally described by White et al. [32]
and pioneered by Gardes et Bruns [9]. Studies based on the
ITS region showed that intraspecific variation was very small
when studying fungal isolates from the same geographical
area, while interspecific variation was large enough to distin-
guish different species [16]. Moreover, analysis of the ITS re-
gion was more specific and taxonomically more informative
than other genomic regions (e.g. 18S) [19]. Molecular methods
to describe microbial succession were used in different studies,
e.g. for investigating the decomposition of spruce and pine lit-
ter across a moisture gradient [33], beech and spruce litters [3]
or to study wood-inhabiting fungi [14, 15, 29].

The present study deals with microbial colonisation of
wood samples incubated for two years below five different
tree species under the same ecological conditions. The first
objective was to improve the method of ITS1F and ITS2 tar-
geted TGGE. It was hypothesized that the samples would show
differences in decomposer patterns when compared (i) be-
tween native forest and corresponding broadleaved planta-
tions, (ii) among forest species and (iii) within the duration of
the decay process. We also expected to identify the key species
which characterise the stands, as well as the temporal succes-
sion.

2. MATERIALS AND METHODS

2.1. Site description

The experimental site of Breuil-Chenue forest is situated in the
Morvan Mountains, Burgundy, France. Its altitude is 640 m, latitude
47◦ 18’ 10” and longitude 4◦ 4’ 44”. Mean annual temperature is 9 ◦C,
with 1280 mm precipitation and evapotranspiration of 640 mm. The
substrate is granite with desaturated acid soil (pH 4–4.5, 60% of sand,
20% of clays). The natural potential vegetation would be a mixed
broadleaf forest. It evolved with management towards a semi-natural
coppice with a forest dominated by Fagus sylvatica L. and Quercus
sessiliflora Smith, associated with several other dominant species like
Betula verrucosa Ehrh. and Corylus avelana L. This native forest
was partially cut down in 1976 and replaced by various monocultures
planted in 1000 m2 plots each. Five different stands were selected
for the treatment: four young plantations, namely beech (Fagus syl-
vatica L.), oak (Quercus sessiliflora Smith.), Norway spruce (Picea
abies Karst.) and Douglas fir (Pseudotsuga menziesii Franco.) and
the native forest as a reference plot. All of these stands had the same
environmental conditions. Thus, all variations in physical and chem-
ical properties are expected to be caused by the forest tree species.
For the same reasons, changes in the biological characteristics, such
as the structure, of the decomposer community were supposed to be
driven by the tree species.

2.2. Field experiment

Beech-wood pieces (4.5 × 3.5 × 0.5 cm) were incubated in the
five different forest stands using the classical litter-bag method. Mesh
size of the bags was 5 µm and the inside area 5 × 5 cm. The distance

between two replicates was 0.5 m and 1.5 m between two blocks. The
bags were placed in the stands in late November 2002. They were
collected after either 3, 9, 12 or 24 months (February, September and
November 2003, and early December 2004). Three replicates were
sampled and stored in a deep freezer until analysis.

2.3. Molecular analyses

The surface layer, including mostly fungal mycelia and a small
amount of degraded wood, was scraped from each sample. Total
genomic DNA was isolated from these prepared samples using the
Dneasy plant mini kit (Qiagen) following the manufacturer’s proto-
col without any modification.

Fungal communities were analysed using ITS1F and ITS2 primer
pairs to amplify by PCR the 300bp fragment of the fungal ITS
rDNA. The primer ITS1F (5’-CTT GGT CAT TTA GAG GAA GTA
A-3’) [13] is higher fungi ITS specific, while ITS2 (5’-GCT GCG
TTC TTC ATC GAT GC-3’) is a universal primer amplifying the
ITS region from Eucaryotes, including both Ascomycetes and Basid-
iomycetes [32]. A 40 bp GC-clamp was attached to the 5’ end of the
primer ITS2 to avoid a complete separation of DNA strands during
denaturing electrophoresis. The reaction medium consisted of 5 µL
of PCR buffer (Sigma, 100 mM Tris-HCl, pH 8.3, 500 mM KCl,
15 mM MgCl2), 1 µL of dNTP (10 mM), 1 µL of each primer
(20 µM), 0.5µL of Taq-polymerase (5 units/µL, Sigma), 1 µL of GC-
rich solution (Sigma) and 2 µL of genomic DNA brought to a final
volume of 50 µL. The amplification regime consisted of an initial
cycle of denaturation at 95 ◦C for 3 min followed by 35 cycles of
denaturation at 94 ◦C for 45 s, annealing at 55 ◦C for 45 s and exten-
sion at 72 ◦C for 1 min 15 s. The amplification concluded with a final
elongation step at 72 ◦C for 8 min.

Bacterial communities were analysed using the eubacterial primer
set, 968f and 1401r, to amplify by PCR a 475-bp fragment of 16S
rDNA from the same DNA extract as above [13]. A 40-bp GC clamp
was attached to the 5’ end of the primer 968f. A 50 µL PCR mix-
ture containing 5 µL of PCR buffer (Sigma, 100 mM Tris-HCl, pH
8.3, 500 mM KCl), 1µL of dNTP (10 mM), 1 µL of each primer
(100 µM), 0.5 µL of Taq-polymerase (Fastart, Roche Diagnostic),
2 µL of MgCl2, 1 µL of GC-rich solution (Sigma), 2 µL of BSA (3%)
and 2 µL of genomic DNA was used. The amplification regime con-
sisted on an initial cycle of denaturation at 94 ◦C for 5 min, followed
by 35 cycles of denaturation at 94 ◦C for 40 s, annealing at 56 ◦C for
30 s and extension at 72 ◦C for 1 min concluded with an elongation
step at 72 ◦C for 5 min.

All PCR reactions were performed using an iCycler Thermal cy-
cler (Biorad). PCR products(7.5 µL, 1.5 µL of loading buffer) were
loaded onto 1.5% (wt/vol) agarose gels and electrophoresed (1× TAE
buffer, 110 V, 45 min). Then the gels were stained with ethidium bro-
mide (0.5 mg/L, Biorad) and the DNA bands visually inspected under
UV light to verify the size and quality of the generated amplicons.

TGGE was performed with a Dcode Universal Mutation Detection
system (Biorad). In the case of fungi, polyacrylamide gels ((8% acry-
lamide (wt/vol), 8 M urea, 1.25 × TAE and 0.2% glycerol (vol/vol),
300 µL of ammonium persulphate (10%) (wt/vol) and 30 µL of
TEMED) were allowed to polymerize over 1.5 h. Amplified DNA
samples with the same volume of loading buffer (10 µL each) were
separated by electrophoresis in 1.25 × TAE at a constant voltage
(145 V) at a temperature gradient from 50 ◦C to 55 ◦C with a temper-
ature increment of 1 degree per hour. For bacteria, TGGE conditions
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differed by using 7% acrylamide gels (wt/vol) and a temperature gra-
dient from 58 ◦C to 63 ◦C with the same temperature increment. Gels
were stained with ethidium bromide after electrophoresis and eval-
uated under UV light. Twenty of the most important fungal bands
were excised from the gel and re-amplified with the previous primers
set (non-clamped), purified (Quiagen purification kit) and sequenced
(MWG Biotech). The DNA sequences obtained were compared to
sequences available in the Genbank database of the National Centre
Biotechnology Informatics (NCBI) using the Blast software.

2.4. Statistics

Species distribution and relative abundance were calculated based
on data analyses using the Quantity One software (Biorad) with a po-
sition tolerance of 2 mm, giving a maximum of 50 detectable species.
Bands with intensities less than 5% of the intensity of the dominant
band were excluded from the analysis. For each profile, the total num-
ber of species (species richness) and the Shannon-Wiener diversity
index (referred to as SW hereafter) were calculated based on a natu-
ral logarithm transformation of the abundance data [10].

The significance of time and tree species on microbial species
richness and SW diversity was tested by ANOVA using the Statis-
tica software. The banding patterns of TGGE profiles were analyzed
using multivariate techniques, reviewed in Fromin et al. [8]. These
methods facilitate finding the variation in a multidimensional data
set in a reduced space and assessing the association between species
present and selected environmental factors. An initial DCA analysis
was used to assess the trend of the data along the gradient. Because
the structure was mostly linear, PCA and RDA were calculated using
the square-root transformed relative abundances for each species in a
profile. DCA and CCA were used in two cases of unimodal distribu-
tion. In the ordination plots presented, arrows indicate the direction
in which the scores would move if the value of the environmental
variable increased. The length of the arrows indicates the relative im-
portance of the species/variable in explaining the variability between
profiles. The angle between the arrows indicates the degree to which
they are correlated. Monte Carlo permutation tests calculated the sig-
nificance of a given factor. Forward selection was used to rank envi-
ronmental variables in importance for determining the species data.
All ordinations were computed using the Canoco software package.
The significance level was set at p < 0.05 for both the ANOVA and
multivariable analyses.

3. RESULTS

3.1. Fungal species richness and diversity

All fifty potential fungal species were detected in the whole
stands-time matrix. The number of species per TGGE profile
ranged from 5 to 22. Generally, the total number of species
present in all stands increased with time from 36 species at the
first sampling date to 45 after 2 years of incubation (Tab. I).
The average number of species per sample exhibited the same
trend (from 10.5 to 16.5 species detected) as did the average
SW diversity index (0.866–1.083 in 4 months and 2 years, re-
spectively). The only exception was the 8 month sampling,
which had the lowest values of all of these characteristics. The

Figure 1. Fungal species distribution (arrows with numbers) and tree
species position (circles and tree names) in ordination space accord-
ing to the fungal community composition, based on the whole tree
species-time matrix (5 tree species, 4 samplings together). Each ar-
row points in the direction of the steepest increase of abundance for
the corresponding fungal species. The angles between arrows indi-
cate correlations between them. The numbers correspond to the fun-
gal species codes used in the text and Table II.

effect of time was found to be significant both for species rich-
ness and SW diversity (p < 0.001).

Tree species had a negligible influence on the total number
of species detected, which varied from 40 to 43 within all the
samplings (Tab. I). There were no significant differences either
in average species richness or SW index for individual stands,
although the native forest showed the highest measures (13.5
species in each sample, SW = 0.993) and the spruce site the
lowest (only 11 species and SW = 0.904). Intermediate values
were found in the oak, beech and Douglas-fir stands (12.6 and
0.937; 12.3 and 0.920; 12.2 and 0.934, respectively).

Twenty of the selected bands of the more common species
were sequenced. The most similar species in the Genbank
database are listed in Table II, together with the percent simi-
larity to the reference sequences.

3.2. Fungal community structure over time and among
stands

The first PCA component expressed 13.5% of the fungal
species variability within all tree species and sampling dates.
In RDA, the community composition was shown to be signifi-
cantly affected by both time and tree species, together explain-
ing 16.3% of total variation for the whole data set. A slightly
higher weight could be noted for the tree species effect (8.8%)
than for the time effect (7.5%). These values matched 9.5 and
8.2%, respectively when analysed with the second factor as a
covariable. Random tests confirmed the influence of both vari-
ables with p-values of 0.001. Beech was the most discrimi-
nating tree species given by forward selection, followed by
spruce, native forest, oak and Douglas-fir (Fig. 1).

Sampling dates were analysed separately (five tree stands
together for each sampling date) in order to obtain a clearer
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Table I. Results of the multivariable analyses, together with the total number of species present, average species per sample (“richness”) and
Shannon-Wiener (SW) diversity index values. Scores for fungal communities in the sampling dates and tree species, for all stands and dates
together, and bacterial diversity after 2 years are given. Variability explained by the 1st axis of indirect analyses (mostly PCA), all canonical
axes (mostly RDA) and results of Monte Carlo permutation tests of stand or time effect (bold where significant) can be found.

    Species Undirect Direct  anal. p value   F ratio Species    SW index

number 1st axe ytisrevid fossenhcirsexa .nac
F All matrix Time* 0.001 4.807 12.3               0.937

All matrix Stand* 50 13.5 9.5 0.001 1.797                  
F 4 months Stand 0.010 1.629 10.5                

8 months                        
12 months 42 19.1 42.3 0.002 1.829 13.6
24 months 45 17.6 30.0   

F Native f. Time 0.002 2.144 13.5
Spruce *** 40 21.5 14.7 0.018 1.700 11.0
Beech *** 41 22.0 12.0             
Oak 40 24.2 15.9 0.016 1.188 12.6

Douglas 43 19.6 14.0 0.016 1.623 12.2
B 24 months  Stand 0.020 1.507 12.4

Data set

1.088 8.6     

1.071 16.5

0.076             1.340 12.3

 0.300

 0.350

effect

6−22**

0.995
1.083
0.993

0.866
0.806

0.904
0.920
0.937
0.934
0.931

0 .52−1.28**

Tested

43 22.9 17.7

36 22.5 39.5
32 26.5 30.4  

50 13.5 8.2

41 23.5 37.5

* Unimodal analysis used (DCA and CCA), ** second effect (time or stand) as covariable, *** total range of values. F: Fungi; B: Bacteria.

Table II. Blast comparison of the sequenced bands. The most particular species (identity), their database match and percentage of similarity
are given (sequenced fragments of 210-220 pb were compared).

ytiralimiShctam tsalBytitnedIselpmas fo .N.n seicepS
6 27 Leaf litter ascomycete strain its408 isolate A AF502889 96
7 37 Megacollybia platyphylla B    AF498289           100

10 19 Unpublished species − −
12 32 Epacris microphylla root associated fungus AY268197 98
14 16 Uncultured fungus clone B1c from forest    AY324159     98
17 23 Leaf litter ascomycete strain its356 A  AF502859 97
19 17 Trametes versicolor B AY673076 93
21 27 Gerronema strombodes B U66433 92
23 16 Phlebia albida B AY219368 94
25 22 Dactylaria sp. P24 A  AY265332 88
26 35 Phanerochaete sordida B AY219383 96
28 26 Fungal endophyte WMS13 A    AY063309   94
30 25 Cryphonectria sp. CMW 11302 A AY214324 98
33 10 Epacrid root endophyte E4-5-5 A  AF148952 91
35 9 Menispora tortuosa A AF178558 92
37 10 Coniosporium apollinis A AJ244271 90
39 17 Helotiales sp. sd2aN4b(A) A AY465452 95
41 16 Ascomycete sp. olrim349 A AY354279 95
42 23 Woollsia root associated fungus XVIII A AY230788 90
46 11 Chaetosphaeria pulviscula A AF178544 94

Species n. is the number used in the text and images, N. of samples implies in how many samples the species was detected. A: Ascomycetes,
B: Basidiomycetes.
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Figure 2. RDA bi-plot showing fungal species (arrows with numbers)
responses and succession over time in all tree species together. The
five tree species and four samplings were analysed together, with time
as the independent variable (arrow connected to x-axis).

picture of the relationship between fungal community com-
position and tree species effect. The tree species effect was
detected as significant in the first and third samplings (4 and
12 months) (Tab. I). In those cases, the variability of commu-
nity structure explained by RDA canonical axes also achieved
higher values (39.5 and 42.3%, respectively), the expressed
portion was weaker (30.4 and 30.0%, respectively) for non sig-
nificant sampling times (8 and 24 months). A slight decrease in
the importance of the first PCA axis appeared with time (from
22.5 to 17.6%) with the exception of the 8th month sampling
in late summer 2003 (26.5%).

Simultaneously, the time effect on species succession was
tested in individual tree stands (four sampling dates together in
each tree stand) (Tab. I). Its significant influence was detected
for all tree species except beech, where a trend could still be
seen (p = 0.076). Beech, together with spruce, also displayed
a non-linear species distribution along the time gradient so that
unimodal analyses (DCA) had to be used. The first component
of the indirect analyses explained from 19.6 to 22.9% of the
variability, whereas it ranged between 12.0 and 17.7% for lin-
ear techniques. The largest portion of the temporal community
evolution was expressed for oak and native forest by both anal-
yses.

There was a relationship between fungal species numbers
and occurrence with particular tree species (Fig. 1). Fungal
species numbers also changed over time (Fig. 2). Fungal com-
munity composition differed clearly among tree stands both in
the first (Fig. 3a, 4 months) and the last (Fig. 3b, 2 years) sam-
pling time. A distinct temporal shift can be detected. Conifer-
ous and deciduous stands were separated along the y-axis in
the first sampling period. This trend was less obvious in the
last sampling, with the native forest situated above the x-axis.
Coniferous stands tended to occupy the upper left portion of
the ordination plane in both cases even when the Douglas-fir
site displayed only low species specificity later. There were

(a)

(b)

Figure 3. RDA ordination plots illustrating the tree species position
at (a) the first sampling time (4 months) and (b) the last sampling time
(24 months) according to the fungal species distribution.

noticeable shifts in the young beech and native forest stands.
At the beginning of the study, a specific fungal community was
found in the beech stand while its structure in the native for-
est was similar to that in the oak stand. By the end, the native
forest had a separate species structure and the young broadleaf
monocultures were grouped together.

3.3. Stand condition effect on fungal communities

There were definite relationships between tree species and
their environment, as shown by the PCA of the important char-
acteristics of forest floor, upper soil layer and soil solution
(Fig. 4). The native forest, young broadleaf monocultures and
coniferous stands were well separated along the x-axis. The
oak site was positioned separately along the y-axis in the up-
per right quarter.

The importance of soil temperature and moisture were
tested separately, based on average values for the month before
sampling. The native forest was not included in the analyses
because of missing data. Both factors had significant impacts
on the species composition (p = 0.002 for both) and explained
5.7 and 5.8% of the total data set variability, respectively. As
expected, temperature and moisture were correlated.

3.4. Bacterial communities

Forty-one different bacterial species from the 50 potentially
detectable ones were found under the different tree species in
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Figure 4. PCA ordination plot displaying relations of the environ-
mental variables (arrows) in the studied tree species. ff means nutri-
ent concentration in forest floor (C, N, C/N, P, K, Ca, Mg); sol means
concentration in soil solution in the top 5 cm (K, Ca, Mg). Other
variables in solution are also shown (pH, PO3−

4 , NO3−, NH4+, DOC);
concentrations of available P, organic C and N were also measured
in the top 5 cm of the soil profile. The length of arrow indicates the
relative importance of the variable in explaining the position of the
tree species in the ordination space. The angle between the arrows
indicates the degree to which they are correlated.

the last sampling time (24 months). There were 12.4 species on
average per sample. The highest species richness was detected
in the native and oak forests (24 different species), followed
by beech (23), Douglas-fir (22) and spruce (20 species). The
native forest also had the highest average number of species
present per sample (14), followed by oak (12.7), spruce (12.3),
Douglas-fir (11.7) and lastly beech (11.3). The highest diver-
sity index value was also associated with the native forest
(SW = 0.998), followed by the conifers and oak (approxi-
mately 0.95), with the lowest rate in beech (0.745). However,
the influence of tree species on bacterial species richness and
diversity was not significant.

The first PCA component explained 23.5% of the bacte-
rial data set variability. The canonical axes of RDA, with tree
species as independent variables, expressed 37.6% of the vari-
ability. Permutation tests showed a significant influence of tree
species on the bacterial community composition (p = 0.02,
Tab. I). The distribution of the tree species, as a function of
bacterial species distribution, showed a clear separation along
the visualized axes (Fig. 5). The native forest appeared to have
a similar bacterial composition as the spruce stand. Young de-
ciduous monocultures were grouped in the lower left part of
the plot while the Douglas-fir stand differed clearly from the
others, being located in the upper left quarter. The Douglas-fir
stand was the most discriminating, based on the forward selec-
tion of environmental variables, followed by oak and then the
three other stands.

Figure 5. RDA ordination plot showing tree species position accord-
ing to bacterial species distribution after 2 years of samples colonisa-
tion. The native forest and spruce did not differ either by position on
the x or y-axis and thus they had similar bacterial communities.

4. DISCUSSION

4.1. Molecular approach

The fungal ITS region was targeted because it appeared
to be taxonomically more informative than other genomic re-
gions [19]. We also tried the 18S amplification with the same
DNA samples. The number of visible bands after electrophore-
sis was lower than in the case of ITS. In addition Anderson
et al. [2] noted that the ITS1F and ITS2 primers gave the
sharpest and most consistent electrophoresis profiles in their
fungal diversity study in organic soils. The primer pair effi-
ciently amplified both asco- and basidiomycetes species in the
present study as well as in Gardes and Bruns’ study [9]. TGGE
has been shown to be a sensitive and robust method for inves-
tigating soil fungal communities, particularly where the aim
was to investigate shifts or changes in community composi-
tion [1, 30]. The ordination methods allowed comparison of
both the position and the relative intensity of different bands
within gels, as well as the interpretation of ecological signifi-
cance [8].

In total, 20 fungal bands were sequenced and compared to
similar sequences present in the GenBank database. A cer-
tain limitation imposed by existing databases must be noted
when characterizing natural communities. Therefore, blasting
did not completely provide determination at the species level.
The majority of sequences had a high similarity to the fungal
ITS sequences of the database. However, four of them matched
uncultured fungi generated from previous molecular studies,
but were not named to species, while one sequence had no sim-
ilarity to any in the database. Despite only approximate identi-
fication, it was assumed that all sequences belonged to fungal
species that occur in forest stands and are mostly saprophytic.
It is also possible that there are un-cultivable species present,
which are not currently represented in databases.

It was also realized that single bands did not necessarily
originate from one species and that one band could contain
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different sequences [20]. We tried to sequence several bands
at the same position, as well as to have more replicates of
the same bands. The results obtained by the sequencing were
always similar. Thus, it was possible to assume that TGGE
provided a quick and high resolution in the separation of mi-
crobial DNA fragments.

It is likely that the decomposer community present in the
forest soil, as well as the site conditions, were more impor-
tant for the resulting diversity than the origin of the incubated
material (beech-wood). Thus, both non specific and specific
fungi should be present in all of the stands. An advantage
of this is that it gives the ability to compare situations using
only a single probe. Nevertheless, it is a disadvantage to use a
model material which is one of the set of species being inves-
tigated. It would be interesting to make a comparison with a
wood probe from a different species. It has been documented
that fungal mycelial ingrowths and the rates of mass loss and
respiration could differ with litter material when incubated in
the same site [31]. The sample size used in the study should
be adequate to ensure high diversity, since small diameter de-
bris has a relatively larger surface area per volume than larger
ones [11]. Accordingly, Kruys and Jonsson [17] found smaller
spruce logs to host more cryptogams than logs with diameters
over 10 cm. Moreover, spatial heterogeneity within the soil is
high and can be linked to the distribution of micro-organisms;
there is a close relationship between sampling strategy and the
observed species richness [28]. However, the PCA analyses
(not shown) confirmed high variability of diversity between
stands but a relatively low variability between sample repli-
cates. Therefore, our design recorded well the species distri-
bution patterns.

4.2. Tree species and time effect

Each tree species, as well as sampling time, displayed a
characteristic fungal community structure. The effect of both
factors was highly significant. Oak and native forest had quite
similar species structure over the whole observation period.
There were also other species that are present in other stands,
except for spruce whose species composition was highly spe-
cific. Douglas-fir had some species in common with Norway
spruce but tended to converged more towards the oak site.
There was very little species overlap between Douglas-fir and
beech at the same time. The species composition of the young
beech stand was rather similar to the community observed in
the native forest. Nevertheless, both beech and spruce stands
had fewer species that were common in the three other stands.

The fungal communities in some particular spruce and
Douglas-fir samples seemed to be less variable than over the
whole period of incubation. This might be caused by the pres-
ence of some species typical for coniferous sites at a given
time (e.g. species 10 or 17). There were clear shifts over
time in the fungal communities of the native forest and beech
stands. At the beginning of the incubation, the fungal species
composition of the native forest resembled that of oak, while
the beech fungal communities were distinct from these stands.
The situation was reversed in the last sampling. Similar fungi

were present in the young deciduous monocultures whereas
the native forest had a unique species composition. This might
not be so surprising, because the native stand was composed of
both oak and beech trees. Rather, it could reflect the presence
of several species typical for broadleaf stands but differing in
certain ecological demands (e.g. species 42, present in the na-
tive forest at first, but in the oak and beech monocultures at
the end) or to the greater importance of ecological conditions
in earlier rather than later stages of decay. This could be de-
termined by the analyzing the stands distribution in relation
to environmental variables (Fig. 4) and within the first sam-
pling time (Fig. 3a). Interestingly, the time effect was highly
significant in the oak and native stands whereas the beech was
the only one where its role was not evident. Moreover, several
characteristic of the native forest, such as a greater amount
of dead wood on the forest floor, age differentiation of the
trees, species mixture and more energy reaching the soil sur-
face, would support greater niche complementarity for both
specialist and generalist fungal species.

Both species richness and SW diversity clearly increased
over time. No substantial changes between the stands were
found in overall quantity of species present during the whole
period. Nevertheless, the average species number per sam-
ple was slightly higher in the native forest and lowest in
spruce. Even though no significant decrease was observed
in the wood-colonizing species number caused by a change in
tree species, other ecological effects could be expected. For ex-
ample, microbial biomass could be reduced in response to less
favourable litter quality or certain functional changes might
occur. Previous studies in the same research site [23] showed
the highest amount of both saprophytic and ectomycorrhizal
fungal species occurred in the native forest (104 species to-
gether), while the lowest was in the oak and beech stands
(26 species only). Lejon et al. [18], using the ARISA molec-
ular approach, also showed a strong discrimination of fun-
gal communities under the studied tree species. They showed
by comparing that the microbial biomass in the upper layer
was highest in the native forest, followed by oak, spruce and
Douglas-fir (beech was not included) [18]. Plant species rich-
ness was also highly affected [23], being highest in the oak
stand followed by beech, spruce and Douglas, with 16, 10, 7
and only 2 species present in the under-storey respectively (no
data was available for native forest).

Several recent studies have screened macro-fungal species
richness on decaying wood. Bader et al. [5] found the greatest
number of species at intermediate stages of wood decay and
a negative correlation between species number and logging
activities in a Swedish boreal forest. Accordingly, Heilmann-
Clausen and Christensen [12] detected a decrease in fungal
species number with forest age in beech sites in Denmark.
This could be caused by a loss of weakly competitive non-
specialized species, to the benefit of highly competitive or
narrow niche specialists, as the fungal community matures,
whereas wood that has started to soften may contain a mix-
ture of early, intermediate and late successional species. A
meta-analysis of diversity studies showed high macro-fungal
diversity associated with high tree species richness [25]. Ro-
driguez et al. [24] found no significant difference in the total
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population of lignin and lignocellulosis degrading fungi im-
perfecti from laurel and pine forests on Tenerife. Species of
Penicillium and Fusarium were identified as the most efficient
lignin degraders. Cox et al. [7] illustrated the importance of
the effects and interactions of specific fungi during lignin de-
composition in a Scots pine forest.

Bacterial communities were also specific for each forest
stand. The greatest numbers of species were detected in na-
tive and oak stands, followed by beech and conifers. Accord-
ingly, the highest average species number per sample was in
the native forest whereas the beech site had the lowest value.
Similarly as for fungi, ARISA profiles showed that tree species
induced a specific genetic structure of the bacterial communi-
ties [18].

4.3. Fungal species patterns

Ascomycetes comprised the highest portion of identified
fungi rather than basidiomycetes. Nordén et al. [21] found
more basidiomycetes than ascomycetes species in their study
of wood-inhabiting fungi in temperate broadleaved forests.
However, their study was based on recording stroma and fruit-
body diameters of 1 mm or more. The molecular approach
could offer a for more reliable detection of fungal mycelium
in belowground wood debris than the distribution of fruit bod-
ies [15].

Five of the fifty defined fungal species occurred only once
(these were not shown in the ordination plots), while twelve
species occurred in more than one third of all samples. The
most abundant were species 7, 26 and 12, appearing in 37, 35
and 32 TGGE profiles, respectively. The most common species
(number 7) was identified as Megacollybia platyphylla, the or-
der Agaricales. This was the only one with a 100% similar-
ity with the Genebank database. It was also the only species
detected in the same forest site where carpophore diversity
was studied [23]. Twenty-eight species were found in all sam-
pling times and 31 under all tree species. The 23 species rep-
resenting the intersection of these categories were present in
all stands in all sampling times, but varying in the number
of occurrences. Some species were associated with coniferous
species (e.g. 7, 8, 10, 17, 27 or 44), young deciduous trees (14,
26, 28, 33, 38, 40, 45) or with the native forest (9, 23, 29, 36
and 49). Others seemed to prefer sites dominated by beech, i.e.
native forest and young monoculture (13, 23, 39). Species (8,
10, 17 or 19) were identified mostly in the early stages of colo-
nization (Fig. 2). Species (6, 13, 36, 40, 42, 46) were positively
correlated with the later stages. Species appearing largely in
intermediate periods were distributed along the positive part
of the y-axis (14, 21, 24, 25, 33).Species mostly absent during
the second sampling (26, 28, 30) were in the negative range.
Species which showed no time response are presented only by
short arrows (9, 15, 23). Only a few fungi species displayed no
or only weak tree stand or sampling time preferences (e.g. 11,
12, 15, 16, 18 and 31).

For bacteria, nine of forty-one species occurred at least
once in each tree species after 2 years of incubation. Five
species were present in more than two-thirds of the TGGE

profiles. Conversely, 12 species appeared in only one profile.
Also, characteristic bacteria species for different stands could
be found.

4.4. Relation with environmental conditions

All differences in the studied forest site conditions were
assumed to be caused by the dominant tree species, because
geology and meso-climate conditions were very homogenous
and site histories were the same (plantations were made af-
ter clear-cutting the broadleaf semi-native forest). Coniferous
stands appeared to have certain specific characteristics when
compared to broadleaved stands three decades after planta-
tion establishment. They had low concentrations of total or-
ganic carbon and nitrogen in the forest floor and higher C/N
ratios. Coniferous stands also had higher pH of the soil solu-
tion and phosphate and potassium concentrations. There was
more inorganic nitrogen in the spruce and Douglas-fir stands.
Douglas-fir stands displayed extremely high concentrations of
nitrates. On the contrary, both nitrate and ammonium concen-
trations were very low in the native forest, as was phosphate
content. Low pH was also typical of the native forest.

Conifers had the lowest phosphorus and potassium amounts
in the forest floor. Oak had a nutrient-rich forest floor, which
could lead to higher concentrations of organic carbon and ni-
trogen in the humus, together with high amounts of DOC,
ammonium, available phosphorus, calcium and magnesium.
Beech seemed to have intermediate values for most of these
characteristics.

Native and beech forests differed in stand age and certain
ecological characteristics, but had similar dominant species.
The native forest could be assumed to be a climax-like ecosys-
tem with well balanced processes unlike in the young mono-
cultures, as shown by the high values of mineral nitrogen and
phosphorus in conifers, compared to the strong retention of
organic forms in the native forest.

Physical conditions that significantly changed according to
season, such as temperature and moisture, might control both
species composition and their decaying activity. Meso and
pedo climatic conditions (air temperature and relative humid-
ity, soil temperature and moisture) were monitored continu-
ously since 2001 [23]. Beech was the warmest stand in all
samplings, spruce the coldest one, while oak and Douglas-fir
were intermediate (no data for the native forest). The highest
soil moisture content was observed in the oak site, followed
by spruce and beech, with lower soil moistures observed in the
Douglas-fir [4,34]. Thus, the oak and spruce stands were rela-
tively cold and humid, while the beech and Douglas fir stands
were warmer and drier [23]. The soil conditions at the first
sampling time in late February 2003 were the coldest and most
humid of all. Conditions were slightly drier and warmer in the
late November samplings. The second sampling in September
2003 occurred during extremely warm and dry conditions. The
effect of both soil temperature and moisture content was sig-
nificant, even though these factors were less discriminating for
community composition than tree species and time.
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Cold or dry months could cause a reduction in species rich-
ness or fungal biomass. Such conditions would also favour
less competitive species allowing them to be detected in pro-
files. This was noted in the second sampling time in September
2003, which followed an extremely warm and dry summer pe-
riod. For that sampling time, species number was lower and the
structure was different from the general trend with some char-
acteristic species present only there. Such a seasonal variation,
if present at all, was dependent more on the site conditions
than on the tree species effect. The influence of environmen-
tal conditions could also change with the decay phase, being
greatest in the early stages [6]. On the contrary, the stand effect
was not significant even in the last sampling.

5. CONCLUSION

Each tree stand and sampling time had the characteristic
wood decomposer species community structure. There was no
strong decrease of microbial species number caused by change
of tree dominant but strong shift in community structure was
evident. In order to better understand the complex effect of tree
species change it is necessary to consider also other factors,
such as functional diversity, biodiversity of other organisms or
fungal groups, soil development or ecosystem function at the
landscape level. Thus more research is still needed in this field.
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1 Introduction 

1,6(,C"6&"%$6*,-&5%(5-&,'-;0*,-C6"B,-:*I6$-&,-:*'J*I$%&,C"6$%*&%55*;I5C,5;0*@$7*=$(5*

C'-;,B5%$#65*,-J6"5-C5*'-*;',6*@,C%'#,$6*C'@@"-,&,5;*$-B*&=5*I%'C5;;5;*&=57*@5B,$&5g*W-5*'J*&=5*

@$,-*I%'C5;;5;*,;*B5C'@I';,&,'-*'J*I6$-&*6,&&5%g*Z&;*J"66*"-B5%;&$-B,-:*,;*%5G",%5B*-'&*'-67*J'%*

;";&$,-$#65*J'%5;&*@$-$:5@5-&0*#"&*-'T$B$7;*$6;'*J'%*,B5-&,J7,-:*I'&5-&,$6*C$%#'-*;'"%C5;*$-B*

;,-4;*$;*$*C'-;5G"5-C5*'J*&=5*:6'#$6*C=$-:5g*<=5*%'65*'J*;$I%'I=7&,C*J"-:,*,;*C%"C,$6*,-*&=5*

B5C'@I';,&,'-*I%'C5;;0*;,-C5*&=57*$%5*$#65*&'*B5:%$B5*&=5*6,:-'C566"6';5*@$&%,O*'J*6,&&5%*@$&5%,$60*

T=,65*'&=5%*'%:$-,;@;*C$--'&*dH,O*j*h5#;&5%*.__Sk*+B6*8QQEk*Y5,6@$--a\6$";5-*j*\=%,;&5-;5-*

8QQEeg*

<=5'%7*I%5B,C&;*I';,&,(5*5JJ5C&;*'J*@,C%'#,$6*B,(5%;,&7*&'*B5C'@I';,&,'-*'J*6,&&5%*$-B*&=5*

=7I'&=5;5;*T5%5*T,B567*%5(,5T5B0*5g:g*,-*U4;C=@,&&*j*i%,JJ,&=;*d.__^e0*A'-5;*j*9%$BJ'%B*

d8QQ.e0*U@@5%6,-:*d8QQ8e0*?,4'6$*et al.*d8QQEe*'%*h$%B65*j*($-*B5%*L"&&5-*d8QQEe0*

Yl&&5-;C=T,65%*5&*$6g*d8QQSeg*Y'T5(5%0*J5T*5O,;&,-:*5OI5%,@5-&;*T,&=*6,&&5%*I%'(,B5*C'-J6,C&,-:*

%5;"6&;*di%,JJ,&=;*et al.*8QQ.k*15&$6$*8QQ8k*15&$6$*j*?CM5$-*8QQ>k*H5$C'-*et al.*8QQReg**<=5*

C'-C6";,'-;*T5%5*&=$&*&=5*,-C%5$;5*'J*&=5*J"-:$6*;I5C,5;*%,C=-5;;*;='"6B*-'&*-5C5;;$%,67*65$B*&'*

=,:=5%*6,&&5%*B5C'@I';,&,'-*%$&5;g*<=$&*C'"6B*#5*C$";5B*#7*=,:=*J"-C&,'-$6*%5B"-B$-C7*'J*@$-7*

J"-:$6*;I5C,5;*$-B*#7*$*;$&"%$&,'-*I%'C5;;*$&*6'T*;I5C,5;*65(56*%56$&,(5*&'*&=5*%,C=-5;;*'#;5%(5B*,-*

-$&"%$6*5C';7;&5@;g*K"%&=5%0*&=5*B5C'@I';,-:*$#,6,&7*B5I5-B5B*-'&*'-67*'-*&=5*:5-5&,C*

B,;I';,&,'-*'J*&=5*;I5C,5;0*#"&*$6;'*'-*5-(,%'-@5-&$6*C'-B,&,'-;*$-B*,-&5%$C&,'-;*T,&=*'&=5%*J"-:,*

T,&=,-*&=5*J"-:$6*C'@@"-,&7g*<=";0*&=5*G"5;&,'-*='T*&=5*5C'6':,C$6*I%'C5;;5;*$%5*%56$&5B*&'*

#,'B,(5%;,&7*=$;*-'&*75&*%5C5,(5B*;$&,;J$C&'%7*$-;T5%;g*K"%&=5%0*&=5*,;;"5*'J*J$C&'%;*B%,(,-:*

B,(5%;,&7*'J*T''BaB5C$7,-:*J"-:,*$-B*T=5&=5%*&=5,%*B,(5%;,&7*$JJ5C&;*T''B*B5C'@I';,&,'-*%$&5*

=$;*#55-*;56B'@*$BB%5;;5B*dM'-;B$65*5&*$6g*8QQ^eg**

H"%,-:*&=5*6$;&*B5C$B5;0*&=5*C'@@'-*";5*'J*@'65C"6$%*J,-:5%I%,-&,-:*&5C=-,G"5;0*;"C=*$;*
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<iiU*'%*<aFKML0*;,@I6,J,5B*&=5*;',6*@,C%'#,$6*B,(5%;,&7*5;&,@$&,'-*$-B*;I5C,5;*I$&&5%-*B5&5C&,'-*

d+-B5%;'-*j*\$,%-57*8QQ>k*!,%4*et al.*8QQ>k*M5C4,5*8QQSe*$-B*=5-C5*,&*$66'T5B*;&"B,5;*'J*

J"-C&,'-,-:*'J*&=5*C'@I65O*@,C%'#,$6*C'@@"-,&,5;*J%'@*5-(,%'-@5-&$6*;$@I65;g**

<=5*@$,-*I"%I';5*'J*&=,;*;&"B7*T$;*&'*B5&5%@,-5*&=5*6,-4*#5&T55-*B5C'@I';,&,'-*%$&5*'J*

T''B*;$@I65;*$-B*B,(5%;,&7*'J*;$I%'I=7&,C*J"-:$6*C'@@"-,&70*C'6'-,;,-:*&=5*;$@I65;0*,-*J,(5*

B,JJ5%5-&*J'%5;&*;&$-B;g*<=5*;I5C,J,C*$,@;*T5%5*&'*$-;T5%*J'66'T,-:*G"5;&,'-;*,e*,;*;I5C,5;*%,C=-5;;*

I';,&,(567*C'%%56$&5B*T,&=*B5C'@I';,&,'-*%$&5*'J*T''B*'%*,;*,&*$6%5$B7*;$&"%$&5B*$&*6'T*;I5C,5;*

-"@#5%;*,,e*B'5;*&=5*C'@@"-,&7*C'@I';,&,'-*@$&&5%*@'%5*&=$-*&=5*;I5C,5;*%,C=-5;;*$6'-5*,,,e*$%5*

&=5*%5;"6&;*'J*B,JJ5%5-&*J,-:5%I%,-&,-:*@5&='B;*C'@I$%$#65*,(e*6$;&670*T=$&*$%5*&=5*C'-;5G"5-C5;*

'J*&%55*;I5C,5;*;"#;&,&"&,'-*J'%*&=5*;&"B,5B*($%,$#65;g*Z-*&=5*I%5C5B5-&*T'%40*T5*B5;C%,#5B*&=5*

5C'6':,C$6*C'-B,&,'-;*'J*&=5*J'%5;&*;&$-B;0*J"-:$6*C'@@"-,&7*;&%"C&"%5*,-*&=5*;&$-B;*$-B*&=5,%*

;"CC5;;,'-*'(5%*&,@50*;&"B,5B*#7*<iiU*d!"6=$-4'($*et al.*8QQReg*Z-*&=,;*T'%40*T5*$II6,5B*&=5*<a

FKML*$II%'$C=*&'*C'@I$%5*&=5*&T'*J,-:5%I%,-&,-:*@5&='B;g*<=5-0*T5*$;;5;;5B*&=5*@$;;*6';;5;*'J*

&=5*T''B*;$@I65;*&'*$-;T5%*&=5*=,:=6,:=&5B*G"5;&,'-;g**

*

2 Materials and methods 

 Site description and field experiment 

<=5*;&"B7*"-B5%T5-&*,-*9%5",6*J'%5;&*%5;5$%C=*;,&50*;,&"$&5B*,-*&=5*?'%($-*=,:=6$-B;0*[U*

'J*\5-&%$6*?$;;,J0*K%$-C5*d$6&,&"B5*R>Q@0*6$&,&"B5*>Pm*.^n*.Qo0*6'-:,&"B5*>m*>n*>>o0*@5$-*$--"$6*

&5@I5%$&"%5*_m\0*I%5C,I,&$&,'-*.8^Q@@0*5($I'&%$-;I,%$&,'-*R>Q@@eg*<=5*;"#;&%$&5*,;*:%$-,&5*

T,&=*B5;$&"%$&5B*$C,B*;',6*dIY*>*a*>gSeg*<=5*I%5(,'";*C'II,C5*T,&=*;&$-B$%B*J'%5;&*B'@,-$&5B*#7*

U"%'I5$-*#55C=*dFagus sylvatica Mge*$-B*;5C'-B$%,67*#7*;5;;,65*'$4*dQuercus petraea M,5#6ge*,-*

&=5*=,:=*J'%5;&*;&%$&$*$-B*#7*#,%C=*dBetula pendula*F'&=e $-B*=$256 dCorylus avelana Mgeg*Z& T$;*

%5I6$C5B*#7*($%,'";*@'-'a;I5C,J,C*I6$-&$&,'-;*,-*.QQQ@
8*
;&$-B;*&=,%&7*75$%;*$:'*dF$-:5%*et alg0*

8QQ>eg*9%5",6*;&"B7*;,&5*,;*='@':5-'";0*&=5*&%55*;I5C,5;*I6'&;*;='"6B*-'&*B,JJ5%*,-*;"#;&%$&5*'%*

@5;'aC6,@$&,C*C'-B,&,'-;g*Y'T5(5%0*C=$-:,-:*&=5**&%55*;I5C,5;*65$B*&'*@'B,J,C$&,'-;*,-*I=7;,C$60*

C=5@,C$6*$-B*#,'6':,C$6*C'-B,&,'-;*dF$-:5%*et al.*8QQ>eg*?'%5*B5&$,65B*B5;C%,I&,'-*T$;*:,(5-*

I%5(,'";67*d!"6=$-4'($*et al.*8QQReg**

<=5*#55C=*T''B*;$@I65;*'J*&=5*;,25*>gSOEgSOQgSC@*T5%5*5OI';5B*,-*&=5*J,56B*J'%*8gS*

75$%;**d['(5@#5%*8QQ8*p*?$7*8QQSe*,-*6,&&5%*#$:;*'J*@5;=*;,25*S(@g*<=5*C'@I';,&,'-*'J*T''B*

T$;b*Sg.q*'J*;'6"#65*;"#;&$-C5;0*8Eg8q*'J*=5@,C566"6';5;0*S_q*'J*C566"6';50*.8g>q*'J*6,:-,-*$-B*
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Qg8q*'J*$;=*C'-&5-&g*<=5*;$@I6,-:*'J*J,(5*%5I6,C$&5;*T$;*%5$6,;5B*$J&5%*E0*_0*.80*8>*$-B*EQ*@'-&=;*

'J*&=5*5OI';,&,'-*dK5#%"$%70*15I&5@#5%*$-B*['(5@#5%*8QQE0*5$%67*H5C5@#5%*8QQ>0*?$7*8QQSe*,-*

J'"%*EQa75$%a'6B*@'-';I5C,J,C*;&$-B;*'J*U"%'I5$-*#55C=0*;5;;,65*'$40*['%T$7*;I%"C5*$-B*

H'":6$;*J,%*dFagus sylvatica*Mg, Quercus petraea 1@,&=, Picea abies*!$%;&g, Pseudotsuga 

menziesii K%$-C'e*$-B*,-*$*%5J5%5-C5*;&$-B*'J*&=5*-$&,(5*J'%5;&g*

*

Laboratory analyses 

<=5*J"-:$6*C'@@"-,&7*;&%"C&"%5;*,-*E0*_0*.80*$-B*8>*@'-&=;*T5%5*$;;5;;5B*#7*<aFKML*'J*

Z<1.K*$-B*Z<1>g*<=5*YUr*6$#565B*Z<1.K*T$;*C'@#,-5B*T,&=*"-,(5%;$6*Z<1>*I%,@5%*dh=,&5*et al.*

.__Qeg*<=5*%5$C&,'-*@5B,"@*C'-;,;&5B*'J*S(6*'J*L\F*#"JJ5%*d1,:@$0*.QQ@?*<%,;aY\60*IY*^gE0*

SQQ@?*!\60*.S@?*?:\68e0*.(6*'J*B[<L*d.Q@?e0*.(6*'J*5$C=*I%,@5%*d8Q*(?e0*Q0S(6*'J*<$Ga

I'67@5%$;5*dS*"-,&;X*(60*1,:@$e*$-B*8(6*'J*:5-'@,C*H[+*#%'":=&*&'*$*J,-$6*('6"@5*'J*SQ(6g*<=5*

$@I6,J,C$&,'-*%5:,@5*C'-;,;&5B*'J*$-*,-,&,$6*C7C65*'J*B5-$&"%$&,'-*$&*_S
'
*\*J'%*E@,-*J'66'T5B*#7*

ES*C7C65;*'J*B5-$&"%$&,'-*$&*_>
'
*\*J'%*>S;0*$--5$6,-:*$&*SS

'
*\*J'%*>S;*$-B*5O&5-;,'-*$&*P8

'
*\*J'%*

>S;g*<=5*$@I6,J,C$&,'-*C'-C6"B5B*T,&=*$*J,-$6*56'-:$&,'-*;&5I*$&*P8
'
*\*J'%*^@,-g*L\F*I%'B"C&*

T5%5*I"%,J,C$&5B*";,-:*$*C'@@5%C,$6*4,&*ds,$:5-eg*Y7B%'67;,;*'J*&=5*J6"'%5;C5-&67*6$#565B*L\F*

I%'B"C&;*T5%5*I5%J'%@5B*T,&=*AluI t+in\<u*d?9Z*K5%@5-&$;e*5-B'-"C65$;5*5-27@5g*H,:5;&,'-*

T$;*B'-5*,-*$CC'%B$-C5*&'*@$-"J$C&"%5%n;*,-;&%"C&,'-;*J'%*E*='"%;*d,-C"#$&,'-*&5@I5%$&"%5*'J*

EP
'
\eg*+J&5%*5&=$-'6*I%5C,I,&$&,'-0*$6,G"'&;*d8*(6e*'J*5$C=*B,:5;&*T5%5*@,O5B*T,&=*.8*(6*B5,'-,25B*

J'%@$@,B5*$-B*QgRS*(6*'J*,-&5%-$6*;,25*;&$-B$%B*di5-51C$-aSQQ*<+?F+0*+II6,5B*9,';7;&5@;eg*

+J&5%*B5-$&"%,-:*'J*&=5*H[+*$&*_^
*'
\*J'%*S*@,-*$-B*,@@5B,$&5*C=,66,-:*'-*,C50*;$@I65;*T5%5*

,-v5C&5B*565C&%'a4,-5&,C$667*$&*.S*4`*J'%*^;*'-*$-*+9Z*L%,@;w*E.Q*i5-5&,C*+-$67;5%*dL5%4,-*

U6@5%eg*U65C&%'I='%5;,;*T$;*%"-*J'%*EQ@,-*$&*.S4`*$-B*RQ
*'
\g*+J&5%*565C&%'I='%5;,;0*&=5*;,25*'J*

5$C=*<FK*T$;*B5&5%@,-5B*,-*C'@I$%,;'-*&'*&=5*,-&5%-$6*;,25*;&$-B$%B*";,-:*i5-51C$-*$-$67;,;*

;'J&T$%5*d+II6,5B*9,';7;&5@;eg*<=5*%56$&,(5*$#"-B$-C5*'J*<FK;*T$;*B5&5%@,-5B*#7*C$6C"6$&,-:*

&=5*%$&,'*#5&T55-*&=5*I5$4*$%5$*'J*5$C=*I5$4*$-B*&=5*&'&$6*I5$4*$%5$*'J*$66*I5$4;*T,&=,-*$*;$@I65g*

+-$67;5;*'J*&=5*C=%'@$&':%$@;*T$;*C'-B"C&5B*";,-:*i5-5?$II5%*EgP*;'J&T$%5*$-B*&=5*B$&$*T$;*

$-$6725B*T,&=*<a+6,:-*T5#*#$;5B*&''6*d1@,&=*et al.*8QQSeg*<'&$6*-"@#5%*'J*B,JJ5%5-&*%,#'&7I5;*

I5%*$*B$&$*;5&*d$*&%55*;&$-B0*$*;$@I6,-:*B$&50*T='65*@$&%,C5e*T$;*B5&5C&5B*$;*T566*$;*$(5%$:5*

%,#'&7I5*-"@#5%0*,g5g*;I5C,5;*%,C=-5;;*d1Fe0*I5%*$*B$&$*;5&g*

<=5*%5;"6&;*'#&$,-5B*#7*<aFKML*T5%5*C'@I$%5B*&'*%5;"6&;*'#&$,-5B*#7*<iiU*'J*Z<1.K*
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$-B*Z<18*$@I6,J,5B*%H[+*J%$:@5-&;0*B5;C%,#5B*I%5(,'";67*d!"6=$-4'($*et al.*8QQReg*<=5*

;$@I65;*B5C'@I';5B*J'%*EQ*@'-&=;*T5%5*$-$67;5B*#7*<iiU0*";,-:*;$@5*I%'&'C'6*$;*I%5(,'";67*

d!"6=$-4'($*et al.*8QQReg*<=5*@$;;*6';;*'J*&=5*T''B*;$@I65;*T$;*B5&5%@,-5B*$J&5%*E*B$7;*B%7,-:*

$&*RSm\g*H5C'@I';,&,'-*%$&5*T$;*5OI%5;;5B*,-*q*B5C'@I';5B*I5%*@'-&=;*B"%,-:*&=5*I5%,'B;*

#5&T55-*;$@I6,-:;g*

<=5*;,:-,J,C$-&*'J*&%55*;&$-B*$-B*B5C'@I';,&,'-*;&$:5*&'*;&"B,5B*B5I5-B5-&*($%,$#65;*

d;I5C,5;*%,C=-5;;0*@$;;*6';;e*T5%5*&5;&5B*#7*+[W`+*";,-:*&=5*1&$&,;&,C$*;'J&T$%5*d1&$&1'J&eg*

?"6&,($%,$#65*$-$67;5;*dH\+0*FH+e*'J*C'@@"-,&7*C'@I';,&,'-*T5%5*I5%J'%@5B*#7*\$-'C'*

;'J&T$%5*I$C4$:5;*d?,C%'C'@I"&5%*L'T5%e*&'*:,(5*&=5*I%'I'%&,'-*'J*($%,$&,'-*5OI6$,-5B*#7*&%55*

;&$-B*$-B*B5C'@I';,&,'-*;&$:5*dJ'%*B5;C%,I&,'-*'J*&=5*$-$67;5;*;55*F$@5&&5*8QQPeg*?'-&5*\$%6'*

I5%@"&$&,'-*&5;&*T$;*";5B*&'*C$6C"6$&5*&=5,%*;,:-,J,C$-C5*&'*C'@@"-,&7*C'@I';,&,'-g*<=5*

;,:-,J,C$-C5*65(56*T$;*;5&*$&*IxQgQS*J'%*#'&=*4,-B*'J*$-$67;5;g*

 

3 Results  

 

T-RFLP 

<=5*&'&$6*-"@#5%*'J*.8S*B,JJ5%5-&*%,#'&7I5;*T5%5*,B5-&,J,5B*T,&=,-*$66*&%55*;I5C,5;*$-B*

;$@I6,-:*B$&5;*";,-:*&=5*<aFKML*&5C=-,G"5g*<=5*$(5%$:5*-"@#5%*'J*%,#'&7I5;*I5%*;$@I650*i.e.*

y;I5C,5;*%,C=-5;;n*d1F*#56'Te0*T$;*'J*.8*T,&=,-*T='65*B$&$;5&g*[5(5%&=565;;0*&=5%5*T$;*$*T,B5*

($%,$&,'-*#5&T55-*;$@I65;0*J%'@*&=5*'-67*'-5**%,#'&7I5*I5%*;$@I65*&'*$*@$O,@"@*'J*ERg*<=5*&'&$6*

-"@#5%*'J*%,#'&7I5;*,B5-&,J,5B*,-*,-B,(,B"$6*;$@I6,-:*B$&5;*T,&=,-*$66*J,(5*&%55*;I5C,5;*;='T5B*$-*

,-C%5$;,-:*&%5-B*J%'@*P.*&'*^^*B,JJ5%5-&*%,#'&7I5;*$J&5%*E*$-B*8>*@'-&=;*'J*5OI';,&,'-0*

%5;I5C&,(567g*<=5*5OC5I&,'-*T$;*J'"-B*$J&5%*_*@'-&=;*'J*B5C'@I';,&,'-0*,g5g*;$@I6,-:*$J&5%*

;"@@5%0*T,&=*'-67*>>*%,#'&7I5;*,B5-&,J,5Bg*<=5*1F*'J*&=5*T='65*B$&$;5&*T$;*&=5*=,:=5;&*$J&5%*E*

$-B*8>*@'-&=;0*&=5*6'T5;&*$:$,-*$J&5%*_*@'-&=;0*,g5g*.>*'%*^*%,#'&7I5;*I5%*;$@I650*%5;I5C&,(567g*Z-*

,-B,(,B"$6*&%55*;I5C,5;0*&=5*=,:=5;&*&'&$6*-"@#5%*'J*B,JJ5%5-&*%,#'&7I5;*B"%,-:*&=5*T='65*I5%,'B*

T$;*B5&5C&5B*,-*'$4*$-B*;I%"C5*;&$-B;*dPP*$-B*PRe0*J'66'T5B*#7*&=5*-$&,(5*J'%5;&*$-B*H'":6$;aJ,%*

dRR*$-B*RSe0*T=,65*'-67*>8*%,#'&7I5;*T5%5*J'"-B*,-*#55C=g*<=5*;,@,6$%*'%B5%*'J*&%55*;I5C,5;*T$;*

J'"-B*$6;'*J'%*1F*d.>gR0*.>gP0*..gP0*..gE*$-B*Rg^0*%5;I5C&,(567eg*9'&=*B5C'@I';,&,'-*;&$:5*$-B*

&%55*;&$-B*5JJ5C&*&'*1F*T5%5*;,:-,J,C$-&*T,&=,-*T='65*B$&$*;5&g*<=5*&%5-B;*'J*1F*5('6"&,'-*,-*&=5*

;&$-B;*$%5*;='T-*,-*K,:g*.$g*W$4*$-B*#'&=*C'-,J5%;*=$B*&=5*=,:=5;&*1F*$J&5%*E*@'-&=;*'J*

* S



B5C'@I';,&,'-g*Z&*B5C%5$;5B*;=$%I67*B"%,-:*&=5*;"@@5%*&'*6'T*($6"5;*,-*_*@'-&=;*;$@I6,-:*$-B*

,-C%5$;5B*$:$,-*B"%,-:*&=5*$"&"@-g*<=5-0*,&*;&,66*,-C%5$;5B*,-*;I%"C50*T=,65*B5C%5$;5B*,-*'$4*$-B*

H'":6$;g*W-67*&=5*-$&,(5*J'%5;&*;='T5B*$*;6,:=&*,-C%5$;5*,-*1F*$J&5%*&=5*;"@@5%*@'-&=;g*Z&*

%5$C=5B*,&;*=,:=5;&*1F*($6"5*$J&5%*8*75$%;*'J*B5C'@I';,&,'-g*Z&*T$;*$6;'*&=5*C$;5*'J*#55C=0*T=,C=*

=$B*&=5*6'T5;&*($6"5;*J%'@*$66*&%55*;I5C,5;*B"%,-:*T='65*;&"B7*I5%,'B0*5OC5I&*J'%*H'":6$;*,-*&=5*

8a75$%;*;$@I6,-:g**

9'&=*B5C'@I';,&,'-*;&$:5*$-B*&%55*;&$-B*5JJ5C&*T5%5*J'"-B*&'*#5*;,:-,J,C$-&*&'*C'@@"-,&7*

C'@I';,&,'-0*5OI6$,-,-:*SgR*$-B*.QgPq*'J*&=5*($%,$#,6,&7*T,&=,-*$66*B$&$*;5&g*955C=*;='T5B*&=5*

@';&*B,;C%,@,-$&5B*C'@@"-,&7*C'@I';,&,'-*T,&=,-*$66*5OI';,&,'-*I5%,'B0*J'66'T5B*#7*;I%"C50*

'$40*&=5*-$&,(5*J'%5;&*$-B*H'":6$;aJ,%*dK,:g*8eg*['*%,#'&7I5;*T5%5*;&%,C&67*%56$&5B*5,&=5%*&'*5$%67*'%*

6$&5%*;&$:5;*'J*&=5*B5C'@I';,&,'-0*&='":=*;'@5*'J*&=5@*;='T5B*C5%&$,-*&5-B5-C7*dK,:g*Eeg*

1$@I6,-:*B$&5;*$-B*,-B,(,B"$6*;&$-B;*T5%5*$-$6725B*$6;'*;5I$%$&567*,-*'%B5%*&'*B5&5C&*&=5,%*

5JJ5C&;*@'%5*$CC"%$&567g*<=5*&%55*;&$-B*%'65*T$;*J'"-B*&'*#5*&=5*@';&*,@I'%&$-&*$J&5%*;='%&*I5%,'B*

'J*B5C'@I';,&,'-0*5OI6$,-,-:*>PgRq*'J*&=5*J"-:$6*($%,$#,6,&7g*Z&*T$;*65;;*B5&5%@,-,-:*,-*&=5*

6'-:5%*B5C'@I';,&,'-*I5%,'B;*dEPgE*$-B*E>gSq*$J&5%*.*$-B*8*75$%;0*%5;I5C&,(567e*$-B*&=5*65$;&*,-*

-,-5*@'-&=;*$J&5%*&=5*;"@@5%0*'-67*8PgSq*'J*&=5*C'@@"-,&7*C'@I';,&,'-*B,(5%;,&7g*<=5*&%55*

;&$-B*5JJ5C&*T$;*;,:-,J,C$-&*$J&5%*E*$-B*.8*@'-&=;0*-'-a;,:-,J,C$-&*$J&5%*_*$-B*8>*@'-&=;g*

H5C'@I';,&,'-*;&$:5*5JJ5C&*T$;*&=5*@';&*,@I'%&$-&*,-*;I%"C5*;&$-B0*5OI6$,-,-:*8EgPq*'J*J"-:$6*

($%,$#,6,&70*J'66'T5B*#7*'$4*;&$-B*d._g8qe0*$-B*T$;*;,:-,J,C$-&*,-*&=5;5*;&$-B;g*Z&*5OI6$,-5B*.>g>0*

.EgP*'%*..gSq*,-*H'":6$;0*#55C=*$-B*&=5*-$&,(5*J'%5;&0*%5;I5C&,(5670*#"&*,&;*5JJ5C&*T$;*-'&*

;,:-,J,C$-&g*** *

*

Fingerprinting method comparison 

<=5*<iiU*%5;"6&;*T5%5*B5;C%,#5B*I%5(,'";67*#7*!"6=$-4'($*et al.*d8QQReg*<=5*&'&$6*

-"@#5%*'J*B5&5C&5B*%,#'&7I5;*T$;*=,:=5%*,-*C$;5*'J*<aFKML*&=$-*,-*<iiU*d.8S*$-B*SQ0*

%5;I5C&,(5667eg*<aFKML*$6;'*;='T5B*=,:=5%*B,JJ5%5-C5;*'J*%,#'&7I5;*-"@#5%;*$@'-:*&=5*&%55*

;I5C,5;g*[5(5%&=565;;0*1F*T$;*J'"-B*&'*#5*;,@,6$%*#5&T55-*&=5*&T'*&5C=-,G"5;0*T=5-*C'@I$%5B*

#'&=*&%55*;I5C,5;*'%*;$@I6,-:*B$&5;g*Y5-C50*&=5*<aFKML*%,#'&7I5;*T5%5*65;;*J%5G"5-&*,-*&=5*

;$@I65;*$-B*@$-7*'J*&=5@*T5%5*%$&=5%*%$%50*C'@I$%,-:*&'*<iiU*;I5C,5;g*<=5*%5B"-B$-C7*

$-$67;,;*dFH+e*&=";*;='T5B*6'T5%*B,;C%,@,-$&,'-*'J*&%55*;I5C,5;*5JJ5C&*dK,:g*8e*&=$-*<iiU*B,B*

d!"6=$-4'($*et al.*8QQReg*
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<=5%5*T5%5*C5%&$,-*B,JJ5%5-C5;*#5&T55-*1F*'J*I$%&,C"6$%*&%55*;I5C,5;*B5&5%@,-5B*#7*&=5*

&T'*@5&='B;g*Y'T5(5%0*#'&=*,-B,C$&5B*&=$&*&=5%5*T$;*-'*;&%'-:*%5B"C&,'-*,-*-"@#5%*'J*J"-:$6*

%,#'&7I5;*$J&5%*&=5*C=$-:5*'J*B'@,-$-&*&%55*;I5C,5;*&=,%&7*75$%;*$:'g*<=5*5('6"&,'-*'J*1F*$6'-:*

&,@5*$6;'*I$%&67*B,JJ5%5B*dK,:g*.$0*#eg*Y'T5(5%0*&=5*:5-5%$6*&%5-B*'J*1F*B5C%5$;5*$J&5%*&=5*='&*$-B*

B%7*;"@@5%*8QQE*T$;*B'C"@5-&5B*,-*#'&=*C$;5;g*1,@,6$%670*&=5*&'&$6*-"@#5%*'J*B5&5C&5B*

%,#'&7I5;*,-C%5$;5B*T,&=*&=5*B5C'@I';,&,'-*&,@5*,-*#'&=*$II%'$C=5;g*9'&=*$II%'$C=5;*$6;'*

,-B,C$&5B*;"#;&$-&,$6*B,JJ5%5-C5;*,-*J"-:$6*C'@@"-,&7*C'@I';,&,'-;*T,&=,-*&=5*&%55*;I5C,5;*'%*

#5&T55-*B5C'@I';,&,'-*;&$:5;g**

Z-*&=5*T='65*B$&$*;5&0*#'&=*B5C'@I';,&,'-*;&$:5*$-B*&%55*;&$-B*T5%5*J'"-B5B*&'*=$(5*

;,:-,J,C$-&*5JJ5C&;*&'*1F*$;*T566*$;*&'*C'@@"-,&7*C'@I';,&,'-0*";,-:*#'&=*&5C=-,G"5;g*15I$%$&5670*

&=5*&%55*;&$-B*5JJ5C&*&'*1F*T$;*;,:-,J,C$-&*$J&5%*E*$-B*.8*@'-&=;*'J*&=5*B5C'@I';,&,'-*$-B*=,:=67*

,-;,:-,J,C$-&*$J&5%*_*@'-&=;0*,-B5I5-B5-&67*'-*$II%'$C=g*1,@,6$%670*&=5*,-J6"5-C5*'J*&%55*;&$-B*&'*

C'@@"-,&7*C'@I';,&,'-*B5C%5$;5B*T,&=*&=5*65-:&=*'J*B5C'@I';,&,'-g*<=5*5OC5I&,'-*T$;*&=5*-,-5*

@'-&=;*;$@I6,-:0*T=5-*&=5*;"@@5%*C'-B,&,'-;*'(5%6$II5B*&=5*&%55*;I5C,5;*5JJ5C&g*Z-*,-B,(,B"$6*

&%55*;I5C,5;0*&=5*B5C'@I';,&,'-*;&$:5*T$;*-'&*;,:-,J,C$-&*,-*&=5*-$&,(5*J'%5;&0*#55C=*$-B*H'":6$;a

J,%0*T=5-*#$;5B*'-*<aFKML*B$&$0*T=,65*T$;*-'&*;,:-,J,C$-&*'-67*,-*#55C=*,-*<iiU*$II%'$C=g*

955C=*=$B*&=5*#5;&*B,;C%,@,-$&5B*C'@@"-,&7*C'@I';,&,'-*J%'@*$66*&%55*;I5C,5;*T,&=,-*$66*

;$@I6,-:*B$&5;k*;I%"C5*T$;*&=5*;5C'-B*$-B*H'":6$;*&=5*6$;&0*T=,C=*C6$;;,J,C$&,'-*%5;"6&5B*J%'@*

#'&=*@5&='B;g*Y'T5(5%*&=5*&%55*;I5C,5;*B,;&%,#"&,'-*,-*FH+*I6'&*'J*&=5*T='65*B$&$;5&*I$%&67*

B,JJ5%5B*";,-:*&=5*@5&='B;*dK,:g*80*d!"6=$-4'($*et al.*8QQReeg*Y'T5(5%0*#55C=*T$;*;5I$%$&5B*'-*

Oa$O,;*,-*#'&=*$II%'$C=5;*$-B*5(5-*;I%"C5*T$;*C65$%67*B,;C%,@,-$&5B*J%'@*'&=5%*&%55*;I5C,5;g*<=5*

-$&,(5*J'%5;&0*'$4*$-B*H'":6$;*T5%5*%$&=5%*:%'"I5B*#$;5B*'-*<aFKML*$;*T566*$;*<iiU*B$&$g*<=5*

B,;&%,#"&,'-;*'J*&%55*;I5C,5;*,-*&=5*;5C'-B*;$@I6,-:*$J&5%*&=5*='&*B%7*;"@@5%*'J*8QQE*T5%5*I6'&&5B*

,-*K,:g*>$0*#g*<=,;*B$&5*T$;*;I5C,J,C*#7*=,:=*,@I'%&$-C5*'J*5-(,%'-@5-&$6*C'-B,&,'-;0*%5B"C,-:*&=5*

;I5C,5;*%,C=-5;;*$-B*;,:-,J,C$-&67*;=,J&,-:*&=5*C'@@"-,&7*C'@I';,&,'-*#7*J$('"%,-:*65;;*J%5G"5-&0*

6'T*C'@I5&,&,(5*;I5C,5;*$#65*&'*;"%(,(5*&=5*B%'":=&*B,;&"%#$-C5g*<=5*B,;C%,@,-$&,'-*'J*J"-:$6*

C'@@"-,&,5;*,-*,-B,(,B"$6*&%55*;I5C,5;*C$-*#5*;55-*,-*#'&=*:%$I=;0*='T5(5%*&=5*B,;&$-C5;*$-B*

I';,&,'-;*B,JJ5%5Bg*******

*

Decomposition rule 

<=5*T''B*@$;;*6';;*($6"5;*;,:-,J,C$-&67*B,JJ5%5B*#5&T55-*&=5*&%55*;I5C,5;*dK,:g*S$e0*

* P



%$-:,-:*J%'@*RPq*@$;;*6';;*,-*'$4*&'*EQq*,-*;I%"C5*,-*EQ*@'-&=;*'J*B5C'@I';,&,'-g*9'&=*#55C=*

$-B*'$4*;&$-B*($6"5;*;,:-,J,C$-&67*B,JJ5%5B*J%'@*;I%"C5*$-B*H'":6$;aJ,%k*$-'&=5%*;,:-,J,C$-&*

B,JJ5%5-C5*T$;*B5&5C&5B*#5&T55-*&=5*-$&,(5*J'%5;&*$-B*#55C=*;&$-Bg*<%55*;I5C,5;*5JJ5C&*T$;*

;,:-,J,C$-&*T,&=,-*$66*B$&$;5&*$;*T566*$;*,-*$66*;$@I6,-:*B$&5;*5OC5I&*&=5*J,%;&*'-5*$J&5%*E*@'-&=;*'J*

B5C'@I';,&,'-g*+J&5%*_*@'-&=;0*,-*5$%67*15I&5@#5%0*#7*J$%*@';&*d>Qqe*T$;*B5C'@I';5B*,-*

#55C=g*<=%55*@'-&=;*6$&5%0*$J&5%*.8*@'-&=;0*#55C=*;&,66*;='T5B*&=5*=,:=5;&*@$;;*6';;*($6"50*5(5-*

&='":=*&=5*B5C$7*;6'T5B*B'T-*&=5%50*C'@I$%5B*&'*'$40*T=5%5*,&*;&$%&5B*&'*$CC565%$&5*dK,:g*S#eg*

+J&5%*&=5*;5C'-B*75$%*'J*B5C'@I';,&,'-0*@$;;*6';;*T$;*&=5*=,:=5;&*,-*'$40*J'66'T5B*#7*#55C=g*<=5*

-$&,(5*J'%5;&*$-B*H'":6$;aJ,%*I6$-&$&,'-*B,;I6$75B*;,@,6$%*@$;;*6';;*($6"5;*B"%,-:*5-&,%5*;&"B7*

I5%,'B*$-B*@'%5*T''B*T$;*B5C'@I';5B*&=5%5*&=5-*,-*&=5*;I%"C5*;&$-B*T,&=*&=5*;6'T5;&*B5C$7g*

<=5*B5C'@I';,&,'-*%$&5*T$;*-'&*C'%%56$&5B*&'*&,@5*dK,:g*S#eg*Z&*T$;*%56$&,(567*=,:=*,-*&=5*

#5:,--,-:*'J*&=5*5OI5%,@5-&*dE*@'-&=;e0*B,JJ5%5B*;,:-,J,C$-&67*$@'-:*&%55*;&$-B;*B"%,-:*='&*B%7*

;"@@5%*d_*@'-&=;e0*$-B*,&*;&$%&5B*&'*B5C%5$;5*,-*&=5*6$&5%*;&$:5;*dEQ*@'-&=;eg*

*

Thirty months of decomposition 

<=5*-$&,(5*J'%5;&*B,;I6$75B*;,:-,J,C$-&67*=,:=5;&*1F*,-*&=5*5-B*'J*&=5*5OI5%,@5-&*d.Ee0*

J'66'T5B*#7*;I%"C5*d..e0*H'":6$;aJ,%0*#55C=*$-B*'$4*;&$-B*d^gS0*^*$-B*PgS0*K,:g*.#eg*<=,;*@5$-&*$*

;,:-,J,C$-&*B5C%5$;5*'J*&=5*;I5C,5;*%,C=-5;;*,-*$66*&%55*;I5C,5;0*T=5-*C'@I$%,-:*T,&=*&=5*;$@I6,-:*

$&*8>*@'-&=;g*<%55*;I5C,5;*5OI6$,-5B*ERg>q*'J*&=5*C'@@"-,&7*($%,$#,6,&7*$-B*,&;*5JJ5C&*T$;*-'&*

;,:-,J,C$-&g*+66*&=%55*;5G"5-C5B*;I5C,5;*J%'@*&=5*;5(5-*@';&*C'@@'-*;I5C,5;*,-*&=,;*;$@I6,-:*

#56'-:5B*&'*9$;,B,'@7C5&5;0*T=,C=*@,:=&*C'-J,%@*&=5*5OI5C&5B*&%5-B*'J*,-C%5$;,-:*$#"-B$-C5*'J*

T=,&5a%'&*J"-:,*,-*&=5*6$&5%*;&$:5;*'J*T''B*B5C$7g*

*

Distribution of 4 selected species 

+#"-B$-C5;*$-B*B,;&%,#"&,'-*'J*>*;565C&5B*J"-:$6*;I5C,5;*d#$;5B*'-*<iiU*%5;"6&;e*$%5*

;='T-*,-*K,:g*Rg*?$v'%,&7*'J*&=5*;I5C,5;*T$;*B5&5C&5B*,-*;5(5%$6*'J*&=5*&%55*;I5C,5;0*#"&*@$-7*'J*

&=5@*;='T5B*;,:-,J,C$-&*I%5J5%5-C5;*&'*;'@5*'J*&=5@*'%*&'*&=5*5$%6,5%*'%*6$&5%*;&$:5;*'J*

B5C'@I';,&,'-*d!"6=$-4'($*5&*$6g*8QQReg*<T'*+;C'@7C5&5;*$-B*&T'*9$;,B,'@7C5&5;*T5%5*

C=';5-*&'*5&C=*,-*&=,;*@'%5*C6';567g*1I5C,5;*-g*P*T$;*B5&5%@,-5B*$;*Megacollybia platyphylla0*

B5&5C&5B*,-*&=5*;&"B,5B*;&$-B;*5(5-*,-*J%",&a#'B7*J'%@*$-B*T,B567*4-'T-*$;*$*;$I%'I=7&,C*;I5C,5;*

#'&=*J%'@*=$%BT''B*$-B*C'-,J5%'";*J'%5;&;g*Z&*T$;*$6;'*&=5*@';&*C'@@'-*;I5C,5;*,-*'"%*;&"B70*

* ^



%56$&,(567*5G"$667*B,;&%,#"&5B*T,&=,-*;$@I6,-:*$-B*&%55*;I5C,5;g*1I5C,5;*-g*.P*T$;*=,:=67*

I';,&,(567*C'%%56$&5B*&'*5$%67*;&$:5;*'J*&=5*C'6'-,;$&,'-0*T=5-*,&*$II5$%5B*,-*$66*&%55*;&$-B;g*<=5*

;5G"5-C5*,-*i5-9$-4*C$@5*J%'@*#55C=*65$Ja6,&&5%*J%'@*i5%@$-7g*Phlebia albida d-g*8Ee0*4-'T-*

$;*6,:-,-*B5:%$B,-:*;I5C,5;*J%'@*B5C$7,-:*6':;0*T$;*@'B5%$&567*C'@@'-*,-*'"%*;$@I65;g*Z&*T$;*

I%5;5-&*%$&=5%*,-*&=5*5$%6,5%*;&$:5;*,-*&=5*#55C=aB'@,-$&5B*;&$-B;*$-B*6$&5%*,-*'$40*#5,-:*65;;*

C'@@'-*,-*C'-,J5%;g*Chaetosphaeria pulviscula*d-g*>Re*T$;*%56$&,(567*"-C'@@'-*$-B*%56$&5B*&'*

6$&5%*;&$:5;*'J*&=5*B5C$7*,-*$66*&%55*;I5C,5;g*Z&*,;*$*;$I%'#,C*I7%5-'@7C5&5*4-'T-*J%'@*B5$B0*'J&5-*

%'&&5-*T''B0*";"$667*,-*=$%BT''B*J'%5;&;g**

*

3 Discussion 

 Methodology used in the study 

<aFKML*T$;*,-,&,$667*B5(56'I5B*$;*$*C'@@"-,&7*I%'J,6,-:*&5C=-,G"5*#7*M,"*et al.*d.__Peg*

Z&*=$;*#55-*";5B*&'*;&"B7*$*%$-:5*'J*J"-:$6*C'@@"-,&,5;*,-*B,JJ5%5-&*5-(,%'-@5-&;0*$;*%5(,5T5B*

#7*+(,;*et al.*d8QQReg*<=5*;&"B7*$6;'*B'C"@5-&5B0*&=$&*&=5*C=',C5*'J*&=5*%5;&%,C&,'-*5-27@5*$-B*

&=5*I%5;5-C5*'J*@"6&,I65*I5$4;*@$7*,-J6"5-C5*&=5*$CC"%$C7*'J*;I5C,5;*,B5-&,J,C$&,'-*$-B*5;&,@$&5;*

'J*;I5C,5;*B,(5%;,&7g*Y'T5(5%0*<FK*I5$4*C'"-&;*@$7*#5*($6,B*J'%*";5*&'*C'@I$%5*;$@I65;*

I%'C5;;5B*T,&=*;,@,6$%*@5&='B;*d+(,;*et al.*8QQReg*Z&*,;*$6;'*&'*#5*-'&5B0*&=$&*,-*<aFKML0*$*

%,#'&7I5*T$;*,B5-&,J,5B*T,&=*'-5*#$;5*$CC"%$C7g*Z-*<iiU0*&=5*@56&,-:*&5@I5%$&"%5*'J*H[+*

J%$:@5-&;*B,JJ5%5B*$#'"&*Qg.m\*&'*#5*,B5-&,J,5B*$;*$*B,JJ5%5-&*;I5C,5;0*T=,C=*,-&5%($6*C'"6B*

,-C6"B5*@'%5*;I5C,5;*T,&=*(5%7*C6';5*+<a\i*%$&,'g*L%5(,'";670*9%'B,5*et al.*d8QQEe*$6;'*

B'C"@5-&5B*=,:=5%*%,#'&7I5;*-"@#5%*B5&5C&5B*#7*<aFKML*&=$-*#7*HiiU*,-*:%$;;6$-B*;',6*

@5$;"%5B*#7*.^1*<FK;*$-B*HiiU*#$-B;g*<='":=0*&=57*J'"-B*<aFKML*$II%'$C=*&'*;='T*&=5*

6'T5%*;,@,6$%,&7*($6"5;*#5&T55-*&%$-;5C&*I';,&,'-;*C'@I$%5B*&'*HiiU*d9%'B,5*et al.*8QQEe0*

"-6,45*%5;"6&;*'J*&=,;*;&"B7g**

<=5*@'B56*T''B*@$&5%,$6*T$;*'J*#55C=*'%,:,-g*Z&*T$;*J'"-B*&'*B5C'@I';5*&=5*J$;&5;&*,-*

&=5*7'"-:*#55C=*J'%5;&g*Y'T5(5%0*&=5*-$&,(5*J'%5;&*T$;*B'@,-$&5B*#7*#55C=*$;*T566*$-B*&=5*T''B*

@$;;*6';;*T$;*6'T5%*&=5%5g*1,@,6$%670*I"%5*C566"6';5*;&%,I;*$6;'*B5C'@I';5B*&=5*J$;&5;&*,-*&=5*

#55C=0*C'@I$%,-:*&'*&=5*;I%"C5*I6$-&$&,'-*$-B*&'*&=5*-$&,(5*J'%5;&*d!"#$%&'($*et al.*OOOOeg*<=$&*

C'"6B*@5$-*&=$&*&=5*=,:=5;&*B5C'@I';,-:*I'&5-&,$6*:5-5%$667*'CC"%%5B*,-*#55C=g*<=5*

5-(,%'-@5-&$6*C'-B,&,'-;*'J*&=5*;&$-B;*B,JJ5%5B0*$;*B5;C%,#5B*I%5(,'";67*d!"6=$-4'($*et al.*

8QQReg*

* _



*

Effect of species richness to mass loss 

Z&*B,B*-'&*;55@*&=$&*&=5*J"-:$6*;I5C,5;*%,C=-5;;*T'"6B*#5*,@I'%&$-&*J'%*&=5*B5C'@I';,&,'-*

%$&5*($6"5;*T=5-*;&"B,5B*#7*<iiUg*<=5*L5$%;'-n;*C'%%56$&,'-*C'5JJ,C,5-&*5G"$665B*&'*QgQ^*d&5;&5B*

T,&='"&*#55C=*,-*_*@'-&=;*($6"5e*J'%*&=5*T='65*I5%,'B*'J*B5C$7g*<=5*%56$&,'-;=,I*T$;*&=5*@';&*

-5:$&,(5*,-*E*@'-&=;0*T=5-*;I%"C50*#55C=*$-B*'$4*;&$-B;*B,;I6$75B*6'T*1F0*#"&*=,:=*

B5C'@I';,&,'-*%$&5g*<=5*@';&*I';,&,(5*%56$&,'-;=,I*T$;*J'"-B*,-*$66*#%'$B65$(5B*;&$-B;*,-*.8*

@'-&=;g**

*9$;5B*'-*<aFKML*%5;"6&;0*&=5*C'%%56$&,'-*C'5JJ,C,5-&*#5&T55-*1F*$-B*HF*T$;*=,:=5%**

dQg*>_eg*W$4*$-B*;I%"C5*;&$-B;*B,;I6$75B*=,:=*($6"5;*'J*1F*$-B*HF*$J&5%*E*@'-&=;*$-B*B5C%5$;5*

'J*#'&=*($%,$#65;*$J&5%*_*@'-&=;g*W$4*;='T5B*:5-5%$667*=,:=*($6"5;*'J*#'&=*1F*$-B*HFg*Z-*

;I%"C50*HF*T$;*%56$&5B*&'*1Fg*955C=*B,;I6$75%*(5%7*=,:=*HF*$J&5%*_*@'-&=;*B5;I,&5*6'T*1F*d-'&*

,-C6"B5B*,-*C'%%56$&,'-eg*M$&5%0*$J&5%*.8*$-B*8>*@'-&=;0*#'&=*1F*$-B*HF*T5%5*6'T*,-*#55C=0*

I%'#$#67*B"5*&'*B5I65&,'-*'J*5$;,67*B5C'@I';,-:*;"#;&%$&5*B"%,-:*J$;&*B5C$7*,-*5$%67*;&$:5;g*Z-*

&=5*-$&,(5*J'%5;&0*HF*T$;*%56$&5B*&'*1F*B"%,-:*&=5*J,%;&*75$%0*#"&*-'&*$J&5%*&=5*;5C'-B*75$%g*

1,@,6$%67*&'*'"%*%5;"6&;0*H5$C'-*et al.*d8QQRe*'#;5%(5B*5(5-*$*-5:$&,(5*5JJ5C&*'J*1F*

,-C%5$;5*'-*6,:-,-*B5:%$B$&,'-*,-*:%$;;6$-B*;',6g*\'O*et algd8QQ.e*I%'(,B5B*J"%&=5%*5O$@I65*'J*

,-=,#,&,'-*'J*I,-5*6,&&5%*B5C'@I';,&,'-*T=5-*C'6'-,;5B*#7*@'%5*C'@I65O*J"-:$6*C'@@"-,&7*&=$-*

#7*$*;,-:65*;I5C,5;g*+*;"%I%,;,-:67*;,@I65*C'@@"-,&7*$II5$%5B*&'*#5*5JJ5C&,(5*,-*@$,-&$,-,-:*

%5;I,%$&,'-*$-B*,&*;$&"%$&5B*,-*6'T*;I5C,5;*%,C=-5;;*,-*;&"B7*T,&=*;,O*B,(5%;,&7*&%5$&@5-&;*d15&$6$*j*

?CM5$-*8QQ>eg*UOI6$-$&,'-*'J*;"C=*,-;,:-,J,C$-&*'%*5(5-*%$&=5%*-5:$&,(5*5JJ5C&*'J*1F*,&*C'"6B*#5*

=,:=5%*C'@I5&,&,'-*$@'-:*;I5C,5;*,-*%,C=*C'@@"-,&7*&':5&=5%*T,&=*=,:=*J"-C&,'-$6*%5B"-B$-C7*

#5&T55-*&=5*B5C'@I';,-:*&$O$*d*1C=T$%&2*et al.*8QQQk*15&$6$*j*?CM5$-*8QQ>k*H5$C'-*et al.*

8QQReg*

*

Effect of community composition 

U$C=*&%55*;I5C,5;*;"II'%&5B*,&;*'T-*J"-:$6*C'@@"-,&7*T,&=*;I5C,J,C*J"-:$6*;I5C,5;0*$;*

;='T-*";,-:*#'&=*@'65C"6$%*@5&='B;g*<=5*C'@@"-,&7*C'@I';,&,'-*;55@5B*&'*#5*@'%5*,@I'%&$-&*

J'%*&=5*B5C'@I';,&,'-*I%'C5;;*&=$-*1Fg*9$;5B*'-*<aFKML*%5;"6&;0*#55C=*$-B*'$4*;&$-B;*$J&5%*_*

@'-&=;*=$B*;,@,6$%*C'@@"-,&7*C'@I';,&,'-*dK,:g*>$e0*#"&*&=5*HF*($6"5;*;,:-,J,C$-&67*B,JJ5%5B*

#5&T55-*&=5@g*\'-(5%;5670*;I%"C5*B,;I6$75B*;,@,6$%*HF*&'*'$4*&='":=*B,(5%;5*C'@@"-,&7*

* .Q



C'@I';,&,'-*,-*_*@'-&=;g*[5(5%&=565;;0*&=5*-$&,(5*J'%5;&*$-B*H'":6$;aJ,%*;='T5B*;,@,6$%*HF*$-B*

%5;5@#6,-:*C'@@"-,&7*C'@I';,&,'-*T,&=,-*$66*;$@I6,-:*B$&5;*dK,:g*8eg*<=5,%*C'@@"-,&,5;*T5%5*

@'%5*B,;&$-&*'-67*$J&5%*_*@'-&=;*dK,:g*>$eg*FH+*%5;"6&;*;='T5B*&=$&*-'*%,#'&7I5;*T5%5*5,&=5%*

I';,&,(567*'%*-5:$&,(567*%56$&5B*&'*HF*($6"5;*dB$&$*-'&*;='T-eg*

9$;5B*'-*<iiU*B$&$*d!"6=$-4'($*et alg*8QQRe0*#55C=*;&$-B*T,&=*&=5*=,:=5;&*B5C$7*%$&5*

B"%,-:*5$%67*_*@'-&=;*=$B*=,:=67*B,;&,-C&*C'@@"-,&7*C'@I';,&,'-*dK,:g*E#eg*M$&5%0*$&*.8*$-B*8>*

@'-&=;0*'$4*;='T5B*J$;&*B5C'@I';,&,'-*$-B*&=5*C'@@"-,&7*C'@I';,&,'-*%5;5@#6,-:*&'*&=5*#55C=*

'-50*T,&=*;I5C,5;*C'@@'-*J'%*#'&=g*\5%&$,-*'J*&=$&*;I5C,5;*I%5;5-&*@$,-67*,-*#55C=*$-B*'$4*T5%5*

C'%%56$&5B*&'*=,:=5%*HF*d&5;&5B*#7*FH+0*B$&$*-'&*;='T-eg*<=5;5*T5%5*5g:g*;I5C,5;*8^0*EE*$-B*>.*

d&=5*C6';5;&*96$;&*@$&C=5;*T5%5*+zQREEQ_0*+K.>^_S8*$-B*+zES>8P_*%5;I5C&,(567e*

d!"6=$-4'($*et alg*8QQReg*\5%&$,-*'&=5%*;I5C,5;*T5%5*C'%%56$&5B*T,&=*HF0*5g:g*R0*>8*$-B*>R*

d+KSQ8^^_0*+z8EQP^^*$-B*+K.P^S>>e0*5(5-*&='":=*&=57*T5%5*-'&*C=$%$C&5%,;&,C*J'%*#55C=*'%*

'$4*;&$-Bg*<=57*T5%5*C'%%56$&5B*%$&=5%*&'*&,@5*'J*5OI';,&,'-g*+66*'J*&=5;5*;I5C,5;*#56'-:5B*&'*

+;C'@7C5&5;g*9$;,B,'@7C5&5;*@$B5*"I*&=5*@,-'%,&7*'J*&=5*;5G"5-C5B*;I5C,5;*$-B*;55@5B*&'*#5*

65;;*J%5G"5-&0*$&*65$;&*,-*&=5*5$%67*;&$:5;*'J*&=5*B5C'@I';,&,'-g*95,-:*%$&=5%*%$%50*&=57*@,:=&*#5*

#'&=*-'&*;'*C65$%67*%56$&5B*&'*J$;&*B5C$7*$;*$#"-B$-&*;I5C,5;*'%*=$(5*&=5*#$-B;*-'&*,-&5-;,(5*

5-'":=*&'*#5*;5G"5-C5Bg**

Z&*,;*&'*#5*-'&,C5B*&=$&*&=5*C'@@"-,&7*C'@I';,&,'-*,-*$66*&%55*;I5C,5;*=,:=67*B,JJ5%5B*,-*_*

@'-&=;*$J&5%*B%7*;"@@5%0*";,-:*#'&=*$II%'$C=5;g*Z&*B,;&,-:",;=5B*5(5-*J%'@*&=5*:5-5%$6*%"65*'J*

&=5*;I5C,5;*;"CC5;;,'-*'#;5%(5Bg*<=5*,-J%5G"5-&*;I5C,5;*I$%&67*%5I6$C5B*&=5*C'@@'-*;I5C,5;*$-B*

1F*B5C%5$;5Bg*H5;I,&5*&=$&0*B5C'@I';,&,'-*%$-*(5%7*J$;&*,-*#55C=0*;6,:=&67*J$;&5%*&=$-*";"$667*,-*

;I%"C5*$-B*&=5*-$&,(5*J'%5;&0*T=,65*,&*T$;*;"II%5;;5B*,-*'$4*$-B*H'":6$;aJ,%*dK,:g*Seg*<=,;*C'"6B*

B'C"@5-&5B*&=5*%'65*'J*&=5*%$%5*;I5C,5;*$-B*&=5*,@I'%&$-C5*'J*&=5*T='65*I''6*'J*&=5*;I5C,5;*

I%5;5-&*,-*$*;&$-B0*-'&*'-67*;I5C,5;*$C&,(5*,-*$*;,-:65*;$@I6,-:*&,@5g*+CC'%B,-:670*,-*&=5*;&"B7*'J**

H5$C'-*et al.*d8QQRe*,-J%5G"5-&*&$O$*I6$75B*,@I'%&$-&*%'65*,-*B5C'@I';,&,'-*$-B*T5%5*I'&5-&,$667*

@'%5*$C&,(5*&=$-*C'@@'-*'-5;g*Z-B55B0*&=5*B5C'@I';,-:*$#,6,&7*'J*I$%&,C"6$%*J"-:,*C$-*=,:=67*

B,JJ5%0*$;*B'C"@5-&5B*#7*W;'-'*$-B*<$45B$*d8QQ8e*T=5-*&5;&,-:*#55C=*6,&&5%*B5C$7*$-B*W;'-'*et 

al.*d8QQEe*&5;&,-:*A$I$-5;5*6$%C=*6,&&5%*B5C'@I';5B*#7*@$-7*J"-:$6*,;'6$&5;*"-B5%*6$#'%$&'%7*

C'-B,&,'-;g*Y'T5(5%0*&=5*,-&5%a;I5C,5;*,-&5%$C&,'-*,-*-$&"%$6*C'-B,&,'-*@,:=&*B5C%5$;5*&=5*:5-5&,C*

B5C'@I';,-:*$#,6,&7*5JJ5C&g*\'O*et al.*d8QQ.e*,66";&%$&5B*&=5*,@I'%&$-C5*'J*,-&5%$C&,'-;*'J*;I5C,J,C*

J"-:,*%$&=5%*&=$-*&=5*J"-C&,'-$6*C'@I5&5-C5*'J*B,(5%;5*C'@@"-,&,5;0*T=5-*;&"B,5B*&=5*I%'C5;;*'J*

* ..



1C'&;*I,-5*6,&&5%*B5C'@I';,&,'-g*+C&"$6*5-(,%'-@5-&$6*C'-B,&,'-;*$-B*-"&%,5-&*;&$&";*;";&$,-,-:*'%*

,-=,#,&,-:*@,C%'#,$6*$C&,(,&7*$6;'*,-('6(5*B5C'@I';,&,'-*I%'C5;;0*C'a$C&,-:*T,&=*'&=5%*($%,$#65;*

d+B6*8QQEeg*

['*%5$667*457a;I5C,5;*,-*&5%@;*'J*B5C'@I';,-:*$C&,(,&7*T5%5*B5&5C&5Bg*Y'T5(5%0*&=57*

@,:=&*$II5$%*,-*(5%7*6$&5*;&$:5;0*T=5-*'-67*=,:=67*%5C$6C,&%$-&*;"#;&%$&5*T,66*#5*$($,6$#65*J'%*

B5C'@I';5%;0*$;*C5%&$,-*&%5-B;*I%'@I&5B*,-*EQ*@'-&=;*;$@I6,-:g*1'@5*J"-:$6*;I5C,5;*T5%5*

'#;5%(5B*'-67*,-*6$&5%*;&$:5;*'J*&=5*5OI5%,@5-&*$-B*&=5*-"@#5%*'J*9$;,B,'@7C5&5;*,-*;$@I65;*

;55@5B*&'*,-C%5$;5g*<=5*1F*B%'II5B*;,:-,J,C$-&67*,-*EQ*@'-&=;*C'@I$%5B*&'*8>*@'-&=;*$-B*HF*

;&$%&5B*&'*;6,:=&67*B5C%5$;5*$;*T566g*<=5*5JJ5C&*'J*&%55*;I5C,5;*T$;*,-;,:-,J,C$-&*,-*#'&=*8>*$-B*EQ*

@'-&=;0*,-B,C$&,-:*B5C%5$;,-:*,@I'%&$-C5*'J*@,C%'C6,@$&,C*($%,$#65;0*T=,C=*T5%5*=,:=67*$JJ5C&5B*

#7*&%55*;I5C,5;g*U(5-*$J&5%*&=5*EQ*@'-&=;*'J*B5C'@I';,&,'-0*=,:=*$@'"-&*'J*&=5*T''B*%5@$,-5B*

&'*#5*B5C'@I';5B*dEEaPQqe*$-B*I%5;5-C5*'J*=,:=67*;I5C,$6,;5B*;I5C,5;*@,:=&*#5*-55B5B*&'*

B5C'@I';5*;"C=*%5C$6C,&%$-&*;"#;&%$&5*@'%5*C'@I65&567g*

*

Tree substitution effect 

<=5*="@";*6$75%*I=7;,C$6*C'-B,&,'-;*$-B*C=5@,C$6*C'@I';,&,'-*C=$-:5B*B"%,-:*&=5*&=,%&7*

75$%;*J%'@*&=5*-$&,(5*J'%5;&*C"&*$-B*&=5*@'-'C"6&"%5*I6$-&$&,'-;*dF$-:5%*et al.*8QQ>eg*Y'T5(5%0*

&=,;*I5%,'B*@,:=&*-'&*#5*5-'":=*&'*5O=$";&*&=5*;',6*5-(,%'-@5-&*C'@I65&567*&'*C$";5*$*%$B,C$6*

C=$-:5*'J*#,'B,(5%;,&7*$-B*5(5-&"$667*$*6';;*'J*457a;&'-5*;I5C,5;g*Y'T5(5%0*&=,;*C'"6B*=$II5-*

$J&5%*$*J5T*:5-5%$&,'-;*'J*@'-'C"6&"%5*I6$-&$&,'-g*Z-*&=5*I%5;5-&*C$;50*&=5*J"-:$6*C'@@"-,&7*

C'@I';,&,'-*B,JJ5%;*#5&T55-*&=5*&%55*;I5C,5;0*#"&*&=5*;I5C,5;*I''6*;55@;*&'*%5;&*;&,66*;"JJ,C,5-&*&'*

C'(5%*&=5*J"-C&,'-*'J*'%:$-,C*@$&&5%*B5C'@I';,&,'-;g*?'%5'(5%0*,&*,;*C'@I6,C$&5B*&'*;5I$%$&5*

I$%&,C"6$%*($%,$#65;*5$;,67g*1I5C,5;*&7I,C$6*,-*&=5*#%'$B65$(5B*;&$-B;*T5%5*%5I6$C5B*#7*'&=5%*

;I5C,5;*C=$%$C&5%,;&,C*J'%*C'-,J5%'";*;&$-B;g*1"C=*;I5C,5;*C'"6B*@$,-&$,-*&=5*B5C'@I';,&,'-*

I%'C5;;5;*,-*&=5;5*;&$-B;g*1I5C,5;*I%5;5-&*#'&=*,-*#%'$B65$(5B*$-B*C'-,J5%;*C'"6B*#5*5,&=5%*&%55a

;I5C,5;*:5-5%$6,;&;*$-B*%$&=5%*%5;'"%C5a;I5C,J,C0*'%*I%5J5%%,-:*&=5*#%'$B65$(5B0*#"&*;&,66*;"%(,(,-:*

,-*C'-,J5%*;&$-B;0*B5;I,&5*'J*$-*$C&,(,&7*,-=,#,&,'-*&=5%5g*H5C'@I';,&,'-*%"-*%56$&,(567*;6'T5%*,-*

&=5*C'-,J5%'";*;&$-B;0*#"&*,&*,;*-'&*5$;,67*5OI6$,-$#65*#7*&=5*;I5C,5;*6$C4*$-BX'%*&=5*C'@@"-,&7*

C=$-:5g*Z&*,;*@'%5*6,4567*&=$&*&=5*6'T5%*B5C'@I';,&,'-*%$&5*,-*C'-,J5%;*T$;*&=5*C$";5*'J*65;;*

J$('"%$#65*C'-B,&,'-;0*5g:g*6'T5%*&5@I5%$&"%50*=,:=5%*@',;&"%50*=,:=5%*C'-C5-&%$&,'-*'J*,-=,#,&'%;0*

;"C=*$;*I=5-'6;*$-B*&$--,-;*'%*#7*6'T5%*C'-C5-&%$&,'-*'J*-"&%,5-&;*dF$-:5%*et al. 8QQ>0*

* .8



!"6=$-4'($*et al.*8QQReg*K"%&=5%0*J"-C&,'-$6*%5B"-B$-C7*$-B*,-&5%$C&,'-;*$@'-:*;I5C,5;*@,:=&*

$6;'*,-J6"5-C5*B5C'@I';,&,'-*,-*&=5*;&"B,5B*;&$-B;*d\'O*et al.*8QQ.eg*

<=5*-$&,(5*J'%5;&*C'-&$,-5B*@'%5*B5$B*T''B*,-*B,JJ5%5-&*;&$:5;*'J*B5C$7*&=$-*&=5*7'"-:*

@'-'C"6&"%5;g*<=5*C'$%;5*T''B7*B5#%,;*T$;*J'"-B*&'*#5-5J,&5*&=5*;$I%'I=7&,C*J"-:$6*B,(5%;,&7*,-*

U"%'I5$-*#55C=*J'%5;&;*dY5,6@$--a\6$";5-*j*\=%,;&5-;5-*8QQ>k*M,-B=5*et al.*8QQ>k*WB'%*et al.*

8QQReg*U(5-*J,-5*T''B7*B5#%,;*T$;*B'C"@5-&5B*&'*;"II'%&*;I5C,5;*%,C=*J"-:$6*C'@@"-,&,5;*

d!%"7;*j*A'-;;'-*.___k*['%B5-*et al.*8QQ>eg*1F*,-*&=5*-$&,(5*J'%5;&*T$;*=,:=5%*#'&=*B"%,-:*&=5*

J,%;&*75$%*$;*T566*$;*,-*EQ*@'-&=;*,-*&=,;*;&"B7g*<=$&*@,:=&*,-B,C$&5*=,:=5%*B,(5%;,&7*'J*=,:=67*

;I5C,$6,;5B*;I5C,5;*,-*EQ*@'-&=;0*C'@I$%,-:*&'*I6$-&$&,'-;g*+*@5&$a$-$67;,;*;&"B7*d1C=@,&*et al.*

8QQSe*C'-J,%@5B*&%55*;I5C,5;*B,(5%;,&7*&'*#5*$*;,:-,J,C$-&*I%5B,C&'%*'J*@$C%'J"-:,*B,(5%;,&7*$;*$*

T='650*#"&*@$,-67*J'%*5C&'@7C'%%=,2$6*$-B*;',6X65$J*;I5C,5;0*T=,65*&=5*;,:-,J,C$-C5*T$;*6'T5%*J'%*

T''B*,-=$#,&,-:*@$C%'J"-:$6*%,C=-5;;g*Z&*C'"6B*#5*B"5*&'*6'T5%*;I5C,$6,;$&,'-*'J*&=5*T''Ba

,-($B5%;*&'*&=5*&%55*;I5C,5;*$-B*=,:=5%*&'*;"#;&%$&50*,g5g*T''Bg**

*

5 Conclusions 

<%55*B'@,-$-&*C=$-:5*$JJ5C&5B*&=5*J"-:$6*C'@@"-,&7*C'@I';,&,'-*,-*&=5*;&"B,5B*;&$-B;0*$;*

B'C"@5-&5B*#7*#'&=*<aFKML*$-B*<iiU*$II%'$C=g*<aFKML*%5;"6&;*;='T5B*@'%5*I';,&,(5*

%56$&,'-;=,I*#5&T55-*;I5C,5;*%,C=-5;;*$-B*B5C'@I';,&,'-*%$&50*T=,65*<iiU*%5;"6&;*B,;I6$75B*

=,:=5%*,@I'%&$-C5*'J*I$%&,C"6$%*J"-:$6*;I5C,5;*J'%*&=5*B5C$7g*Y'T5(5%0*-5,&=5%*;I5C,5;*%,C=-5;;*

-'%*C'@@"-,&7*C'@I';,&,'-*;55@5B*&'*=$(5*B,%5C&*,@I$C&*'-*&=5*I%'C5;;*'J*T''B*B5C'@I';,&,'-g*
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Fig. 1 Species richness detected by two fingerprinting methods; a) by T-RFLP as the number of TRF peaks,  

b) by TGGE as the number of bands.  
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Fig. 2 Tree species positions in ordination space according to whole T-RFLP data set, i.e. the ribotype matrix 

of all five tree species and four sampling dates tested together (analyzed by RDA). 
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Fig. 3 RDA biplot documenting T-RFLP ribotypes (represented by arrows) correlation to time of 

decomposition in all tree species together (ribotypes detected less than 5x not shown). No ribotypes 

were strictly related to early or later stages of the experiment. 
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Fig. 4 Distribution of tree species in RDA plots, according to fungal community composition in the second 

sampling after nine months of the decomposition. Hot and dry conditions during the summer preceding the 

sampling reduced the species richness and suppressed certain species, given the ability to weak competitors to 

develop; a) based on TRF peaks, b) based on TGGE bands.  
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Fig. 5 Decomposition of wood samples during 30 months of the experiment in the five studied tree species, a) 

remaining weight of the samples, b) decomposition rate per months.  
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Fig. 6. Detailed visualization of abundances of four selected fungal species in particular tree species stands 

over time (3, 9, 12, 24 and 30 months of decomposition, x-axis). 1-3 connected columns of different tints 

express the species presence or absence in the three replicates of each sampling date. Height of column 

indicates the relative abundance of a given species in the sample (max. shown=20%, y-axis). The headlines 

describe fungus name, number code used in ordination plots and percentage of similarity with DNA sequence 

available in the Genebank database.  

*

*

*

*

*

*

* .R



 References 

*

+B6*1g*8QQEg*<=5*UC'6':7*'J*1',6*H5C'@I';,&,'-g*\+9Z*L"#6,;=,-:0*h$66,-:J'%Bg*

+-B5%;'-0Zg\gj*\$,%-570Aghgig*8QQ>g*H,(5%;,&7*$-B*5C'6':7*'J*;',6*J"-:$6*C'@@"-,&,5;b*,-C%5$;5B*

"-B5%;&$-B,-:*&=%'":=*&=5*$II6,C$&,'-*'J*@'65C"6$%*&5C=-,G"5;g*U-(,%'-@5-&$6*?,C%'#,'6':70*R0*

PR_aPP_g*

+(,;*L*i0*H,C4,5*Z*+*j*?"5665%*i*?*8QQRg*+*{B,%&7{*#";,-5;;b*&5;&,-:*&=5*6,@,&$&,'-;*'J*&5%@,-$6*%5;&%,C&,'-*

J%$:@5-&*65-:&=*I'67@'%I=,;@*d<FKMLe*$-$67;,;*'J*;',6*J"-:,g*?'6gUC'6g0*.S0*^PEa^OOg*

9%'B,50Ug0*UBT$%B;01g*j*\6,I;'-0[g*8QQEg*1',6*J"-:$6*C'@@"-,&7*;&%"C&"%5*,-*$*&5@I5%$&5*"I6$-B*

:%$;;6$-B*;',6g*K5@;*?,C%'#,'6':7*UC'6':70*>S0*.QSa..>g*

\'O0Lg0*h,64,-;'-01gLg*j*+-B5%;'-0Ag?g*8QQ.g*UJJ5C&;*'J*J"-:$6*,-'C"6$*'-*&=5*B5C'@I';,&,'-*'J*6,:-,-*

$-B*;&%"C&"%$6*I'67;$CC=$%,B5;*,-*L,-";*;76(5;&%,;*6,&&5%g*9,'6':7*$-B*K5%&,6,&7*'J*1',6;0*EE0*8>Ra

8S.g*

H5$C'-0MgAg0*A$-,5*L%7C5a?,665%0Ug0*K%$-46$-B0Ag\g0*9$,-#%,B:509ghg0*?''%50LgHg*j*F'#,-;'-0\gYg*8QQRg*

H,(5%;,&7*$-B*J"-C&,'-*'J*B5C'@I';5%*J"-:,*J%'@*$*:%$;;6$-B*;',6g*1',6*9,'6':7*$-B*9,'C=5@,;&%70*

E^0*Pa8Qg*

H,O*[gAgj*h5#;&5%*Aghg*.__Sg*K"-:$6*UC'6':7g*\$I@$-*$-B*Y$660*M'-B'-g* *

U4;C=@,&&0!gj*i%,JJ,&=;09g1g*.__^g*1',6*#,'B,(5%;,&7*$-B*,&;*,@I6,C$&,'-;*J'%*5C';7;&5@*J"-C&,'-,-:*,-*$*

=5&5%':5-5'";*$-B*($%,$#65*5-(,%'-@5-&g*+II6,5B*1',6*UC'6':70*.Q0*8Q.a8.Sg*

U@@5%6,-:*\g*8QQ8g*K"-C&,'-$6*B,(5%;,&7*'J*;',6*@,C%''%:$-,;@;a$*%5(,5T*'J*%5C5-&*%5;5$%C=*$C&,(,&,5;*,-*

i5%@$-7g*A'"%-$6*'J*I6$-&*-"&%,&,'-g*

i%,JJ,&=;09g1g0*F,&20!g0*h=5$&6570Fg0*!"$-0YgMg0*9'$:09g0*\=%,;&5-;5-01g0*U456"-B0Kg0*1'%5-;5-01gAg0*

?"665%01g*j*96'5@0Ag*8QQ.g*+-*5O$@,-$&,'-*'J*&=5*#,'B,(5%;,&7a5C';7;&5@*J"-C&,'-*%56$&,'-;=,I*,-*

$%$#65*;',6*@,C%'#,$6*C'@@"-,&,5;g*1',6*9,'6':7*$-B*9,'C=5@,;&%70*EE0*.P.Ea.P88g*

Yl&&5-;C=T,65%010*<,"-'(0*+g`g*j*1C=5"01*8QQSg*9,'B,(5%;,&7*$-B*6,&&5%*B5C'@I';,&,'-*,-*&5%%5;&%,$6*

5C';7;&5@;g*+--"g*F5Tg*UC'6g*U('6g*17;&g0*ER0*._.a8.^g*

Y5,6@$--a\6$";5-0Agj*\=%,;&5-;5-0?g*8QQEg*K"-:$6*B,(5%;,&7*'-*B5C$7,-:*#55C=*6':;*a*,@I6,C$&,'-;*J'%*

;";&$,-$#65*J'%5;&%7g*9,'B,(5%;,&7*$-B*\'-;5%($&,'-0*.80*_SEa_PEg*

Y5,6@$--a\6$";5-0Agj*\=%,;&5-;5-0?g*8QQ>g*H'5;*;,25*@$&&5%|*W-*&=5*,@I'%&$-C5*'J*($%,'";*B5$B*T''B*

J%$C&,'-;*J'%*J"-:$6*B,(5%;,&7*,-*H$-,;=*#55C=*J'%5;&;g*K'%5;&*UC'6':7*$-B*?$-$:5@5-&0*8Q.0*.QSa

.._g*

A'-5;*<gYgj*9%$BJ'%B0?g+g*8QQ.g*+;;5;;,-:*&=5*J"-C&,'-$6*,@I6,C$&,'-;*'J*;',6*#,'B,(5%;,&7*,-*5C';7;&5@;*

g*UC'6':,C$6*F5;5$%C=0*.R0*^>Sa^S^g*

!,%40AgMg0*95$"B5&&50Mg+g0*Y$%&0?g0*?'"&':6,;0Lg0*!6,%'-'@';0Ag[g0*M550Yg*j*<%5('%;0Ag<g*8QQ>g*?5&='B;*

'J*;&"B7,-:*;',6*@,C%'#,$6*B,(5%;,&7g*A'"%-$6*'J*?,C%'#,'6':,C$6*?5&='B;0*S^0*.R_a.^^g*

!%"7;*[gj*A'-;;'-*9gig*.___g*K,-5*T''B7*B5#%,;*,;*,@I'%&$-&*J'%*;I5C,5;*%,C=-5;;*'-*6':;*,-*@$-$:5B*

#'%5$6*;I%"C5*J'%5;&;*'J*-'%&=5%-*1T5B5-g*\$-$B,$-*A'"%-$6*'J*K'%5;&*F5;5$%C=aF5("5*\$-$B,5--5*

B5*F5C=5%C=5*K'%5;&,5%50*8_0*.8_Sa.8__g*

!"#$%&'($*+0*?'"4'"@,*A0*F$-:5%*A0*95%&=56,-*A*j*95:",%,;&$,-*<*8QQRg*?,C%'#,$6*B,(5%;,&7*B"%,-:*

C566"6';5*B5C'@I';,&,'-*,-*B,JJ5%5-&*J'%5;&*;&$-B;b*ZZg*K"-C&,'-,-:*$-B*%'65*'J*B,(5%;,&7g*;"#@,&&5Bg*

!"6=$-4'($*+0*95:",%,;&$,-*<0*F$-:5%*A0*?'"4'"@,*A*j*95%&=56,-*A*8QQRg*1I$&,$6*$-B*&5@I'%$6*B,(5%;,&7*

'J*T''B*B5C'@I';5%*C'@@"-,&,5;*,-*B,JJ5%5-&*J'%5;&*;&$-B;0*B5&5%@,-$&5B*#7*Z<1*%H[+*&$%:5&5B*

<iiUg*+--$6;*'J*K'%5;&*1C,5-C50*RE0*S>PaSSRg*

M5C4,501gUg*8QQSg*?5&='B;*'J*@,C%'#,$6*C'@@"-,&7*I%'J,6,-:*$-B*&=5,%*$II6,C$&,'-*&'*J'%5;&*;',6;g*K'%5;&*

UC'6':7*$-B*?$-$:5@5-&0*88Q0*^^a.QRg*

M,-B=50+g0*+;5-#6$B0[g*j*<'%5;;'-0Ygig*8QQ>g*\"&*6':;*$-B*=,:=*;&"@I;*'J*;I%"C50*#,%C=0*$;I5-*$-B*'$4*

a*-,-5*75$%;*'J*;$I%'O76,C*J"-:,*;"CC5;;,'-g*9,'6':,C$6*\'-;5%($&,'-0*.._0*>>Ea>S>g*

M,"*h<0*?$%;=*<M0*\=5-:*Y*j*K'%-57*MA*.__Pg*\=$%$C&5%,2$&,'-*'J*@,C%'#,$6*B,(5%;,&7*#7*B5&5%@,-,-:*

&5%@,-$6*%5;&%,C&,'-*J%$:@5-&*65-:&=*I'67@'%I=,;@;*'J*:5-5;*5-C'B,-:*.R;*%F[+g*

+II6gU-(,%'-g?,C%'#,'6g0*RE0*>S.Ra>S88g*

* .P



M'-;B$650Hg0*L$"&$;;'0?g0*Y'6B5-%,5B5%0Wg*8QQ^g*h''BaB5C$7,-:*J"-:,*,-*&=5*J'%5;&b*C'-;5%($&,'-*-55B;*

$-B*@$-$:5@5-&*'I&,'-;g*U"%*A*K'%5;&*F5;0*.8P0*.a88g*

?,4'6$0Ag0*9$%B:5&&0FgHg*j*Y5B6"-B0!g*8QQEg*9,'B,(5%;,&70*5C';7;&5@*J"-C&,'-,-:*$-B*;',6*B5C'@I';5%*

J''B*T5#;g*Z-b*9,'B,(5%;,&7*$-B*UC';7;&5@*K"-C&,'-,-:*d5B;*?gM'%5$"*5&*$6ge0*IIg*.R_a.^.g*

WOJ'%B*N-,(5%;,&7*L%5;;0*WOJ'%Bg*

['%B5-09g0*F7#5%:0?g0*i'&@$%40Kg*j*W6$";;'-09g*8QQ>g*F56$&,(5*,@I'%&$-C5*'J*C'$%;5*$-B*J,-5*T''B7*

B5#%,;*J'%*&=5*B,(5%;,&7*'J*T''Ba,-=$#,&,-:*J"-:,*,-*&5@I5%$&5*#%'$B65$J*J'%5;&;g*9,'6':,C$6*

\'-;5%($&,'-0*..P0*.a.Qg*

WB'%0Lg0*Y5,6@$--a\6$";5-0Ag0*\=%,;&5-;5-0?g0*+"B50Ug0*($-*H'%&0!ghg0*L,6&$(5%0+g0*1,665%0Zg0*

`55%4$@I0?g<g0*h$6657-0Fg*j*1&$-B'($%0<g**H,(5%;,&7*'J*B5$B*T''B*,-=$#,&,-:*J"-:,*$-B*

#%7'I=7&5;*,-*;5@,a-$&"%$6*#55C=*J'%5;&;*,-*U"%'I5g*9,'6':,C$6*\'-;5%($&,'-0*Z-*L%5;;0*\'%%5C&5B*

L%''Jg*

W;'-'0<g0*K"4$;$T$0zg*j*<$45B$0Yg*8QQEg*F'65;*'J*B,(5%;5*J"-:,*,-*6$%C=*-55B65a6,&&5%*B5C'@I';,&,'-g*

?7C'6':,$0*_S0*^8Qa^8Rg*

W;'-'0<gj*<$45B$0Yg*8QQ8g*\'@I$%,;'-*'J*6,&&5%*B5C'@I';,-:*$#,6,&7*$@'-:*B,(5%;5*J"-:,*,-*$*C''6*

&5@I5%$&5*B5C,B"'";*J'%5;&*,-*A$I$-g*?7C'6':,$0*_>0*>8.a>8Pg*

F$@5&&50+g*8QQPg*?"6&,($%,$&5*$-$67;5;*,-*@,C%'#,$6*5C'6':7g*KU?1*?,C%'#,'6*UC'60*R80*.>8a.RQg*

F$-:5%*Ag0*+-B%5"O0*9,5-$,@3*1g*K*95%&=56,-*9'--$"B*Lg*9'"B'&*Ag*Lg*9%3C=5&*\g*9"35*?g*\$6@5&*Ag*L0*

\=$";;'B0*Fg*i56=$75*Hg*i56=$75*Mg*i3%$%B*K*A$JJ%$,-*A*M5v'-*Hg*M5*<$C'-*Kg*M3(&G"5*Ag*
?$"%,C5*Ag*Lg*?5%65&*Hg*?'"4'"@,*Ag*?"-,5%aM$@70*$-B*['"%%,;;'-0*ig*L'66,5%*9g*F$-v$%B*Mg*

1,@'-;;'-*?g*<"%I$"6&*?g*Lg*`$,%5665;*Hg*}5665%*9g*UJJ5&*B5;*;"#;&,&"&,'-;*B{5;;5-C5*;"%*65*

J'-C&,'--5@5-&*'%:$-'a@,-3%$6*B5*6{3C';7;&$@5*J'%5;&,5%0*;"%*65;*C'@@"-$"&3;*@,C%'#,5--5;*5&*
;"%*6$*B,(5%;,&3*B5;*C'@@"-$"&3;*J'-:,G"5;*@7C'%=,2,5--5;*5&*;$I%'I=7&5;*dC$;*B"*B,;I';,&,J*

5OI3%,@5-&$6*B5*9%5",6*a*?'%($-eg*K,-$6*%5I'%&*'J*C'-&%$C&*Z[F+aiZL*UC'J'%*8QQ.a8>0*[m*Z[F+*

.SQ8+g*8QQ>g*\=$@I5-'"O0*Z[F+*9UK*[$-C7*g**

1C=@,&0AgLg0*?"5665%0ig?g0*M5$C'C40LgFg0*?$&$0AgMg0*h"0sg*j*Y"$-:0zg*8QQSg*+;;5;;@5-&*'J*&%55*;I5C,5;*

%,C=-5;;*$;*$*;"%%':$&5*J'%*@$C%'J"-:$6*;I5C,5;*%,C=-5;;g*9,'6':,C$6*\'-;5%($&,'-0*.8.0*__a..Qg*

1C=T$%&20?ghg0*9%,:=$@0\g+g0*Y'54;5@$0AgHg0*M7'-;0!gig0*?,66;0?gYg*j*($-*?$-&:5@0LgAg*8QQQg*

M,-4,-:*#,'B,(5%;,&7*&'*5C';7;&5@*J"-C&,'-b*,@I6,C$&,'-;*J'%*C'-;5%($&,'-*5C'6':7g*W5C'6':,$0*

.880*8_PaEQSg*

15&$6$0Yg*8QQ8g*15-;,&,(,&7*'J*5C';7;&5@*J"-C&,'-,-:*&'*C=$-:5;*,-*&%'I=,C*;&%"C&"%50*J"-C&,'-$6*:%'"I*

C'@I';,&,'-*$-B*;I5C,5;*B,(5%;,&7*,-*#566'T:%'"-B*J''B*T5#;g*UC'6':,C$6*F5;5$%C=0*.P0*8QPa8.Sg*

15&$6$0Ygj*?CM5$-0?g+g*8QQ>g*H5C'@I';,&,'-*%$&5*'J*'%:$-,C*;"#;&%$&5;*,-*%56$&,'-*&'*&=5*;I5C,5;*

B,(5%;,&7*'J*;',6*;$I%'I=7&,C*J"-:,g*W5C'6':,$0*.E_0*_^a.QPg*

1@,&=*\A0*H$-,6'T,C2*910*\65$%*+!0*\';&566'*KA0*h,6;'-*9*j*?5,v5%*hi*8QQSg*<a+6,:-0*$*T5#a#$;5B*

&''6*J'%*C'@I$%,;'-*'J*@"6&,I65*&5%@,-$6*%5;&%,C&,'-*J%$:@5-&*65-:&=*I'67@'%I=,;@*I%'J,65;g*

?,C%'#gUC'6g0*S>0*EPSaE^Qg*

h$%B650Hg+gj*($-*B5%*L"&&5-0hgYg*8QQEg*9,'B,(5%;,&70*5C';7;&5@*J"-C&,'-,-:*$-B*$#'(5a:%'"-Ba#566'Ta

:%'"-B*6,-4$:5;g*Z-b*9,'B,(5%;,&7*$-B*UC';7;&5@*K"-C&,'-,-:*d5B;*?gM'%5$"*5&*$6ge0*IIg*.SSa.R^g*

WOJ'%B*N-,(5%;,&7*L%5;;0*WOJ'%Bg*

h=,&5*<gAg0*9%"-;*<gHg0*M55*1g9g*j*<$76'%*Aghg*.__Qg*+@I6,J,C$&,'-*$-B*B,%5C&*;5G"5-C,-:*'J*J"-:$6*

%,#';'@$6*F[+*i5-5;*J'%*I=76':5-5&,C;g*Z-b*L\F*a*L%'&'C'6;*$-B*+II6,C$&,'-;*a*+*M$#'%$&'%7*

?$-"$6*d5B;*Z--,;*[g*5&*$6ge0*IIg*E.SaE88g*+C$B5@,C*L%5;;0*[5T*z'%4g*

*

*

*

*

*

*

*

*

* .^
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Abstract 

BA,?*?&"5C*Q$?*5=?,<-=5*&'*=L$3,-=*?$E%'EAC&,6*F"-<,*5,(=%?,&C*"-5=%*5,FF=%=-&*&%==*

?E=6,=?*?,&"$&=5*,-*&A=*?$3=*=6'8'<,6$8*6'-&=L&c*G"%&A=%0*&A=*8,-2*#=&Q==-*&A=*5,(=%?,&C*$-5*

5=6'3E'?,&,'-*%$&=*'F*&Q'*#%'$58=$(=50*&Q'*6'-,F=%'"?*$-5*&Q'*3,L=5*

#%'$58=$(=5e6'-,F=%'"?*8,&&=%*&CE=?*Q$?*&$%<=&=5c*J,&&=%*3$&=%,$8*Q$?*5=6'3E'?=5*,-*8,&&=%*#$<?*

F'%*X*$-5*9X*3'-&A?*&'*&$%<=&*#'&A*=$%8C*$-5*8$&=%*?&$<=?*'F*&A=*5=6'3E'?,&,'-c*G"-<$8*

5,(=%?,&C*'F*J*$-5*G*8$C=%*Q$?*$8?'*,-(=?&,<$&=5*$?*$*E$%$88=8*&'*&A=*8,&&=%*#$<*3=&A'5c*

B=3E=%$&"%=*<%$5,=-&*<=8*=8=6&%'EA'%=?,?*aBffVb*F,-<=%E%,-&,-<*3=&A'5*Q$?*"?=5*&'*$??=??*

F"-<$8*5,(=%?,&C*,-*&A=*?$3E8=?c*1$??*8'??*($8"=?0*'%<$-,6*$-5*-"&%,=-&*6'3E'?,&,'-*'F*&A=*

8,&&=%*Q=%=*$8?'*3=$?"%=5c*BA=*%=?"8&?*?A'Q=5*&A$&*&A=*?E=6,=?*%,6A-=??*Q$?*-'&*?&%'-<8C*

$FF=6&=5*#C*&A=*6A$-<=*'F*&A=*&%==*?E=6,=?c*S=(=%&A=8=??0*&A=*6'33"-,&C*6'3E'?,&,'-?*5,FF=%=5*

Q,&A,-*&%==*?E=6,=?*$-5*5=6'3E'?,&,'-*?&$<=?c*BA=*3'?&*,3E'%&$-&*?A,F&*Q$?*F'"-5*,-*&A=*

3,L=5*8,&&=%?*F%'3*&A=*8,&&=%*#$<*&%=$&3=-&*F'%*#'&A*($%,$#8=?c*@'&A*3,L=5*8,&&=%?*5,?E8$C=5*&A=*

?,<-,F,6$-&8C*A,<A=?&*?E=6,=?*%,6A-=??*$-5*&A=*3'?&*5,?&$-&*6'33"-,&C*6'3E'?,&,'-*6'3E$%,-<*

&'*E"%=*8,&&=%?*$F&=%*9X*3'-&A?c*V(=-*&A=*3$??*8'??*$F&=%*9X*3'-&A?*Q$?*A,<A=%*,-*&A=*3,L=5*

8,&&=%*&A$-*,-*#'&A*'%,<,-$8*E"%=*8,&&=%*&CE=?c*BA,?*Q$?*E%'#$#8C*5"=*&'*A,<A=%*-,6A=*($%,$#,8,&C*

$-5*&'*?C-=%<,?&,6*=FF=6&*'F*-"&%,=-&*&%$-?F=%*#=&Q==-*8,&&=%*&CE=?c*T'-6=%-,-<*E"%=*8,&&=%0*3$??*

8'??*($8"=?*Q=%=*&A=*A,<A=?&*,-*'$2*$-5*#==6A*8,&&=%c*BA$&*Q$?*E%'#$#8C*6$"?=5*#C*3'%=*

F$('"%$#8=*3,6%'68,3$&=*$-5*8,&&=%*6'3E'?,&,'-*,-*#%'$58=$(=5*&A$-*,-*6'-,F=%'"?*E8$-&$&,'-?c*

BA=?=*($%,$#8=?*$8?'*?==3=5*&'*#=*3'%=*,3E'%&$-&*&'*E"%=*8,&&=%*5=6'3E'?,&,'-*%$&=?*&A$-*

F"-<$8*?E=6,=?*%,6A-=??*'%*6'33"-,&C*?&%"6&"%=c**

!=CQ'%5?_*F"-<$8*5,(=%?,&C0*8,&&=%*5=6'3E'?,&,'-0*3,L=5*8,&&=%0*F'%=?&?0*BffV*

* .



1 Introduction 

R&*,?*Q,5=8C*(,=Q=5*&A$&*6A$-<=?*,-*F'%=?&*$#'(=^<%'"-5*5,(=%?,&C*$-5*?&%"6&"%=*

,-5,%=6&8C*$FF=6&*&A=*?',8*3,6%'#,$8*6'33"-,&C*$-5*,&?*F"-6&,'-?c*H8$-&*8,&&=%*5=6'3E'?,&,'-*,?*$*

2=C*E%'6=??*,-*-"&%,=-&*%=6C68,-<*$-5*A"3"?*F'%3$&,'-*,-*F'%=?&*=6'?C?&=3?*a@=%<*9NNNg*@=%<*

h*16T8$"<A=%&C*9NN:g*H%=?6'&&*9NNPbc*I$E%'EAC&,6*F"-<,*E8$C*$-*,3E'%&$-&*%'8=*,-*

5=6'3E'?,&,'-*#=6$"?=*&A=C*6$-*$&&$62*8,<-'6=88"8'?=*3$&%,L*,-*8,&&=%*&A$&*'&A=%*'%<$-,?3?*$%=*

-'&*$#8=*&'*$??,3,8$&=*aD,L*h*i=#?&=%*.\\Pg*+58*9NN:bc*BA=*6A$-<=*,-*&A=*8,&&=%*>"$8,&C*5"%,-<*

5=6'3E'?,&,'-*,-5"6=?*$*?"66=??,'-*'F*3,6%'#,$8*6'33"-,&,=?_*&A=*%^?&%$&=<,?&?*a'EE'%&"-,?&?b*

5'3,-$&=*5"%,-<*&A=*=$%8C*?&$<=?*$-5*$%=*%=E8$6=5*8$&=%*#C*!^?&%$&=<,?&?*aE=%?,?&=%?b*5"=*&'*

<%'Q&A*'F*8,3,&,-<*?"#?&%$&=*6'-6=-&%$&,'-?*aD,88C*et al.*9NN.bc*BA=*E%'6=??*&CE,6$88C*#=<,-?*

Q,&A*8,&&=%*6'8'-,?$&,'-*#C*#$6&=%,$0*+6?'3C6=&=?0*$-5*,3E=%F=6&*F"-<,*aD="&=%'3C6=&=?b0*

QA,6A*6'-?"3=*&A=*8=??*%=6$86,&%$-&*6'3E'-=-&?c*BA=*6=88"8'?=*E%=?=-&*,-*-'-^8,<-,F,=5*&,??"=?*

,?*&A=-*$&&$62=5*#C*?'3=*'F*&A=?=*'%<$-,?3?c*I"#?=>"=-&8C0*&A=*%=3$,-,-<*8,<-,F,=5*8,&&=%*,?*

6'8'-,?=5*3$,-8C*#C*#%'Q-^%'&*$-5*QA,&=^%'&*@$?,5,'3C6=&=?*&A$&*5=<%$5=*,&*F"%&A=%c*BA=*

%=3$,-,-<*A,<A8C*%=6$86,&%$-&*6'3E'"-5?*#=6'3=*$*E$%&*'F*&A=*?',8*'%<$-,6*3$&&=%c*

+-*,-6%=$?=*'F*&%==*?E=6,=?*5,(=%?,&C*,-*F'%=?&?*?A'"85*8=$(=*&'*$-*,-6%=$?=*,-*3,6%'#,$8*

#,'3$??0*5,(=%?,&C*$-5*$6&,(,&C*#C*A,<A=%*-,6A=?*($%,$#,8,&C*a=c<c*5,(=%?,&C*'F*6$%#'-*?'"%6=?*,-*

3'%=*($%,$#8=*8,&&=%?*$-5*%''&*=L"5$&=?0*A,<A=%*E%,3$%C*E%'5"6&,'-0*($%,$#8=*3,6%'68,3$&=0*

E%=?=-6=*'F*5=$5*Q''5*'%*?E$&,$8*$-5*$<=*($%,$#,8,&C*'F*&%==?b*aI=&$8$*9NN9bc*D=6,5"'"?*8,&&=%*

?A'"85*#=*3'%=*F$('"%$#8=*F'%*3,6%'#,$8*5=6'3E'?=%?*&A$-*&A=*6'-,F=%'"?*'-=*$-5*,&?*<%=$&=%*

>"$8,&C*3$C*A$(=*$*E'?,&,(=*,-F8"=-6=*'-*&A=*5,(=%?,&C*$-5*5=6'3E'?,&,'-*E%'6=??=?c*I=(=%$8*

%=6=-&*?&"5,=?*F'6"??=5*'-*5=6'3E'?,&,'-*%$&=0*-"&%,=-&*5C-$3,6?*$-5e'%*5=6'3E'?=%*$6&,(,&C*

'F*#'&A*E"%=*$-5*3,L=5*E8$-&*8,&&=%?0*$?*%=(,=Q=5*#C*f$%&-=%*h*T$%5'-**a9NNXbc*I,3,8$%8C0*

6=%&$,-*?&"5,=?*$??=??=5*3,6%'#,$8*5,(=%?,&C*Q,&A,-*F'%=?&*=6'?C?&=3?*"?,-<*3'8=6"8$%*'%*

EA'?EA'8,E,5*F$&&C*$6,5*$-$8C?=?0*$?*%=(,=Q=5*#C*J=62,=*a9NNPbc*['Q=(=%0*?&"5,=?*

,-(=?&,<$&,-<*5=6'3E'?,&,'-*%$&=?*in situ*&'<=&A=%*Q,&A*&A=*F"-<$8*?E=6,=?*%,6A-=??*$-5*

6'33"-,&C*6'3E'?,&,'-*$%=*?&,88*?6$-&Cc**

[,<A=%*3,6%'#,$8*?E=6,=?*%,6A-=??*,?*<=-=%$88C*=LE=6&=5*&'*,-6%=$?=*&A=*$(=%$<=*%$&=?*'F*

%=8$&,-<*=6'8'<,6$8*E%'6=??=?*#C*A,<A=%*=-jC3=*5,(=%?,&C*$-5*-,6A=*6'3E8=3=-&$%,&C*

aV2?6A3,&&*et al.*9NN.bc*S=(=%&A=8=??0*5=6'3E'?,-<*$#,8,&C*'F*=$6A*?E=6,=?*($%C*5=E=-5,-<*'-*

=-(,%'-3=-&$8*6'-5,&,'-?*$-5*$8?'*'-*,-&=%$6&,'-?*Q,&A*'&A=%*F"-<,c*1$-C*F"-<,*$%=*?"EE'?=5*

&'*#=*F"-6&,'-$88C*%=5"-5$-&*$-5*E'&=-&,$8*6$E$6,&C*F'%*,-&=%^?E=6,F,6*6'3E=&,&,'-*6$-*#=*8$%<=c*

R-*?"6A*6$?=*&A=*=FF=6&*'F*5,(=%?,&C*6'"85*#=*$8?'*Q=$2*6$"?=5*#C*?$&"%$&,'-*$&*8'Q*?E=6,=?*

* 9



%,6A-=??*$-5e'%*#C*=-A$-6=5*6'3E=&,&,'-*aT'L*=&*$8c*9NN.g*i$%58=*h*($-*5=%*H"&&=-*9NN:g*

I=&$8$*$-5*16J=$-*9NNX0*[k&&=-?6AQ,8=%*=&*$8c*9NNPbc*

BA=*3$,-*E"%E'?=*'F*&A,?*?&"5C*Q$?*&'*$??=??*in situ*F"-<$8*6'8'-,j$&,'-*'F*F'%=?&*&%==*

8,&&=%*$-5*&'*,-(=?&,<$&=*&A=*%'8=*'F*&A=*F"-<$8*5,(=%?,&C*'-*&A=*5=6'3E'?,&,'-*%$&=c*BA=*&$%<=&=5*

&$?2?*Q=%=_*,b*A'Q*5'=?*$*&%==*?E=6,=?*$FF=6&*F"-<$8*?E=6,=?*%,6A-=??*$-5*6'33"-,&C*?&%"6&"%=*

5"%,-<*&A=*8,&&=%*5=6$C*,,b*A'Q*$%=*&A=C*$FF=6&=5*#C*?&$<=*'F*5=6'3E'?,&,'-*,,,b*A'Q*5'*&A=*

8,&&=%*3$??*8'??*%$&=?*6',-6,5=*Q,&A*&A=*F"-<$8*?E=6,=?*%,6A-=??*$-5*5,(=%?,&Cc**

*

2 Materials and methods 

VLE=%,3=-&?*Q=%=*6'-5"6&=5*,-*&A=*@%=",8*F'%=?&*=LE=%,3=-&$8*?,&=0*@"%<"-5C0*G%$-6=c*

BA,?*?,&=*%=E%=?=-&?*$-*'EE'%&"-,&C*&'*?E=6,F,6$88C*=($8"$&=*&A=*&%==*?E=6,=?*,-F8"=-6=0*#=,-<*

6'3E'?=5*'F*6'-&%'8*?=3,^-$&,(=*F'%=?&*$-5*3'-'^?E=6,F,6*=(=-^$<=5*E8$-&$&,'-*?&$-5?*,-*

A'3'<=-='"?*$%=$c*[=-6=0*&A=*,3E$6&*'F*&A=*(=<=&$&,'-*6'(=%*%=?"8&?*'-8C*F%'3*5,FF=%=-&*

?&$-5*?&%"6&"%=0*8,&&=%*>"$8,&C*$-5e'%*6A$-<=5*3,6%'68,3$&=c*BA=*?,&=*'F*@%=",8*,?*8'6$&=5*,-*&A=*

1'%($-*1'"-&$,-?0*G%$-6=c*R&?*$8&,&"5=*,?*OXN30*8$&,&"5=*XMl*.Ym*.Nn*$-5*8'-<,&"5=*Xl*Xm*XXnc*

1=$-*$--"$8*&=3E=%$&"%=*,?*\l*T0*Q,&A*.9YN33*E%=6,E,&$&,'-*$-5*=($E'&%$-?E,%$&,'-*'F*

OXN33c*BA=*E%=(,'"?*F'%=?&*Q$?*$-*'85*6'EE,6=*Q,&A*?&$-5$%5?0*5'3,-$&=5*#C*Fagus 

sylvatica J.*$-5**Quercus petraea I3,&A,*$??'6,$&=5*Q,&A*?=(=%$8*'&A=%*5'3,-$-&*?E=6,=?*8,2= 

Betula verrucosa*VA%Ac $-5 Corylus avelana Jc*R&*=('8(=5*?8'Q8C*&'Q$%5?*$*A,<A*F'%=?&*

?&%"6&"%=0*#=,-<*-'&*A$%(=?&=5*F'%*3'%=*&A$-*PN*C=$%?c*BA,?*-$&,(=*F'%=?&*Q$?*E$%&,$88C*6"&*

5'Q-*,-*.\MO*$-5*%=E8$6=5*#C*($%,'"?*3'-'6"8&"%=?*E8$-&=5*,-*.NNN3
9*
?&$-5?*=$6Ac*G,(=*

5,FF=%=-&*?&$-5?*Q=%=*?=8=6&=5*F'%*&A=*8,&&=%*#$<*=LE=%,3=-&_*F'"%*C'"-<*E8$-&$&,'-?0*-$3=8C*

V"%'E=$-*#==6A*aFagus sylvatica Jcb0*?=??,8=*'$2*aQuercus petraea*I3,&Acb0*S'%Q$C*?E%"6=*

aPicea abies*!$%?&cb*$-5*D'"<8$?^F,%*aPseudotsuga menziesii G%$-6'cb*$-5*&A=*-$&,(=*F'%=?&*$?*

$*%=F=%=-6=*?&$-5c**

J=$F*$-5*-==58=*8,&&=%?*'F*&A=*F'"%*E8$-&$&,'-?*Q=%=*5=6'3E'?=5*,-*PLP63*8,&&=%*#$<?*'F*

3=?A*?,j=*P(3*,-*&A=*E8$-&$&,'-*QA=%=*&A=C*'%,<,-$&=5c*BQ'*8=$F^-==58=*8,&&=%*3,L&"%=?*Q=%=*

5=6'3E'?=5*'-*&A=*#'%5=%*'F*&A=*$5o',-,-<*,-('8(=5*?&$-5?*"?,-<*&A=*?$3=*#$<?c*BA=?=*

,-68"5=5*?E%"6=^#==6A*3,L&"%=*$-5*D'"<8$?^F,%^'$2*3,L&"%=0*#'&A*PNp*'F*=$6A*8,&&=%*&CE=c*BA=*

5,?&$-6=*#=&Q==-*&Q'*%=E8,6$&=?*Q$?*NcP3c*BA=*#$<?*Q=%=*E8$6=5*,-*&A=*?&$-5?*,-*8$&=*

S'(=3#=%*9NN9c*BA=C*Q=%=*6'88=6&=5*$F&=%*F'"%*3'-&A?*a1$%6A*9NN:b*$-5*&Q=-&C^F'"%*

3'-&A?*aS'(=3#=%*9NNXb*'F*&A=*,-6"#$&,'-c*G,(=*%=E8,6$&=?*Q=%=*?$3E8=5*$&*=$6A*&%==*?E=6,=?0*

&A%==*'F*&A=3*Q=%=*8$&=%*"?=5*F'%*3'8=6"8$%*$-$8C?=?c*1$??*8'??*'F*&A=*5=6'3E'?=5*8,&&=%*Q$?*

* :



6$86"8$&=5*F'%*&A=*F,(=*%=E8,6$&=?*$?*$*5,FF=%=-6=*#=&Q==-*,-,&,$8*$-5*F,-$8*Q=,<A&*'F*8,&&=%*5%,=5*

$&*OPlT*F'%*9X*A'"%?c**

G'%=?&*F8''%*?$3E8,-<*Q$?*6$%%,=5*'"&*,-*8$&=*4"-=*9NNX*,-*&A=*F'"%*E8$-&$&,'-?*$-5*,-*

&A=*-$&,(=*F'%=?&c*BA%==*%=E8,6$&=?*'F*J*$-5*G*8$C=%*Q=%=*?$3E8=5*,-*=$6A*?&$-5c*BA=C*Q=%=*

5,?&$-&*.N63*F%'3*=$6A*'&A=%c*+88*&A=*?$3E8=?*Q=%=*,33=5,$&=8C*5==E8C*F%'j=-*F'%*&A=*?&'%$<=*

,-*&A=*8$#c*Z%<$-,6*$-5*-"&%,=-&*6'3E'?,&,'-*'F*&A=*F$88,-<*8,&&=%*$-5*-"&%,=-&*6'3E'?,&,'-*'F*

&A=*F'%=?&*F8''%*Q=%=*$-$8Cj=5c***

BA=*?&%"6&"%=*'F*F"-<$8*6'33"-,&,=?*Q$?*$??=??=5*#C*BffV0*QA,6A*A$?*#==-*?A'Q-*&'*

#=*$*?=-?,&,(=*$-5*%'#"?&*&=6A-,>"=*F'%*,-(=?&,<$&,-<*?',8*3,6%'#,$8*6'33"-,&,=?*a1"Cj=%*

.\\\g*+-5=%?'-*h*T$,%-=C*9NNXbc*B'&$8*<=-'3,6*DS+*Q$?*,?'8$&=5*F%'3*&A=*?$3E8=?*"?,-<*

&A=*D-=$?C*E8$-&*3,-,*2,&*aq,$<=-b*F'88'Q,-<*&A=*3$-"F$6&"%=%m?*E%'&'6'8*Q,&A'"&*$-C*

3'5,F,6$&,'-c*G"-<$8*6'33"-,&,=?*Q=%=*$-$8C?=5*"?,-<*RBI.G*$-5*RBI9*E%,3=%*E$,%?*&'*

$3E8,FC*#C*HT;*&A=*9YN#E*F%$<3=-&*'F*&A=*F"-<$8*RBI*%DS+c*BA=*E%,3=%*RBI.G*aPm^TBB*

ffB*T+B*BB+*f+f*f++*fB+*+^:mb*af$%5=?*h*@%"-?*.\\:b*,?*A,<A=%*F"-<,*RBI*?E=6,F,60*

QA,8=*RBI9*aPm^fTB*fTf*BBT*BBT*+BT*f+B*fT^:mb*,?*$*"-,(=%?$8*E%,3=%*$3E8,FC,-<*&A=*

RBI*%=<,'-*F%'3*V"6$%C'&=?0*,-68"5,-<*#'&A*+?6'3C6=&=?*$-5*@$?,5,'3C6=&=?*aiA,&=*et al.*

.\\Nbc*+*XN*#E*fT^68$3E*Q$?*$&&$6A=5*&'*&A=*Pm =-5*'F*&A=*E%,3=%*RBI9*&'*$(',5*$*6'3E8=&=*

?=E$%$&,'-*'F*DS+*?&%$-5?*5"%,-<*&A=5=-$&"%,-<*=8=6&%'EA'%=?,?c*BA=*%=$6&,'-*3=5,"3*

6'-?,?&=5*'F*P(8*'F*HT;*#"FF=%*aI,<3$0*.NN31*B%,?^[T80*E[*Yc:0*PNN31*!T80*.P31*

1<T89b0*.(8*'F*5SBH*a.N31b0*.(8*'F*=$6A*E%,3=%*a9N(1b0*N0P(8*'F*B$>^E'8C3=%$?=*aP*

"-,&?e(80*I,<3$b0*.(8*'F*fT^%,6A*?'8"&,'-*aI,<3$b0*9cP(8*'F*@I+*a:pb*$-5*9(8*'F*<=-'3,6*

DS+*,-*$*F,-$8*('8"3=*'F*PN(8c*BA=*$3E8,F,6$&,'-*%=<,3=*6'-?,?&=5*'F*$-*,-,&,$8*6C68=*'F*

5=-$&"%$&,'-*$&*\P
o
*T*F'%*:3,-*F'88'Q=5*#C*:P*6C68=?*'F*5=-$&"%$&,'-*$&*\X

o
*T*F'%*XP?0*

$--=$8,-<*$&*PP
o
*T*F'%*XP?*$-5*=L&=-?,'-*$&*M9

o
*T*F'%*.3,-*.P?c*BA=*$3E8,F,6$&,'-*6'-68"5=5*

Q,&A*$*F,-$8*=8'-<$&,'-*?&=E*$&*M9
o
*T*F'%*Y3,-c*BA=*HT;*%=$6&,'-?*Q=%=*E=%F'%3=5*"?,-<*$-*

,TC68=%*BA=%3$8*6C68=%*a@,'^%$5bc*HT;*E%'5"6&?*Q=%=*6A=62=5*'-*.cPp*aQ&e('8b*$<$%'?=*<=8?*

F'88'Q=5*#C*=&A,5,"3*#%'3,5=*aNcP*3<e80*@,'^%$5b*?&$,-,-<c*BffV*Q$?*E=%F'%3=5*Q,&A*$*

D6'5=*K-,(=%?$8*1"&$&,'-*D=&=6&,'-*?C?&=3*a@,'^%$5bc*H'8C$6%C8$3,5=*<=8?*aaYp*$6%C8$3,5=*

aQ&e('8b0*Y1*"%=$0*.c9PL*B+V*$-5*Nc9p**<8C6=%'8*a('8e('8b0*:NN(8*'F*$33'-,"3*E=%?"8EA$&=*

a.Npb*aQ&e('8b*$-5*:N(8*'F*BV1VDb*Q=%=*"?=5c*+3E8,F,=5*DS+*?$3E8=?*Q,&A*&A=*?$3=*

('8"3=*'F*8'$5,-<*#"FF=%*a.N(8*=$6Ab*Q=%=*?=E$%$&=5*#C*=8=6&%'EA'%=?,?*,-*.c9PL*B+V*$&*$*

6'-?&$-&*('8&$<=*a.XP]b*$&*$*&=3E=%$&"%=*<%$5,=-&*F%'3*PN
'
*T*&'*PP

'
*T*Q,&A*$*&=3E=%$&"%=*

,-6%=3=-&*'F*.*5=<%==*E=%*A'"%c*f=8?*Q=%=*?&$,-=5*Q,&A*?,8(=%*-,&%$&=*$F&=%*&A=*=8=6&%'EA'%=?,?c**

* X



+*3$&%,L*'F*?E=6,=?*5,?&%,#"&,'-*Q$?*6$86"8$&=5*#$?=5*'-*,3$<=*$-$8C?=?*"?,-<*&A=*

q"$-&,&C*Z-=*?'F&Q$%=*a@,'^;$5b*Q,&A*$*#$-5*E'?,&,'-*&'8=%$-6=*'F*9330*<,(,-<*$*3$L,3"3*

'F*PN*5=&=6&$#8=*?E=6,=?c*H%=?=-6=e$#?=-6=*3$&%,L*Q$?*6%=$&=5c*IE=6,=?*%,6A-=??0*,c=c*?E=6,=?*

-"3#=%*E=%*?$3E8=0*Q$?*6$86"8$&=5*a%=F=%%=5*I;*#=8'Qbc*+SZ]+*&=?&?*'F*I;*$-5*3$??*8'??*

Q=%=*6'"-&=5*"?,-<*&A=*I&$&,?&,6$*?'F&Q$%=*aI&$&I'F&bc*1"8&,($%,$#8=*$-$8C?=?*'F*&A=*8,&&=%*#$<?*

$-5*F'%=?&*F8''%*F"-<$8*6'33"-,&C*6'3E'?,&,'-*Q=%=*5'-=*"?,-<*T+SZTZ*a1,6%'6'3E"&=%*

H'Q=%bc*H%,-6,E$8*6'3E'-=-&*$-$8C?,?*aHT+b*Q$?*"?=5*F,%?&0*6'%%=?E'-5,-<*&'*&A=*?"66=??,(=*

5,3=-?,'-?*'F*3$L,3"3*($%,$-6=*'F*&A=*?6$&&=%*'F*?$3E8=?c*;=5"-5$-6C*$-$8C?,?*a;D+b*&A$-*

'%5,-$&=5*F"-<$8*6'33"-,&,=?*$-5*&%==*?&$-5?*$?*=-(,%'-3=-&$8*($%,$#8=?0*?"6A*&A$&*&A=*

%=8$&,(=*E'?,&,'-*'F*&A=*6'33"-,&,=?*%=F8=6&*&A=,%*?,3,8$%,&C*$-5e'%*5,??,3,8$%,&Cc*BA=*%=8$&,(=*

?,<-,F,6$-6=*'F*&A=*F"-<$8*?E=6,=?*(=6&'%?*Q$?*,-5,6$&=5*#C*&A=,%*8=-<&A*$-5*5,%=6&,'-*F%'3*&A=*

$L=?*'%,<,-c*1'-&=*T$%8'*E=%3"&$&,'-*&=?&?*6$86"8$&=5*&A=*?,<-,F,6$-6=*'F*&A=*=-(,%'-3=-&$8*

F$6&'%?*a;$3=&&=*9NNMbc*

*

3 Results  

 3.1. Decomposition rate and litter properties 

* BA=*($8"=?*'F*6"3"8$&,(=*3$??*8'??*,-*&A=*8,&&=%*#$<?*Q=%=*<,(=-*,-*G,<c*.c*BA=*3$o'%*

E$%&*'F*&A=*8,&&=%*3$&=%,$8*Q$?*5=6'3E'?=5*,-*#'&A*3,L=5*8,&&=%*=LE=%,3=-&?*$F&=%*F'"%*3'-&A?*

'F*,-6"#$&,'-c*T'-6=%-,-<*&A=*E"%=*8,&&=%*3$&=%,$80*&A=*3$??*8'?&*5=6%=$?=5*F%'3*'$20*D'"<8$?^

F,%0*?E%"6=0*$-5*#==6Ac*BA=*=FF=6&*'F*8,&&=%*&CE=*Q$?*?,<-,F,6$-&c*@==6A*$-5*6'-,F=%'"?*3$??*

8'??*($8"=?*?,<-,F,6$-&8C*5,FF=%=5*F%'3*'$2*$-5*#'&A*3,L=5*8,&&=%*($8"=?c*BA=*&%==*?E=6,=?*'%5=%*

6A$-<=5*$F&=%*9X*3'-&A?*'F*,-6"#$&,'-0*QA=-*3'?&*'F*&A=*3$&=%,$8*Q$?*5=6'3E'?=5*,-*'$2^

D'"<8$?^F,%*3,L=5*8,&&=%c*BA=*68$??,F,6$&,'-*Q$?*&A=-_*'$2*r*#==6A^?E%"6=*3,L=5*8,&&=%*r*#==6A*

r*D'"<8$?^F,%*$-5*?E%"6=c*BA=*8,&&=%^&CE=*=FF=6&*Q$?*-'&*?,<-,F,6$-&*,-*&A,?*6$?=_*'-8C*?E%"6=*

?,<-,F,6$-&8C*5,FF=%=5*F%'3*'$2*$-5*3,L=5*8,&&=%?c**

* BA=*8,&&=%*&CE=?*5,FF=%=5*,-*&A=,%*3,-=%$8*$-5*'%<$-,6*6'3E'?,&,'-*aB$#c*.bc*J,&&=%*F%'3*

#==6A0*'$2*$-5*&A=*-$&,(=*F'%=?&*A$5*A,<A=%*-,&%'<=-*6'-&=-&*&A$-*?E%"6=*$-5*D'"<8$?^F,%c*BA,?*

Q$?*#'&A*F$88,-<*8,&&=%*$-5*F'%=?&*F8''%*6$?=c*BA=*#%'$58=$(=5*&%==?*$8?'*A$5*8'Q=%*TeS*%$&,'0*

A,<A=%*E'&$??,"3*$-5*6$86,"3*6'-6=-&%$&,'-*,-*F$88,-<*8,&&=%c*BA=*-$&,(=*F'%=?&*A$5*&A=*A,<A=?&*

6'-6=-&%$&,'-*'F*S0*H*$-5*T$*F%'3*$88*&%==*?E=6,=?*$-5*?=6'-5*A,<A=?&*'F*!*,-*&A=*F'%=?&*F8''%c*

@==6A*8,&&=%*Q$?*&A=*%,6A=?&*'-*?'8"#8=*6'3E'"-5?0*QA,8=*D'"<8$?*Q$?*&A=*E''%=?&c*['Q=(=%0*

,&*A$5*&A=*A,<A=?&*6'-6=-&%$&,'-?*'F*#'&A*6=88"8'?=*$-5*A=3,6=88"8'?=?c*BA=*8'Q=?&*

6'-6=-&%$&,'-?*A$5*'$2*$-5*#==6A0*%=?E=6&,(=8Cc*@==6A*?A'Q=5*&A=*8'Q=?&*$3'"-&*'F*8,<-,-0*

'$2*&A=*A,<A=?&c*Z$2*A$5*$8?'*A,<A*8,<-,-eS*%$&,'0*F'88'Q=5*#C*?E%"6=0*$-5*A,<A*$?A*6'-&=-&c*

* P



*

 3.2. Fungal diversity in litter decomposed in litter bags 

* +88*'F*&A=*F,F&C*E'&=-&,$88C*5=&=6&$#8=*F"-<$8*?E=6,=?*Q=%=*,5=-&,F,=5*F%'3*&A=*,-6"#$&=5*

?$3E8=?c*BA=*?E=6,=?*%,6A-=??*aI;0*,c=c*-"3#=%*'F*?E=6,=?*E=%*?$3E8=b0*%$-<=5*F%'3*F,(=*&'*

&Q=-&Cc*BA=*$(=%$<=*I;*E=%*?$3E8=*Q,&A,-*$88*&%==*?&$-5?*Q$?*..cY*$F&=%*F'"%*3'-&A?*'F*

,-6"#$&,'-*$-5*.NcO*F'%*&A=*&Q=-&C^F'"%*3'-&A?*?$3E8,-<c*[=-6=0*,&*5,5*-'&*?,<-,F,6$-&8C*5,FF=%*

#=&Q==-*?$3E8,-<?c*@==6A*?&$-5*?A'Q=5*&A=*A,<A=?&*$-5*?,<-,F,6$-&8C*5,FF=%=-&*I;*,-*&A=*F,%?&*

?$3E8,-<0*F'88'Q=5*#C*6'-,F=%?0*3,L=5*8,&&=%*?$3E8=?*$-5*'$2c*1,L=5*8,&&=%*?$3E8=?*E%=?=-&=5*

&A=*A,<A=?&*I;*,-*&A=*?=6'-5*?$3E8,-<0*F'88'Q=5*#C*?E%"6=0*'$20*#==6A*$-5*D'"<8$?^F,%c*BA=*

D'"<8$?^F,%*($8"=*Q$?*?,<-,F,6$-&8C*5,FF=%=-&*F%'3*$88*&A=*'&A=%?*$-5*#==6A*($8"=*?,<-,F,6$-&8C*

5,FF=%=5*F%'3*#'&A*3,L=5*8,&&=%?c*T'3E$%,-<*&A=*&Q'*?$3E8,-<*5$&=?0*A,<A=%*I;*Q$?*F'"-5*,-*

'$2*$-5*3,L=5*8,&&=%?*,-*&A=*8$&=%*?$3E8,-<*&A$-*,-*&A=*F'%3=%0*#"&*8'Q=%*,-*&A=*'&A=%?*aG,<c*9$bc*

B%==*?E=6,=?*=FF=6&*'-*I;*Q$?*F'"-5*&'*#=*?,<-,F,6$-&*,-*#'&A*?$3E8,-<?c**

* V$6A*&%==*?E=6,=?*Q$?*6A$%$6&=%,?=5*#C*$*?E=6,F,6*F"-<$8*?E=6,=?*E$&&=%-*,-*&A=*8,&&=%*#$<*

?$3E8=?c*R-*;D+0*X\c:p*$-5*XMcMp*'F*&A=*($%,$#,8,&C*'F*&A=*6'33"-,&C*6'3E'?,&,'-*Q$?*

=LE8$,-=5*#C*&A=*F'%=?&*&%==*?E=6,=?*=FF=6&*,-*&A=*F,%?&*$-5*&A=*?=6'-5*?$3E8,-<0*%=?E=6&,(=8Cc*

D=6'3E'?,&,'-*?&$<=*=FF=6&*=LE8$,-=5*..cPp*'F*&A=*F"-<,*?E=6,=?*?A,F&*#=&Q==-*F'%3=%*$-5*

8$&=%*?$3E8,-<*Q,&A,-*$88*&%==*?E=6,=?*&'<=&A=%c*;$-5'3*&=?&*6'-F,%3=5*&A=*?,<-,F,6$-&*

,-F8"=-6=*'F*#'&A*F'%=?&*&%==*?E=6,=?*$-5*&A=*5=6'3E'?,&,'-*?&$<=c*R-*&A=*;D+*E8'&*'F*&A=*F,%?&*

?$3E8,-<*aG,<c*:$b0*#==6A*Q$?*68=$%8C*5,?6%,3,-$&=5*F%'3*'&A=%*&%==*?E=6,=?*'-*&A=*L^$L,?*Q,&A*

E%=?=-6=*'F*6=%&$,-*6A$%$6&=%,?&,6*?E=6,=?c*IE%"6=*?&$-5*Q$?*&A=*3'?&*5,?&$-&*'-*&A=*C^$L,?0*

$8?'*A$(,-<*5,FF=%=-&*?E=6,=?*6'3E'?,&,'-c*BA=*3,L=5*8,&&=%*?$3E8=?*Q=%=*E'?,&,'-=5*,-*&A=*

6=-&%$8*E$%&*'F*&A=*<%$EAc*S'*&CE,6$8*?E=6,=?*Q=%=*$??'6,$&=5*Q,&A*&A=3*,-*&A=*F'%3=%*

?$3E8,-<c*S=(=%&A=8=??0*&A=C*Q=%=*A,<A8C*?=E$%$&=5*F%'3*E"%=*8,&&=%*&CE=?*,-*&A=*?=6'-5*

?$3E8,-<0*&=-5,-<*&'*'66"EC*&A=*%,<A&*E$%&*'F*&A=*;D+*E8'&*aG,<c*:#bc*['Q=(=%0*&A=C*Q=%=*Q=88*

5,?6%,3,-$&=5*'-*&A=*C^$L,?*F%'3*=$6A*'&A=%c*J'&*'F*?E=6,=?*Q=%=*E%=?=-&*'-8C*,-*&A=?=*3,L=5*

8,&&=%*?$3E8=?*,-*&A=*8$&=%*?$3E8,-<c*IE%"6=*?A'Q=5*&A=*3'?&*5,?&,-6&*6'33"-,&C*?&%"6&"%=*

F%'3*&A=*E"%=*8,&&=%*?$3E8=?0*?,3,8$%8C*&'*&A=*F,%?&*?$3E8,-<c*R&*Q$?*E'?,&,'-=5*?=E$%$&=8C*$8'-<*

&A=*C^$L,?0*#"&*2=E&*&A=*?$3=*E'?,&,'-*$?*'&A=%*E"%=*8,&&=%*&CE=?*$8'-<*&A=*L^$L,?c*BA=?=*E"%=*

8,&&=%*&CE=?0*,c=c*#==6A0*'$2*$-5*D'"<8$?^F,%0*Q=%=*68"?&=%=5*&'<=&A=%0*,-5,6$&,-<*%=8$&,(=8C*

?,3,8$%*F"-<$8*6'33"-,&,=?*,-('8(=5*,-*&A=,%*5=6'3E'?,&,'-*E%'6=??c*@==6A*?&$-5*?A'Q=5*&A=*

3'?&*E%'-'"-6=5*?A,F&*,-*6'33"-,&C*6'3E'?,&,'-*#=&Q==-*&A=*F'%3=%*$-5*8$&=%*?$3E8,-<*

5$&=?c*BA=*?A,F&*'F*&A=*3,L=5*8,&&=%*6'33"-,&,=?*Q$?*$8?'*?,<-,F,6$-&c*Z$2*$-5*#==6A*

6'33"-,&,=?*6A$-<=5*8=??*$-5*D'"<8$?^F,%*6'33"-,&C*%=3$,-=5*$83'?&*?,3,8$%c**

* O



* BA,%&C*&A%==*'F*&A=*F,F&C*?E=6,=?*Q=%=*,5=-&,F,=5*,-*#'&A*F'%3=%*$-5*8$&=%*?$3E8,-<c*

['Q=(=%0*&A=%=*Q$?*$*68=$%*$#"-5$-6=*5,FF=%=-6=*,-*6$?=*'F*&A=*3$o'%,&C*'F*?E=6,=?*#=&Q==-*

&A=*?$3E8,-<*5$&=?c*G,(=*?E=6,=?*Q=%=*5=&=6&=5*,-*$88*&%==*8,&&=%*&CE=?c*G,(=*'&A=%*?E=6,=?*Q=%=*

5=&=6&=5*'-8C*,-*'-=*?$3E8=c*BQ'*?E=6,=?*Q=%=*?E=6,F,6*&'*'-8C*'-=*&%==*?&$-5c*T=%&$,-*?E=6,=?*

5=&=6&=5*,-*3,L=5*8,&&=%*?$3E8=?*Q=%=*-'&*,5=-&,F,=5*,-*$-C*'F*E"%=*8,&&=%*?$3E8=?c*J'Q=%*

-"3#=%*'F*?E=6,=?*Q$?*,5=-&,F,=5*,-*E"%=*8,&&=%*&CE=?0*#"&*-'&*,-*3,L=5*8,&&=%*?$3E8=?c*BA"?0*

?E=6,=?*'66"%%,-<*,-*3,L=5*8,&&=%*?$3E8=?*Q=%=*-'&*$8Q$C?*E%=?=-&*,-*=,&A=%*'F*&A=*'%,<,-$8*E"%=*

8,&&=%*?$3E8=?*$-5*6'-(=%?=8Cc*

*

 3.3. Fungal diversity in forest floor layers 

* G'%&C^F,(=*5,FF=%=-&*F"-<$8*&$L$*Q=%=*5=&=6&=5*,-*J*$-5*G*F'%=?&*F8''%*8$C=%?*&'<=&A=%c*

G%'3*=,<A&*&'*=,<A&==-*?E=6,=?*Q=%=*,5=-&,F,=5*E=%*?$3E8=c*BA=*$(=%$<=*I;*Q$?*.:cM*?E=6,=?*

E=%*?$3E8=*,-*J*8$C=%*$-5*.9c.*?E=6,=?*,-*G*8$C=%0*#=,-<*-'&*?,<-,F,6$-&8C*5,FF=%=-&c*@==6A*

?&$-5*=LE%=??=5*&A=*A,<A=?&*I;*,-*J*8$C=%0*F'88'Q=5*#C*6'-,F=%?0*&A=*-$&,(=*F'%=?&*$-5*'$20*#"&*

'-8C*#==6A*$-5*'$2*($8"=?*5,FF=%=5*?,<-,F,6$-&8Cc*R-*G*8$C=%0*D'"<8$?^F,%*Q$?*&A=*?E=6,=?*

%,6A=?&*$-5*&A=*'-8C*?,<-,F,6$-&8C*5,FF=%=-&*?&$-50*F'88'Q=5*#C*&A=*-$&,(=*F'%=?&0*?E%"6=0*#==6A*

$-5*8$?&*'$2*$<$,-*aG,<c*9#bc*T'3E$%,-<*&A=*8$C=%?*&'<=&A=%0*D'"<8$?^F,%*$-5*&A=*-$&,(=*F'%=?&*

A$5*A,<A=%*I;*,-*G*8$C=%*&A=-*,-*J*8$C=%0*&A=*'&A=%*&%==*?E=6,=?*,-*J*8$C=%c*BA=*&%==*?E=6,=?*

=FF=6&*&'*I;*Q$?*-'&*?,<-,F,6$-&*,-*J*8$C=%0*#"&*,&*Q$?*,-*G*8$C=%c*

* iA=-*&=?&,-<*&%==*?E=6,=?*=FF=6&*&'*6'33"-,&C*6'3E'?,&,'-*#C*;D+0*,&*=LE8$,-=5*

X:cOp*'F**J*8$C=%*($%,$#,8,&C*$-5*XOc.p*'F*G*8$C=%*($%,$#,8,&Cc*J*'%*G*8$C=%*=FF=6&*a,c=c*

5=6'3E'?,&,'-*?&$<=b*=LE8$,-=5*.NcMp*'F*&A=*($%,$#,8,&C*Q,&A,-*$88*F,(=*&%==*?E=6,=?*&'<=&A=%c*

;$-5'3*&=?&*?A'Q=5*#'&A*&A=*&%==*?E=6,=?*=FF=6&*,-*#'&A*J*'%*G*8$C=%*$-5*&A=*J*'%*G*8$C=%*

=FF=6&*&'*#=*?,<-,F,6$-&*&'*F"-<$8*?E=6,=?*5,?&%,#"&,'-c*R-*&A=*;D+*E8'&*'F*J*8$C=%*5,(=%?,&C*

aG,<c*X$b0*&A=*F"-<$8*6'33"-,&,=?*$??'6,$&=5*Q,&A*&A=*-$&,(=*F'%=?&*$-5*?E%"6=*Q=%=*

5,?6%,3,-$&=5*F%'3*&A=*'&A=%?*$8'-<*&A=*L^$L,?c*@==6A*$-5*'$2*?&$-5?*'66"E,=5*?,3,8$%*

E'?,&,'-*'-*&A=*L^$L,?c*['Q=(=%0*#==6A*Q$?*5,?6%,3,-$&=5*'-*&A=*C^$L,?0*QA,8=*'$2*Q$?*

E'?,&,'-=5*,-*&A=*6=-&%$8*E$%&*'F*&A=*E8'&c*D'"<8$?^F,%*E'?,&,'-*Q$?*5,?&$-&*F%'3*&A=*'&A=%*&%==*

?E=6,=?*'-*#'&A*$L=?0*#=,-<*&A=*68'?=?&*&'*'$2c*BA=*-$&,(=*F'%=?&*$-5*?E%"6=*A$5*?,3,8$%*

E'?,&,'-*'-*&A=*F,%?&*$L,?*=(=-*,-*G*8$C=%*;D+*<%$EA*aG,<c*X#bc*I,3,8$%8C0*'$2*$-5*#==6A*5,5c*

D'"<8$?^F,%*Q$?*5,?6%,3,-$&=5*F%'3*'&A=%*&%==*?E=6,=?*$<$,-c*BA=*-$&,(=*F'%=?&*5,?E8$C=5*A,<A*

I;*($8"=*#"&*A$5*3$-C*?E=6,=?*6'33'-*Q,&A*&A=*E8$-&$&,'-?c*BA=*3'?&*E%'-'"-6=5*

6'33"-,&C*?A,F&*#=&Q==-*J*$-5*G*8$C=%*Q=%=*F'"-5*,-*D'"<8$?^F,%c*BA=*6'33"-,&,=?*6A$-<=5*

,-*'&A=%*&%==*?E=6,=?*$?*Q=880*&A=*8=$?&*,-*'$2*$-5*#==6A*?&$-5?c*

* M



* G'%&C*'F*F'%&C*F,(=*?E=6,=?*'66"%%=5*,-*#'&A*F'%=?&*F8''%*8$C=%?0*'F&=-*?A'Q,-<*

E%=F=%=-6=?*&'*'-=*'%*&A=*'&A=%c*I,L&==-*?E=6,=?*Q=%=*E%=?=-&*,-*$88*&%==*?&$-5?0*$&*8=$?&*,-*'-=*

'F*&A=*8$C=%?c*Z-8C*'-=*?E=6,=?*Q$?*,5=-&,F,=5*'-8C*'-6=c*+88*&A=*?$3E8=?*#'&A*F%'3*8,&&=%*#$<?*

$-5*F'%=?&*F8''%*8$C=%?*Q=%=*$8?'*$-$8C?=5*&'<=&A=%*aG,<c*Pbc*T$-'-,6$8*$L=?*=LE%=??=5*.Oc9p*

'F*&A=*QA'8=*5$&$*?=&*($%,$#,8,&Cc*I$3E8=?*F%'3*9X*3'-&A?*?$3E8,-<*Q=%=*E'?,&,'-=5*#=&Q==-*

J*$-5*G*8$C=%*'-*#'&A*$L=?0*68"?&=%=5*,-*&A=*"EE=%*8=F&*E$%&*'F*&A=*;D+*E8'&c*G'"%*3'-&A?*

?$3E8,-<0*%=E%=?=-&,-<*&A=*=$%8C*?&$<=?*'F*5=6'3E'?,&,'-0*Q$?*68=$%8C*?=E$%$&=5*F%'3*&A=*

'&A=%?*'-*&A=*L^$L,?c*G*8$C=%0*%=E%=?=-&,-<*&A=*8$&=%*?&$<=?0*Q$?*Q=88*5,?6%,3,-$&=5*'-*&A=*C^

$L,?c*BA,?*6'%%=?E'-5=5*Q=88*&'*=LE=6&=5*5=6'3E'?,&,'-*?&$<=?*'F*&A=*?$3E8=?*aX*3'-&A?*r*J*

8$C=%*r*9X*3'-&A?*r*G*8$C=%bc*

*

4 Discussion 

4.1. Decomposition rate 

BA=*5,FF=%=-6=?*,-*5=6'3E'?,&,'-*%$&=*$3'-<*F'%=?&*&%==*?E=6,=?*$%=*$??'6,$&=5*-'&*

'-8C*Q,&A*5,FF=%=-&*'%<$-,6*6'3E'?,&,'-*'F*8,&&=%?*aZ?'-'*h*B$2=5$*9NN9b0*&A=*A=&=%'<=-='"?*

5,?&%,#"&,'-*'F*6$%#'-*$-5*-,&%'<=-*%=?'"%6=?*aZ?'-'*h*B$2=5$*9NN.$b0*#"&*$8?'*Q,&A*5,(=%?=*

I;*$-5*6'33"-,&C*6'3E'?,&,'-*$-5e'%*5,FF=%=-&*3,6%'68,3$&=*'F*&A=*?&$-5?*a@=%<*h*

16T8$"<A=%&C*9NN:bc*V$%8C*5=6'3E'?,&,'-*%$&=?0*,c=c*X*3'-&A?*A=%=0*$%=*?"EE'?=5*&'*#=*

?&%'-<8C*%=8$&=5*&'*3,6%'68,3$&=*$-5*8,&&=%*6A=3,?&%C*'F*Q$&=%*?'8"#8=*-"&%,=-&?*$-5*?&%"6&"%$8*

6$%#'AC5%$&=?c*J$&=%*5=6'3E'?,&,'-*%$&=?*a9X*3'-&A?b*$%=*3'%=*,-F8"=-6=5*#C*8,<-,-*

6'-6=-&%$&,'-?*,-*&A=*8,&&=%*3$&=%,$8*a@=%<*9NNNbc*Z$20*$?*&A=*Q$%3=?&*$-5*3',?&=?&*?&$-5*

a;$-<=%*et al.*9NNXb*Q,&A*&A=*-"&%,=-&*%,6A=?&*8,&&=%*5,?E8$C=5*&A=*A,<A=?&*3$??*8'??*F%'3*E"%=*

8,&&=%*?$3E8=?*#'&A*,-*F'"%*$-5*&Q=-&C*F'"%*3'-&A?*'F*5=6'3E'?,&,'-0*5=?E,&=*A,<A*8,<-,-*

6'-6=-&%$&,'-*$-5*A,<A*8,<-,-eS*($8"=?c*R-*&A=*#==6A*?&$-50*&A=*5=6'3E'?,&,'-*Q$?*&A=*?8'Q=?&*

$F&=%*X*3'-&A?*'F*5=6'3E'?,&,'-0*5=?E,&=*&A=*A,<A=?&*S*$3'"-&c*R&*3,<A&*#=*6$"?=5*#C*A,<A*

6'-6=-&%$&,'-*'F*?'8"#8=*6'3E'"-5?0*QA,6A*,-68"5=5*,-A,#,&,-<*EA=-'8,6*?"#?&$-6=?*ai$%58=*

9NN:bc*['Q=(=%0*,&*A$5*&A=*?=6'-5*A,<A=?&*3$??*8'??*,-*9X*3'-&A?0*6',-6,5,-<*Q,&A*8'Q*8,<-,-*

6'-6=-&%$&,'-*$-5*8,<-,-eS*($8"=?c*T'-,F=%?*A$5*8=??*F$('"%$#8=*8,&&=%*6'3E'?,&,'-*$-5*

3,6%'68,3$&,6*6'-5,&,'-?*$-5*5,?E8$C=5*8'Q=%*3$??*8'??*($8"=?*&A$-*#%'$58=$(=5*,-*&A=*9X*

3'-&A?c*D'"<8$?*-==58=?*5=6'3E'?=5*3'%=*%$E,58C*&A=-*?E%"6=*8,&&=%0*#=,-<*%,6A=%*,-*S*$-5*

A$(,-<*8'Q=%*?'8"#8=*6'3E'"-5?*$-5*8,<-,-*6'-6=-&%$&,'-c*1,L=5*8,&&=%*3$??*8'??*($8"=?*Q=%=*

A,<A=%*&A$-*($8"=?*'F*#'&A*'%,<,-$8*E"%=*8,&&=%*&CE=?*#'&A*,-*F'%3$8*$-5*8$&=%*?$3E8,-<*&,3=*$-5*

$%=*68'?=%*5,?6"??=5*#=8'Q*aXcPbc**

*

* Y



4. 2. Fungal diversity in litter decomposed in litter bags 

BA=*?&"5C*?"EE'%&=5*&A=*ACE'&A=?,?*'F*&%==*?E=6,=?*,-F8"=-6=*'-*5=6'3E'?,-<*F"-<,*

6'33"-,&,=?c*+?*$*3$&&=%*'F*F$6&0*3$o'%,&C*'F*?E=6,=?*?A'"85*'%,<,-$&=*,-*&A=*-$&,(=*F'%=?&0*

#=,-<*?"EE%=??=5*'%*F$('"%=5*#C*&A=*6'-5,&,'-?*,-*&A=*C'"-<*E8$-&$&,'-?c*BA=*A,<A*I;*,-*

#==6A*$&*&A=*#=<,--,-<*?&$<=*'F*8,&&=%*6'8'-,?$&,'-*6',-6,5=5*Q,&A*,&?*8'Q=?&*8,<-,-eS*($8"=c*

Z$2*?A'Q=5*?,3,8$%*S*6'-6=-&%$&,'-*$?*#==6A0*#"&*&A=*A,<A=?&*8,<-,-eS*($8"=*'F*$88*?&$-5?c*

BA=*A,<A*I;*($8"=?*,-*#'&A*3,L=5*8,&&=%*&CE=?*,-*&A=*8$&=%*?$3E8,-<*6'"85*#=*=LE8$,-=5*#C*

A,<A=%*-,6A=*($%,$#,8,&C*F'%*5=6'3E'?=%?*$-5*%=8$&=5*5=6%=$?=5*6'3E=&,&,'-c*J'Q*I;*,-*

D'"<8$?^F,%*3,<A&*6',-6,5=*Q,&A*,-?"FF,6,=-&*3',?&"%=*5"%,-<*E%=6=5,-<*3'-&A?0*?,-6=*&A=*

D'"<8$?^F,%*?&$-5*Q$?*&A=*5%,=?&*'F*$88*a!"8A$-2'($*9NNObc*R-*&A=*X*3'-&A?*?$3E8,-<*,-*

1$%6A0*F"-<,*6'"85*#=*,-A,#,&=5*#C*"-F$('"%$#8=*6'-5,&,'-?*5"%,-<*Q,-&=%0*3$,-8C*#C*8'Q*

&=3E=%$&"%=*($8"=?c*T'-(=%?=8C0*8$&=%*?$3E8,-<*,-*S'(=3#=%*6'"85*A$(=*A,<A*F"-<$8*$6&,(,&C*

5"=*&'*F$('"%$#8=*3',?&"%=*$-5*&=3E=%$&"%=*6'-5,&,'-?*$-5*&'*,-E"&*'F*-"&%,=-&?*8=$6A=5*F%'3*

-=Q8C*F$88=-*8,&&=%c**

J=o'-*et al.*a9NNPb*$8?'*5'6"3=-&=5*?,<-,F,6$-&*5,?6%,3,-$&,'-*'F*F"-<$8*6'33"-,&,=?*

Q,&A,-*P^.N63*'F*&A=*?',8*E%'F,8=*,-*&A=*?$3=*?&"5C*?,&=0*"?,-<*+;RI+*&=6A-,>"=c*T=%&$,-*'&A=%*

?&"5,=?*5'6"3=-&=5*&A=*5,FF=%=-6=?*,-*3,6%'#,$8*6'33"-,&C*6'3E'?,&,'-*,-*5,(=%?=*F'%=?&*

=6'?C?&=3?*aH=--$-=-*et al.*.\\\g*I$=&%=*h*@$$&A*9NNNg*H%,A$*et al.*9NN.g*1C=%?*et al.*9NN.g*

i,82,-?'-*et al.*9NN9g*J=62,=*et al.*9NNXg*[$628*et al.*9NNXg*f%$C?&'-*h*H%=?6'&&*9NNPg*iA,&=*

et al.*9NNPb0*?=$?'-$8*6A$-<=?*,-*6'33"-,&C*6'3E'?,&,'-*a1C=%?*et al.*9NN.b*'%*?"66=??,'-*'F*

F"-<,*5"%,-<*5=6'3E'?,&,'-*aZ?'-'*9NN9b0*%=(,=Q=5*#C*Z?'-'*h*B$2=5$*a9NN.#b*'%*],%j'*

D=*I$-&'*et al.*a9NN9bc*1,6%'#,$8*$6&,(,&C*$8?'*5,FF=%=5*Q,&A,-*F'%=?&*=6'?C?&=3?0*$?*

5'6"3=-&=5*=c<c*#C*ZA&'-=-*h*]$%=*a.\\Yb0*V33=%8,-<*a9NN9b*'%*G,?2*et al.*a9NN:bc*

['Q=(=%0*$88*&A=*?&"5,=?*$%=*A$%5*&'*#=*6'3E$%=50*?,-6=*"?,-<*5,FF=%=-&*?6$8=?*$-5*&=6A-,>"=?*

,-*($%,'"?*68,3$&,6*6'-5,&,'-?c*

*

4.3. Links between biodiversity and decomposition rate 

S'*<=-=%$8*E'?,&,(=*=FF=6&*'F*I;*'-*&A=*3$??*8'??*,-6%=$?=*Q$?*5=&=6&=5*aG,<c*.0*9b0*&A=*

($%,$#8=?*Q=%=*-'&*-=6=??$%,8C*6'%%=8$&=5c*T=%&$,-*E'?,&,(=*=FF=6&*Q$?*F'"-5*F'%*9X*3'-&A?*F'%*

?E=6,=?^%,6A0*Q=88*5=6'3E'?=5*3,L=5*8,&&=%?c*;$&A=%*-=<$&,(=*%=8$&,'-?*Q=%=*$8?'*F'"-50*=c<c*,-*

&A=*'$2*?&$-5*,-*&A=*X*3'-&A?*?$3E8,-<0*QA=%=*8'Q*I;*Q$?*5=&=6&=5*&'<=&A=%*Q,&A*%=8$&,(=8C*

F$?&*5=6$Cc*T'-(=%?=8C0*&A=*#==6A*8,&&=%*Q,&A*?,<-,F,6$-&8C*A,<A=%*I;*5=6'3E'?=5*?8'Q8Cc*

+F&=%*9X*3'-&A?0*8,&&=%*#$<?*F%'3*D'"<8$?^F,%0*%=8$&,(=8C*E''%*,-*F"-<$8*?E=6,=?0*?A'Q=5*A,<A=%*

3$??*8'??*&A$-*?E%"6=*Q,&A*%$&A=%*A,<A=%*I;0*6'3E$%,-<*&'*'&A=%*E"%=*8,&&=%*&CE=?c*

* \



BA=*&%==*?E=6,=?*?&"5,=5*?==3=5*&'*%=&$,-*?"FF,6,=-&*F"-<$8*5,(=%?,&C*&'*6'3E=-?$&=*F'%*

?E=6,=?*?"EE%=??=5*#C*&A=*6A$-<=*'F*&A=*5'3,-$-&*&%==c*BA=%=*Q$?*-'*68=$%*5,(=%?,&C*5=6%=$?=*

'#?=%(=5*&'*,-F8"=-6=*&A=*5=6'3E'?,&,'-*%$&=*-=<$&,(=8C*#C*=8,3,-$&,'-*'F*2=C^?E=6,=?c*

T'33"-,&C*6'3E'?,&,'-*?==3=5*&'*A$(=*'-8C*3,-'%*=FF=6&*&'*5=6'3E'?,&,'-*%$&=0*E%'#$#8C*

5"=*&'*$*A,<A*5=<%==*'F*F"-6&,'-$8*%=5"-5$-6C*'F*5=6'3E'?,-<*F"-<,0*$?*5'6"3=-&=5*#C*

D=$6'-*et al.*a9NNOb*,-*$??=3#8$<=?*'F*6"8&,($#8=*F"-<,*F%'3*<%$??8$-5*?',8c*I,3,8$%8C0*I=&$8$*

h*16J=$-*a9NNXb*%=E'%&=5*&A$&*F"-6&,'-$8*=FF,6,=-6C*'F*F"-<$8*6'33"-,&,=?*,-6%=$?=5*Q,&A*

&A=*-"3#=%*'F*&$L$*'-8C*$&*&A=*?E=6,=?*E''%*=-5*'F*&A=*<%$5,=-&0*QA=-*?&"5C,-<*$*<%$5,=-&*'F*

I;*,-*3,L&"%=?*'F*?$E%'EAC&,6*F"-<,*F%'3*E,-=^?E%"6=*F'%=?&c*G$('"%$#8=*3,6%'A$#,&$&?*3,<A&*

#=*E%=F=%=-&,$88C*6'8'-,?=50*#"&*8=??*F$('"%$#8=*$%=*$8?'*=LE8',&=5*$?*&'&$8*$#"-5$-6=*$-5*

6'3E=&,&,'-*%,?=0*8$%<=8C*,-5=E=-5=-&8C*'F*&A=*-"3#=%*'F*?E=6,=?*,-('8(=5*aV2?6A3,&&*et al.*

9NN.bc*K-=LE8',&=5*<$E?*$F&=%*$*?E=6,=?*8'??*6$-*&A"?*#=*=(=-&"$88C*68'?=5*#C*&A=*%=3$,-,-<*

?E=6,=?*a4'-=?*h*@%$5F'%5*9NN.bc*@,'&,6*,-&=%$6&,'-*#=&Q==-*&A=*F"-<$8*?E=6,=?*,-*&A=*

6'33"-,&C*3,<A&*#=*3'%=*,3E'%&$-&*&A$-*,&?*6'3E'?,&,'-0*=c<c*,-*&A=*#==6A*?&$-5*,-*X*3'-&A?0*

QA=%=*=-A$-6=5*6'3E=&,&,'-*,-*%,6A*6'33"-,&C*3,<A&*?8'Q*&A=*5=6$C*E%'6=??c*T'-(=%?=8C0*

&A=*6'3E=&,&,'-*3,<A&*#=*5=6%=$?=5*#C*A,<A=%*-,6A=*$($,8$#,8,&C*,-*3,L=5*8,&&=%*?$3E8=?*,-*9X*

3'-&A?*$-5*&A"?*-'&*?8'Q,-<*&A=*5=6$Cc*+66'%5,-<*&'*&A=*%=?"8&?*'F*&A=*E%=?=-&*?&"5C0*-'&*

=,&A=%*6=%&$,-*5=6%=$?=*,-*F"-6&,'-$8*5,(=%?,&C*'F*3,6%''%<$-,?3?*,-*E8$-&*5=#%,?*5,5*%=?"8&*,-*

5=68,-=*'F*5=6'3E'?,&,'-*%$&=*aD=<=-?*.\\Ybc*I,3,8$%8C0*&A=*=LE=%,3=-&$8*%=5"6&,'-*'F*&A=*

3,6%'#,$8*6'33"-,&,=?*A$5*-'*5,%=6&*=FF=6&?*'-*?',8*F"-6&,'-?*,-*$%$#8=*?',8?*af%,FF,&A?*et al.*

9NN.bc*aT'L*et al.*9NN.b*5=3'-?&%$&=5*?,3,8$%*3$??*8'??*($8"=?*'F*I6'&?*E,-=*-==58=?*

,-'6"8$&=5*#C*$*6=88"8'8C&,6*?E=6,=?*$-5*$*?E=6,=?*$#8=*5=<%$5=*8,<-'6=88"8'?=0*$-5*A,<A=%*3$??*

8'??*($8"=?*6'3E$%=5*&'*6'-&%'8*8,&&=%*6'8'-,?=5*#C*$*3'%=*6'3E8=L*F"-<$8*6'33"-,&Cc*

['Q=(=%0*&A=*&Q'*?E=6,=?*$FF=6&=5*&A=*'(=%$88*5C-$3,6?*'F*5=6'3E'?,&,'-*$&*$*#,'6A=3,6$8*

8=(=8*$-5*,88"?&%$&=5*,3E'%&$-6=*'F*,-&=%$6&,'-?*'F*?E=6,F,6*F"-<,c*T'-(=%?=8C0*?A'%&*&=%3*

5=6'3E'?,&,'-*,-*E$?&"%=*?',8*5=6%=$?=5*Q,&A*5=6%=$?,-<*#,'5,(=%?,&C*$F&=%*F"3,<$&,'-*

af%,FF,&A?*et al.*9NNNbc**

S"&%,=-&*?&$&"?*'F*&A=*8,&&=%*$-5*,&?*'%<$-,6*E%'E=%&,=?0*&'<=&A=%*Q,&A*$6&"$8*$6&,(,&C*'F*

?E=6,=?*$66'%5,-<*&'*=-(,%'-3=-&$8*6'-5,&,'-?*a+=%&?*.\\Mb*?==3=5*&'*#=*3'%=*,3E'%&$-&*F'%*

3$??*8'??*($8"=?*&A$-*I;*'%*6'33"-,&C*6'3E'?,&,'-c*+66'%5,-<8C0*i,82,-?'-*et al.*a9NN9b*

5'6"3=-&=5*5=6'3E'?=%*6'33"-,&C*6'3E'?,&,'-*,-*E,-=*$-5*?E%"6=*F'%=?&?*&'*#=*8$%<=8C*

5=&=%3,-=5*#C*68,3$&,6*6'-5,&,'-?*$-5*8,&&=%*>"$8,&C*QA,8=*5,FF=%=-6=?*,-*6'33"-,&C*

6'3E'?,&,'-*A$5*-'*$EE$%=-&*F"-6&,'-$8*6'-?=>"=-6=?*F'%*8,&&=%*5=6'3E'?,&,'-c*

*

* .N



4.4. Fungal diversity in forest floor layers 

G'%=?&*F8''%*Q$?*?$3E8=5*$&*&A=*=-5*'F*4"-=*9NNX0*&A"?*5"%,-<*$*%$&A=%*Q$%3*$-5*

A"3,5*E=%,'50*?"EE'?=5*&'*?"EE'%&*A,<A*F"-<$8*$6&,(,&Cc*J*8$C=%*Q$?*3$,-8C*6'3E'?=5*F%'3*

Q=88*F"-<,^6'8'-,?=5*8,&&=%*3$&=%,$8*F$88=-*5'Q-*&A=*E%=6=5,-<*$"&"3-*'%*?8,<A&8C*'85=%0*QA,8=*

G*8$C=%*%=E%=?=-&=5*8$&=%*?&$<=?*'F*8,&&=%*5=6'3E'?,&,'-c*I8,<A&*5=6%=$?=*'%*,-6%=$?=*'F*I;*Q$?*

5=&=6&=5*#=&Q==-*J*$-5*G*8$C=%0*$66'%5,-<*&'*&A=*&%==*?E=6,=?0*#"&*&A=*5,FF=%=-6=?*Q=%=*3'?&8C*

,-?,<-,F,6$-&c*R-*E%=(,'"?*?&"5,=?0*&'&$8*$-5*8,(,-<*F"-<$8*ACEA$8*8=-<&A*Q$?*F'"-5*&'*#=*A,<A=%*

,-*J*8$C=%*&A$-*,-*G*$-5*[*8$C=%?*a@=%<*et al.*.\\Yg*Z?'-'*et al.*9NN:bc*J,-5$A8*=&*$8c*a9NNMb*

F'"-5*$*68=$%*?A,F&*,-*F"-<$8*6'33"-,&C*6'3E'?,&,'-*#=&Q==-*&A=*J*$-5*G*A'%,j'-*,-*$*I6'&?^

E,-=*#'%=$8*F'%=?&c*T'3E$%,-<*&A=*F'%=?&*F8''%*8$C=%*$-5*8,&&=%*#$<*%=?"8&?0*?$3E8=?*'F*9X*
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4.5. Mixed litters 
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5 Conclusions 
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*

* Tables and figures 

 

Tab. 1 Properties of the studied substrates; A) organic composition of the litters decomposed in the litter 

bags and in the native forest [%], B) concentrations of nutrients in the litters decomposed in the litter bags 

and in the native forest [g/kg], C) concentrations of nutrients in the forest floor [g/kg] 

*
A ?'8"#8=* A=3,6=88"8c 6=88"8'?= 8,<-,- 8,<-,-eS $?A

S$&,(=*Fc :9c9 .OcM 9:cP 9Xc. .cP :cP

@==6A XXc9 .McO .YcN .Oc9 .c9 Xc.

Z$2 :Nc9 .:c: 99c. 9\c\ 9c9 XcP

IE%"6= :Mc. .OcP .\cX 9:cO .cY :cP

D'"<8$? .\cO .\cN X9cP .Mc. .cX .c\ *
*

B S TeS H ! T$ 1<

S$&,(=*Fc 9:c9 99c: .cN: \cP. 9c9Y NcYX

@==6A 9Pc9 9.cN .cNN Yc9X 9c:: NcPN

Z$2 9:c\ 9.c: .c.O YcP9 9cMP .c9N

IE%"6= .Pc. :XcX .c.. Mc:X .cXX NcM.

D'"<8$? .YcN 9\c. Nc\\ OcMM 9c9O .cNY *
*
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C S TeS H ! T$ 1<

S$&,(=*Fc .Oc. :9c. NcY. .c.\ 9cM9 NcO.

@==6A .:c\ :Mc: NcO: .c99 9cXO NcPO

Z$2 .:cO :Yc. NcMN .c.9 9cOX NcO\

IE%"6= .9c\ :Oc\ NcOM .c.9 .c9M NcPP

D'"<8$? .9cO XXcO NcO: .c9 .c\Y NcPY *
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Fig. 1 Mass loss of the litters decomposed in the litter bags, sampled after 4 and 24 months of 

decomposition (b-s = beech-spruce mixed litter, o-d = oak-Douglas mixed litter). 4 months: beech and 

coniferous litter values significantly differed from oak and both mixed litter values; 24 months: only 

spruce differed significantly from oak and mixed litters. 
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Fig. 2 Fungal species richness (SR), i.e. average number of species per sample, detected:  

a) in litter decomposed in litter bags, sampled after 4 and 24 months of in situ decomposition (b-s = beech-

spruce mixed litter, o-d = oak-Douglas mixed litter); beech significantly differed in 4 months, Douglas 

significantly differed from all the others and beech differed from both mixed litters in 24 months;  b) in L 

and F layer of forest floor; in L, only beech and oak values differed significantly, in F, Douglas was the 

only significantly different stand. 
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Fig. 3 RDA plot showing fungal community composition in litters decomposed in litter bags, after a) four 

months, b) 24 months of the decomposition in two broadleaves, two coniferous plantations and in two 

mixed litters (B/S – beech, spruce; O/D – oak, Douglas), decomposed on the border of adjoining 

plantations. Length of arrow indicates the relative importance of the fungal species, while the angle 

between arrows indicates the degree to which they are correlated.  
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Fig. 4 Fungal community composition in L and F layer of the forest floor, in the four plantations and in 

the native forest as the control stand a) L layer, b) F layer 

 

1.0-1.0

-0
.6

1.
0

15
6

7

8

9

10

12

13

14

16
17 18

1920

21

22

23

24
25

26

27

2829

30

31

32

33

34

35

36

37

38

4041

42

43

44

45

46 48

L layer

F layer

4 m.

24 m.

*
*

Fig. 5 Fungal community compositions of all samples analysed together in order to show the 

resemblance/divergence between the data sets (L and F layers of the forest floor, 4m. = four months 

sampling of litters decomposed in the litter bags, 24m. = twenty-four months sampling) 
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Effect of forest tree species change on decomposer diversity: A case study of the Breuil 

research site (Burgundy, France) 

Microbial diversity and its relation to decomposition activity were studied in forest soils. An 

optimized fingerprinting method of TGGE (temperature gradient gel electrophoresis) was used to 

determine the patterns mainly of fungal but also of bacterial communities during decomposition 

of different substrates (cellulose, wood, tree litters) in a native forest and four monocultures. The 

diversity data were compared to measurements of decomposition rate in the samples (plus 

cellulase activity, fungal biomass and C/N). Further, effect of environmental variables (soil 

chemistry, moisture and temperature) to diversity was also targeted. Substitution of tree species 

caused changes in the composition of fungal and bacterial communities. Similarly, the 

communities were changing during the incubation period. However, any significant decrease of 

species richness was detected for any substrate or tree species. The differences in the 

decomposition rate did not seem to be influenced by a species loss or community change, but 

rather by a change in the microclimatic and nutrient conditions, influencing biotic interactions 

and/or species activity. Leaf-needle mixed litters sustained fungal diversity and increased the 

decomposition rate. During summer, species richness tended to decrease and common species 

were replaced by infrequent ones, able to tolerate dry conditions and to be very active.  

 

Keywords: decomposers, biodiversity, temperate forests, litter, molecular techniques, 

decomposition rate 

 

Effet des essences forestières sur de la diversité des décomposeurs: etude du site atelier de  

Breuil (Bourgogne, France) 

La diversité microbienne et sa relation à l'activité de  décomposition ont été étudiées dans des 

sols forestiers. La méthode moléculaire de TGGE (électrophorèse sur gel à gradient de 

température) a été optimisée et utilisée  pour établir des diagrammes des communautés fongiques 

et aussi bactériennes  pendant la décomposition de divers matériaux (cellulose, bois, litière) en 

forêt native et dans quatre monocultures. La diversité a été comparée aux mesures de vitesse de  

décomposition des échantillons ainsi qu'à l' activité cellulolytique, la  biomasse fongique et le 

C/N. L'effet de variables environnementales (propriétés chimiques, humidité et température) ont 

aussi  été  étudiées. La substitution d'espèces cause des changements de composition des 

communautés fongiques ou bactériennes. Les communautés  changent aussi durant la période de 

décomposition. Pourtant, aucune  diminution de la richesse en espèces n'est observée pour les 

substrats ou essences étudiés. Les différences de  vitesse de décomposition ne sont pas liées à la  

disparition d' espèces ou à des changements de communautés, mais plutôt au changement de 

conditions microclimatiques et nutritionnelles, ayant des conséquences sur les interactions 

biotiques et/ou sur l'activité des espèces. Les  litieres mixtes feuillus-résineux augmentent la  

diversité fongique ainsi que la vitesse de décomposition. Pendant l'été, la richesse des espèces 

diminue et les espèces communes sont remplacées par des espèces moins fréquentes, capables de 

tolérer des conditions sèches et restant très  actives. 

  

Mots clés: décomposeurs, biodiversité, forêts tempérées, litières, techniques moléculaires, 

vitesse de décomposition 

 




