Charles University in Prague
Faculty of Science
Department of Genetics and Microbiology

Microbiology

S0
(FLNED
g @

7|

2T Loy
B | L0
/ {ggék&

[

A

Mgr. Michaela Urbanova

Vegetation of post-mining sites determines soil micbial community structure and soil

processes

Vegetace natfebnich lokalitach @uje strukturu pdniho mikrobialniho spotenstva a

prabéh padnich proces

Ph.D. Thesis

Supervisor: RNDr. Petr Baldrian, Ph.D.
Institute of Microbiology
Academy of Sciences of the Czech Republic

Prague, 2014






Declaration:

Here, | declare that | wrote this work on my owrl @fl used sources and literature are
properly citated. | also declare, that this worls et been used for obtaining any other

academic degree.

Prague, 30. 09. 2014 Michaélabanova






ACKNOWLEDGEMENTS ommmmmsssssssssssssssssssssssssssssssssss s 7

ABSTRACT aottisissssmsessmssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss sesssssass sessssssss sessssssssssssssnsssssssssnssesass 9
N B 1 A 1 11
LIST OF ABBREVIATIONS coicissmsssssssssmssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssans 13
LIST OF PUBLICATIONS .cccccrtssmsssssssssssssssssssmsssssssssssssssssssnsssssnsssssssssssssnsansanssnssnssnssssssssssnss 15
INTRODUCTION cotissssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssssansaes 17
The manners of restoration of the POSt-MINING SItES.....ccuiviiiriririiirirrtrrrerre e 17
The effect of vegetation 0N SOl ENVIFONMENL......ccicviirrerirerinereneerseessreesssresesesssesssssessssessssessssasssssssssness 21
Other factors which impact the Soil eNVIrONMENL......cciiiiiiiiiiin e 23
Y0111 oo ) - RO 24
(0 [0 )= 15T T 28
Y 31
LIST OF METHODS ..ccotiistssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssans 35
DISCUSSION i tiisirsersnsssssssssssssnsssssnssssssssssssssssssassssssnsssssssssssssssssssnsssssnssesssssssssssssnssnssnssnssnssssssssssnss 37
CONCLUSIONS aoiitisrsmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 45






Acknowledgements

First of all | would like to thank my supervisor BN Petr Baldrian, PhD., the head of
the Laboratory of Environmental Microbiology at timstitute of Microbiology ASCR, for his
support, patience and advice.

I would also like to thank all other members of daio for their advice, assistance,
collaboration and fun; notably those who greatlptdbuted to soil sample collection in the
hostile terrain of spoil heaps at the Sokolov ngristrict.

Further, |1 would like to thank Prof. Ing. Mgr. J&nouz, CSc., who is founder and
supervisor of the whole project at Velka Podkrugmeka spoil heap which | participate in,

for introducing me into the spontaneous revegetai®-reclamation issues.

This work was financially supported by the Czeckece Foundation (P504/12/1288
and 13-06763S) and by the Ministry of Educationutfioand Sports of the Czech Republic
(LC06066 and LD12050).






Abstract

Post-mining sites are disrupted, man-made envirotsne@hich are being created in
the course of mining activity by heaping of the ispeaterial on deposits, resulting in the
burial of the indigenous ecosystem under thick gy the infertile mining waste material.
The waste material is typically characterized byfauaurable biological, physical and
chemical properties. In effort to rehabilitate @l properties and ecosystem structure and
functions, the vegetation must be re-introduced the bare soil substrate. The restoration of
the post-mining sites is achieved either usingstesiafforestation which is more usual or
using spontaneous revegetation which is often densd as insufficient for the full recovery

of soil properties.

In this work, a variety of methodological approazinere employed in order to testify
the effect of the vegetation on soil microbial mssees, structure of soil microbial
communities and to follow the chemical changes he titter composition during its
decomposition. Litter chemistry, enzymatic actastiand microbial biomass were followed
by standard biochemical procedures including spewtry and HPLC. Bacterial microarray
has been used for assessing the composition ofercicommunities in the soil of
successional plots. 454-pyrosequencing has beelogedpfor even deeper and more detailed
identification of fungal and bacterial communityngoosition in the litter layer and the bulk

soil under different tree species.

It was shown, that the vegetation substantiallg&f the ecosystem development, soil
biotic and abiotic properties. The importance ottbaa in the process of spontaneous
succession has been demonstrated. While bactemiéndted the initial stage of succession
and the late stage, fungi were virtually absentthe soil before the establishment of
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vegetation and the vegetation was determined tm#&ea driver of the changes in microbial
community. Further it was revealed, that litter @®position along successive series of post-
mining sites was largely dependent on the init@iposition of litters, while changes in
fungal and bacterial biomass did not reflect thanges in litter chemistry, but responded to

nutrient availability as well as the rate of decasifion did.

The tree effect, per se, examined at afforested svas found to be the best predictor
of fungal and bacterial communities and extracatl@dnzyme activities in litter and soil. In
fact, fungi and activities of most extracellularzgmes were more affected by dominant
vegetation type both in litter and the bulk soidhbacterial communities. Bacteria were
influenced by pH and nutrient content and the twflect on bacterial communities was

mainly observable in the litter. Many fungal taxarevalso strongly tree species-specific.

Comparison of soil processes and microbial comrmasideveloped at spontaneously
revegetated sites and technically afforested slig@sot reveal any substantial differences in
examined aspects except for the sites revegetatbdalder, because alder accelerated soil

development due to the production of nitrogen-fittér.
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Abstrakt

Hnédouhelné vysypky jsodlovékem vytvaené lokality, na které byvabem tzby
vyvazen a ukladan odpadrZebni material. Tim je pébena fivodni vegetace a existujici
ekosystém pod vrstvy nedrodné hluSiny s typickyiizeyvymi biologickymi, chemickymi a
fyzikalnimi vlastnosti. Pro obnovu vlastnosftidy, a struktury a funkce ekosystému je nutné
zajistit zdroj organického materialu vstupujiciho gady, nefasgji rostlinného pgvodu.
Obnovy vysypek byva dosazenodbjejich rekultivaci vybranymi typyi@vin, coz je zfisob
pouZzivarjSi nebo pirozenou revegetaci, ktera ale byva povazovanaedastatény zpisob

pro uplné obnoveni vlastnostigy.

V této praci byly pouzity biochemické a molekul&iologické metody pro testovani
vlivu vegetace na mikrobialni procesy, strukturikkmbialnich spoléenstev a pro sledovani
zmeén v chemickém sloZeni opadghem jeho rozkladu. Chemické slozeni opadu, enzymové
aktivity a mikrobialni biomasa byly stanovovany pmrh obvyklych biochemickych metod
zahrnujicich spektrometrii a HPLC. Bakteridlni m@ray byl pouzit pro weni sloZzeni
bakteridlniho spol&nstva na sukcesnich plochach. 454-pyrosekvendwiaipouzito pro
podrobrjsi identifikaci houbovych a bakterialnich spastev v opadu aigé pod iznymi

druhy strond.

Bylo prokazano, Ze vegetace podstatmliviiuje vyvoj ekosystému, aigdni biotické
a abiotické vlastnosti. Byla potvrzenaileZitost bakterii v procesu spontanni sukcese.
Zatimco bakterie dominovaly¢bem p@ateini a pozdni faze sukcese, houby ¢qieini fazi
sukcese, diky absenci vegetace, amhykely. Zmeény v mikrobialnim spol&enstvu Bhem
sukcese souvisely se #Znou vegeténiho pokryvu. Déle bylo zji8ho, Ze rozklad opadu

v pribéhu sukcese byl zavisly na svéemcéptenim chemickém slozeni, zatimco amy
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v houbové a bakteridlni biomase neodrazelyémmv chemickém slozeni opadu, ale

odpovidaly dostupnosti Zivin ste&jijako rychlost dekompozice.

Efekt strondi, studovany na rekultivovanych plochach, byl hlavnfaktorem
uréujicim slozeni houbovych a bakteridlnich spetestev a enzymovych aktivit. Ve
skute&nosti, houby a aktivity &Siny extracelularnich enzyinbyly vice ovlivieny dominantni
typem vegetace, jak v opadu, takidp nez bakterialni spotenstva. Bakterie byly ovlivimy
pH a obsahem Zivin a vliv vegetace byl pozorovatditavre v opadu. Mnoho houbovych

taxon se navic specificky vyskytovaly jen podiiym druhem stromu.

Porovnanim fidnich proces a mikrobialnich spolgenstev vyvinutych na plochach
prochazejicich sukcesi s plochami rekultivovanyebyly odhaleny Zadné vyrazné rozdily ve
studovanych aspektech krénmist rekultivovanych olSi, nebmlSe urychluje vyvoj fdy

produkci opadu s vy$8im obsahem dusiku.
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Introduction

Mining areas arise as a result of human activitisch usually cause a complete
destruction of the affected ecosystems. During breaal mining the spoil material, which
represents a mixture of fertile topsoil, mineralsand unfertile (and sometimes toxic) waste
material, that may cover the desired deposits wfefth of several hundred meters, is usually
removed and disposed in spoil heaps and thus thigeimous vegetation at these sites is
buried. The existing ecosystem structures of mareds as well as sites where spoil deposits
are located are irreversibly affected.

In the region of the Central Europe there largasrgere subject to mining, and even
though the damage of the affected ecosystems magdreas enormous, they nowadays offer
a great opportunity for studying and evaluationtié natural or assisted successional
development on the soil physical, chemical anddgjicial properties.

The processes of the ecosystem restoration of rpwstg sites have been
characterized by the soil horizon development, medation of organic matter and nutrients,
changes in soil chemistry and increase in soildbimbdmass (Bardgett et al., 2005; Baldrian et
al., 2008; Frouz et al., 2013); all changes aresalt of the vegetation development (Bardgett
and Walker, 2004), but apart from that they are alshject to the presence and activity of soil

biota (Frouz and Novéakové, 2005; Sourkové et 8I052; Baldrian et al., 2008).

The manners of restoration of the post-mining sites

The restoration of the damaged structures of teiméssoil ecosystems and the
ecosystem functions is required to prevent thath&r devaluation, which lies namely in the

continuing degradation of soil substrate by ergsioss of soil productivity and deterioration
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of the microclimatic conditions which represent tomsequences of the exposition of sites to
negative climatic impacts (Singh et al., 2002). Tineasures based on the re-introduction of
plants into the barren soils enable to achieve rdtpired ecosystem rehabilitation. The
assisted afforestation and spontaneous revegethélmmg to the most commonly selected

restoration approaches.

The severe abiotic soil conditions, which could verdg the successful initial
establishment of vegetation, have to be adjustéatd¢he restoration processes are launched.
The type of adjustment is selected according tositeespecific constrains and needs, and
encompasses typically mechanical destabilizatiom@fstructure of surface soil by ripping in
the case of the unfit and too tough structure ef ékxploit material or the application of
organic residues such as mulch or chemical fegtian order to increase the soil moisture
and the soil nutrient content and to protect thésoface from the erosion, excessive solar
radiation and water evaporation. In the case ofy weet sites, it is advised to apply
mechanical drainage to divert water and imprové amiation. If the spoil substrate contains
seriously toxic levels of metals or substrate pkbslow, the use of organic materials and the
planting of tolerant cultivars or even chemicalatreent are required to overcome these

difficulties (Bradshaw, 1997).

The assisted afforestation is a usual restoratieasure of the post-mining sites in the
Central Europe (Chodak and Niklinska, 2010a; Insawh Domsh, 1988; Mudrak et al., 2010;
Stys, 1981; Sourkova et al., 2005a). Different species can be used for this purpose. The
other way, which is rather rare in this region, l&aving the vegetation to develop

spontaneously (Prach and PySek, 2001; Prach armbian2013).

The assisted afforestation is typically performgdpbanting tree seedlings directly

into the rough substrate and later results in ttabdéishment of the forest patches which
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resemble forest monocultures. In this approachptbéerence is put on the selection of such
plant species, which rapidly enhance biologicalktioms of nutrient-poor or toxic soils. For
instance, plants such @$nus spp. which can symbiotically promote nitrogen fixatiamd
produce nitrogen-rich organic materials, which empgently increase the nitrogen (N) content
in the soil, are often preferred, since supply ssailith limiting nutrients (Ekblad and
HussDanell, 1995) and thus accelerate the developroé the soil. Indeed, nitrogen
deficiency of barren soils is a serious problemaokhprevents the vegetation establishment
and can be solved by planting of such tree spéBiesishaw, 1997). It often happens during
the afforestation processes that non-native plaeiciss with the above properties are
introduced into the environment and thereafteragitgeyond the intended area of the species
occurrence which may imply the threat of the natiegetation (Kowarik 1995; PysSek et al.,
2012) and changes of ecosystem functioning (vanRidgten et al., 2007). This fact was
confirmed by the work of Hodava and Prach (2003), who have also declaredthibaise of
the allochthonous species has become a commorspraseclamation processes of the post-

mining sites in the Central Europe.

In contrast to such threats, spontaneous revegetatin be an alternative treatment
which represents a low-cost approach resultindghénformation of complex, possibly highly
valuable ecosystems which may even contribute écctinservation of biodiversity, in some
cases. The vegetation development on excavatedssbdtrates of the post-mining sites
typically starts with the initial colonisation bgdividual plants, followed by the development
of herbal/grass vegetation cover and the estabéshrof woody species (Prach and PySek
2001) with variable composition of herbal undersyofMudrak et al., 2010). Woodlands and
forests represent the final climax stage in thet@éurope area. In this region, the typical
pioneer colonizers are herbaceous plants and grags®ng thenCalamagrostis epigeios

often dominates, followed successively with woogeces such aSalix caprea, Betula
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pendula andPopulus tremuloides (Frouz et al., 2008; Wiegleb and Felinks, 2001; &eland

Lehman, 2002, Prach and PySek, 2001). Even ifwlaig of the rehabilitation of the post-
mining sites was not largely used in ecological ieegring in the past, nowadays it is
perceived as reasonable alternative to the assatestation (Hodsova and Prach, 2003;

Hendrychova et. al., 2012; Prach et al., 2013el548012; Tropek et al., 2012).

While the research on the soil development undeetfect of the individual dominant
plant species may be carried out at commercialstopéantations, the places which would
provide the opportunity to study the effect of matusuccessively developed vegetation are

rare.

Phenomenon of spontaneous succession is widely rknioem polar and alpine
regions, where it was also studied in detail (Duale 2009; Noll and Wellinger, 2008;
Schmidt et al., 2008; Yergeau et al., 2009). Desflie similar character of the ecosystem
development processes taking part in the alpina/pahd temperate zones, such as the
decrease of pH in the course of the successionrasudt of the accumulation of organic
matter and decomposition reactions or the increaseN ratio (De Kovel et al., 2000; Frouz
et al., 2009; Kirmer and Mahn, 2001; Noll and Whmjker, 2008; Pennanen et al., 2001;
Tscherko et al., 2004;), the alpine/polar regiorag/rhardly serve as a model ecosystem for
the temperate zones due to their extreme charactethe large impact of the climate and the
complicated initial establishment of the vegetatammthe exposed barren substrates at the
glacier forefields caused by strong nutrient limdias (Fierer et al., 2010). On the other hand,
the post-mining sites can be considered as apjptepmodel sites because of their vastness
and since the nutrient limitation of the plant gcofation are not so strongly overwhelmed by

nutrient deficiency (Baldrian et al., 2008; Frowzak, 2009; Frouz and Novakova, 2005).
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The effect of vegetation on soil environment

Plants greatly impact soil environment in severalysvwhich are interconnected and
thus influence soil structure as well as soil cletrgiand soil processes. They affect soll
mechanically via roots penetration, chemically praduction of organic matter as well as
biologically via multiple associations with soildva. The plants impact is generally more
pronounced in upper topsoil (0 — 10 cm) than impdeenineral soil layers (20 — 30 cm) and is
also partly dependent on other external site-sjpef@€tors such as soil mineralogy, clay and
sand content, climatic factors, topography of tite er former and present land-use and

management (Augusto et al., 2002; Bissett et @lL12Vesterdal et al., 2013).

Root system anchors the plants in the soil andlesahe uptake of nutrients and
water from the soil, but it also represents anagiohlly interesting niche where the species-

rich and plant species-specific microbial populagitive (Buee et al., 2009a).

As it was indicated above, roots impact soil medtadly by root penetration to affect
soil structure, soil aggregates formation, weatttgeiof rocks and nutrient leaching. Roots
expand through the pores changing soil porosity iacdease bulk soil density, facilitate
aeration and improve the soil water regime (Angerd Caron, 1998; Six et al., 2004). The
resulting increase in air and water availabilitysipigely influences soil biological and
biochemical processes, as many of them are aemfricthus the nutrient availability is
positively affected. Nevertheless, permanently érgliater content may lead to the increase
of microaerobic or anaerobic microbial processed gesult in soil acidification and the
release of nitrogen from soil as a consequencehef dhanges in microbial activities

(Davidson and Janssens, 2006).

Apart from the mechanistic impact, plant roots etff@il environment also chemically

by rhizodeposition, which encompasses a varietplait-specific organic compounds, e.g.
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carbohydrates, carboxylic acids, phenolics, amicidsaor inorganic ions, that are released
into the close surrounding of root-soil interfacgmed rhizosphere (Jones et al., 2004;
Hartmann et al., 2009; Berg and Smalla, 2009). &dphere, the compartment of the soil
where the microbial populations and processes rageruhe strong influence of the plants, is
the place of higher microbial biomass and actiwgmpared to the bulk soil (Berg and
Smalla, 2009; Raajimakers et al., 2009). Root-@erigompounds (exudates) are the driving
force in the selection of microbes from indigenousrobial populations inhabiting bulk soll
(Bais et al., 2006, Haichar et al., 2008). The am®@and chemical composition of exudates
vary considerably among plants, plant growth cystkges and root segments (Jones et al.,
2004). Because of their low rate of chemical diffas the root exudates do not affect the
chemistry of the bulk soil directly, even if as theatrient source for some groups of soil biota
they may be transformed and translocated into dileosganic matter and humic compounds
(Balasooriya et al., 2014; Hartmann et al., 2008 #us affect the soil organic matter

content, chemistry and soil structure (Brady andl\VZ2608).

Plant litter is a major source of soil nutrientsl @oil organic matter. The amount and
quality of litter differs among plant species arftbets the rate of decomposition (Aubert et
al., 2010; Hattenschwiller and Jorgensen 2010; dtabind Treseder, 2012). Chemical
characteristics of soil, such as pH or nutrientteny change substantially (Augusto et al.,
2002; Binkley and Valentine, 1991; Hagen-Thornlet2004; Menyailo et al., 2002when
litter is processed and incorporated into the byilsoil biota ( Frouz et al., 2007, 2009;
Quideau et al., 2001; Rubino et al., 2010) whoseapmsition is also influence by litter
properties (Hendrychova et al., 2012; Chodak arkliméka, 2010a; lovieno et al., 2010;
Lamb et al., 2011; Merila et al., 2010). Abovegroart of litter is typically composed of
dead plant residues such as leaves and twigs. Gdweground litter production is generally

higher in forest ecosystems, however without amgyicant differences in the magnitude
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between deciduous and coniferous tree species @t al., 2014), while the belowground
part of litter encompasses dead roots and is velgtimore important in agricultural

ecosystems and grasslands.

Other factors which impact the soil environment

Although there is no doubt that plant speciesugrice the structure and function of
soil, there are also other factors, which contebta that. However, the extent of such
contribution is difficult to assess since they luilgavary across the ecosystems in their

contribution (Berg and McClaugherty, 2003; Six let2004).

Soil texture is very important factor since the tem of the organic matter, nutrient
availability and decomposition processes dependtauabally on the presence of clay and
sandy materials in soil substrate (Franzluebbex,€1996; Muller and Hopper, 2004; Six et
al., 2004). Both types of soil materials belongntdrient poor materials, but with an opposite
nutrient binding capacity. Clayey substrates binel érganic polymers, organic matter and
ammonium to form colloids, therefore the decompasitof organic materials is often
strongly retarded in such soils. Moreover, claytipkas pronounce soil aggregate formation,
which may also protect organic matter from decontjmrsand mineralization (Rice, 2002).
On the other hand, sandy soils, which are welltadraenhance nutrient decomposition and

leaching.

External climatic factors such as temperature dred @amount of precipitation also
impact significantly soil microclimate and thus tmécrobial processes (Brockett et al., 2012;
Franzluebbers et al., 2001; Thomsen et al.,, 2008)common, higher soil temperature

promotes organic matter decomposition, while pieatipn affects it negatively (Post et al.,
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1982). For example, the soils in the tropical cliesahave typically lower contents of organic
matter and fast decomposition, while for the coalémnatic areas the pattern is opposite (
Corteaux et al., 1995; Post et al., 1982). Lackyafgen and available water can negatively
modify the efficiency of soil biological process€Bhomsen et al., 2003; Davidson and
Janssens, 2006). Linn and Doran (1984) reportedtad@ of water filled pore spaces as
about the optimal conditions for microbial activifjoo high water saturation leads to a poor
aeration and increases anaerobic biological presesssoil, which results in the production
of acidic waste products and the increase of soitlity that inhibits organic matter

decomposition and leads to the storage of orgamtpounds in the form of humic substances

(Guggenberger, 1994).

Topography of the site, notably the slope and Hpeet, affects the water dynamics
and the organic matter accumulation. The organitanaccumulation is enhanced at the
bottom of the slopes due to the organic matter ffueothe lower slope position and on the
north faces of hills in the Northern Hemisphere apgosite in Southern Hemisphere because

of the wetter conditions (Sariyildiz et al., 2005).

Also management practices, depending on their @and extent, may have positive
or negative effect on the soil properties, its d&g, nutrient availability and soil biota

composition (Griven et al, 2003; Reiners et al94)9

Soil biota

Soil organisms represent an irreplaceable functiomabetween the aboveground and
belowground environments since many of them playrodes in the biogeochemical cycles
and processes (Prescott and Grayston, 2013; Watdkd., 2003). Although the soil is

inhabited by an enormous amount of microbiota agbacteria, viruses, fungi, protozoa and
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algae, as well as larger biota such as invertebratel vertebrates, this work emphasizes
bacteria and fungi which are able to degrade @aolymers and thus initiate and promote
nutrient cycling and moreover these groups of dsgas form ecologically important

associations with plant roots (Aubert et al., 2(B€;g and McClaugherty, 2003; Hartmann et

al., 2009) and are thus under the direct influesfdbe vegetation.

Several studies have already reported about trextefff plants on soil chemistry
(Hagen-Thorn et al., 2004; Menyailo et al., 2002&) about the effect of soil chemistry on the
microbial populations (Hackl et al., 2004; Hogbetal, 2007; Prescott and Grayston, 2013).
The effect of the vegetation on microorganisms seeften to be rather mediated by soll
chemical characteristic, although the litter projesritself are sometimes considered as the
most important factor for the composition of litessociated fungi and bacteria (Aneja et al.,
2006; Bray et al., 2012), despite the effect of timelerlaying forest floor, which was also
identified as appreciable (Wallenstein et al., 2010 the bulk soil, pH of the soil substrate
seems to be highly important for the compositiorthef bacterial community exhibiting the
highest diversity in circum neutral pH and the Istv@ the acidic soils (Fierer and Jacksson,
2006; Lauber et al., 2009), while it seems to béowfer importance for fungi (Rousk et al.,
2010). Moreover, both bacteria and fungi respondgdi nutrient content such as this of
carbon, phosphorus or nitrogen (Cleveland and Lipt2007; Fierer et al., 2009). Also the
effects of land use and dominant vegetation seelmetamportant, although they probably
more affect fungi than bacteria, being more sigaiiit for root-symbiotic fungal taxa than for
saprotrophic ones (Martiny et al., 2006; Buee gt2009b; Zinger et al., 2011), because of
their documented or expected plant-species spigifiPeay et al., 2008; Tedersoo et al.,

2008).

Soil microbial populations encompasses autotroptsch are important in the non-

vegetated soils, where they support nutrient cgcind accumulation in the soil and help the
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establishment of the vegetation; further saprotsppwhich are important for the
decomposition of organic matter and nutrient cyglamd the microbial plant-root symbionts
living in the rhizosphere but spreading in someesasto the bulk soil (microorganisms with

filamentous body structure).

Saprotrophic bacteria and fungi differ from rootryotic species by capability to
produce a broad set of enzymes which are involmethé processes of decomposition of
organic materials. Bacteria decompose organic mtbstunder both aerobic and anaerobic
conditions, whereas fungi are exclusively aerobim@roaerobic degraders. Both groups are
able to decompose all components of the plantwealls, i.e. cellulose (10-50% of organic
material), hemicellulose (30-40% of organic matgriand lignin (15-40% of organic
material) (Berg and McClaugherty, 2003), but witlhrying efficiency. Due to the filamentous
life form of most taxa, fungi are considered torbere suitable for the penetration into the
plant tissue structures and consequently more weabln the decomposition of polymeric,
often recalcitrant compounds (de Boer et al., 20G#) high C:N ratio, while many bacterial
taxa, preferentially utilizing low-molecular-masgganic compounds rather nutritionally rely
on the products of fungal biopolymer decompositida Boer et al., 2005; Stursova et al.,
2012). The coexistence of bacteria and fungi mauylten the increase of the rate of decay of
some organic substrates (Blanchette et al., 199@)tlze bacterial decomposition may be of
high importance in environments where fungi existler stress (Berg and McClaugherty,

2003).

It was described in the previous section, that sbawteria and fungi inhabit the close
vicinity of roots called rhizosphere (Hartmann &t 2009); the soil compartment which is
under major influence of plants (Buee et al., 20@aurchland and Grayston, 2014). These
microorganisms originate from bulk soil pool, whenthey are attracted by root exudates

(Hartmann et al., 2009). Due to the selectivitysao€h attraction and establishment in or on
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plant roots, rhizosphere communities are greatlgtirdit from bulk soil microbial
communities (Koide et al., 2005; Buee et al., 2Q0@arneo et al., 2013). The fact that the
properties of the plant rhizospheres, such as peeific composition of exudates, differ
among plant species (Prescott and Grayston, 20d®,c6land and Grayston, 2014) should be
reflected by the plant-specific differences amadmgaosphere microbial communities as it was
recently reported for bacteria associated withcadmral crops and grasses (Turner et al.,
2013).

The microbe-plants interactions are based on mitaed water exchange and are not
exclusively mutualistic, some of the interactiomse also neutral or pathogenic (Raaijmakers
et al., 2008; Whipps, 2001). The decomposition baipias of the microbes associated with
roots are rather limited (Baldrian, 2009), contyathey exert the influence on the plant
fitness and physiology, as well as soil structunel $he composition of other soil biota

(Hartmann et al., 2009; Frey-Klett et al., 2007jiRand Mummey, 2006).

Different body structure of soil bacteria and furgga feature which has an important
ecological aspect (de Boer et al., 2005). Whileuthigellular bacteria in the rhizosphere and
the bulk soil inhabit one of these separate nickies,mycelia of root-associated fungi or
saprotrophic fungi extend the area of their imgadacilitate the searching for the new host
or nutrients. As a consequence, the effect of the plant may be extended by their specific
fungal symbionts into the bulk soil where the playmnbiotic fungi were demonstrated to
influence the local microbial community (Koide ét 2005; Kluber et al., 2011) in this way

extending the effect of their plant host into thekisoil.
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Study area

The study area was located at Velka PodkruSnohaspkd heap in the Sokolov
brown-coal mining district. The research focusedtio@m various aspects of the ecosystem
development and the changes in the ecosystemgteutas been conducted here for already
more than two decades. The simple fact of the satlesand climatic homogeneity of the
whole area allows us to dissociate the impact & éxternal factors on the intended
ecosystem characteristics and to follow the corsecgs of the plant introduction into the
barren substrates. That makes this area uniqugraadly valuable for examination of effect
of vegetation on soil.

The area stretches over more than 9000 ha, attthelea of 450 — 520 m a.s.l., with
mean annual precipitation 650 mm and mean annumpdmture 6.8°C. The substrate
deposited is tertiary clay that consists of catdinmontmorilonite and illite, with initially
alkaline pH 8-9; spoil materials were further ingmated by calcite, siderite and by fossil
organic matter, mainly type Il kerogen (Rojik, 20®4udrak et al., 2010). After heaping, the
soil horizon has not been developed neither orredfed nor spontaneously revegetated plots
since the soil conditions (such as the low nutreamitent) were highly unfavourable.

None of previously described adjustment of the eatsd substrate had been used in
the case of our experimental area except that gfagpoil heap intended to the assisted
afforestation. Here, the surface soils were ledellg earthmoving machinery before trees
were planted unlike to the surface soil of plott fer spontaneous succession, where this
treatment was not applied and were characterizddrigitudinal depressions and elevations.
Previous studies demonstrated that the depressiers hotspots of soil microbial activity
since their microenvironment exhibited smaller hdityi variations (Frouz and Novakova,

2005).
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The afforested area covers the most of the spalp hend the study area thus
developed into a mosaic of forest patches, plaate@d reclamation measure in a way that
individual tree patches are randomly spread overhap. This gives a “common garden”
experiment of a landscape dimension. The reclaipledtations, each dominated by one or
two tree species of one genus: Alnus (Al)us glutinosa andAlnus incana; Larix (L), Larix
decidua; Picea (Pc)Picea omorica andPicea pungens; Pinus (Pn)Pinus contorta and Pinus
nigra; Quercus (Q)uercus robur; and Tilia (T),Tilia cordata. Small parts of the heap had
not been reclaimed and at various times it wastteffpontaneous development. At the sites
left to spontaneous development, vegetation wagrdabgduring the initial stages of soil
development. Vegetation cover developed graduaftgrab years of the ecosystem
development. Herbs and grasses (ma@dlamagrostis epigeios) were present on the plot at
12 years, shrubsSélix caprea) at 21 years and tree coveBe{ula spp. and Populus
tremuloides) at 45 years. Shrubs shaded nearly the entiressdéce, resulting in a weak herb
and grass cover. When the shrubs developed intorestf the herb and grass cover
reappeared.

Substrate conditions were homogeneous across nfioteocarea in all measured
aspects into the depth of 0.75 m (Sourkova et28I05), with negligible initial microbial
activity and very low content of organic carbonptdint origin (Elhottové et al, 2006; Frouz
and Novakova, 2005; Helingerova et al., 2010). Hawe the rate of accumulation of
nutrients increased with time as vegetation deaoSourkova et al., 2005b). For instance,
the organic C content in the topsoil layer at thecessional sites increased form 2.9% (early)
to more than 5.7% (middle) and then to 7.7% (l&#8lingerova et al., 2010). Along the
increasing nutrients contents and nitrogen avaditgpthe activity of decomposition-related

extracellular enzymes positively correlated (Baldret al., 2008).
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At the sites of study area, the amount of carbogoih depends on the aboveground
plant biomass than on the quantity of litter beeah®re are huge differences in the fate of the
senescent plant material. In fact, the litter whilgher N content and soils with low C:N
exhibited higher activities of extracellular enzyagndigher activities of soil fauna and the
undeveloped organic horizon layer, but developeghmmo-mineral soil horizon (Baldrian et
al., 2008; Frouz et al., 2009).

All surveyed processes of soil formation and ecesysdevelopment were greatly
subject to the prevailing vegetation type or domingegetation tree species even if to some
extent may be affected by the understorey vegetatimose cover ranges from 16% at the
Tillia plots to 51% inPinus andQuercus plots; and undeAlnus, the understorey vegetation

covers 100% of the soil surface (Mudrak et al.,®01
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Aims

Despite the wide acceptance of the existence ohtkeactions among plant traits and
microbial community structure ( Aponte et al., 20G3ayston et al., 1998; Hackl et al., 2004,
Hobbie et al., 2006; Ushio et al., 2008), thereusently a little knowledge about the extent
to which tree species affect the diversity andcstme of bacterial and fungal communities in
the soil horizon. Previously published studiesaten limited by used methods with the low
phylogenetic resolution, such as the comparisdPL&fA profiles, or they consider only a part
of the microbial community (typically only bacterta only fungi) or their interpretation is
limited by the experimental design, i.e. low numbgreplications or the inability to exclude
tree-independent external factors (Prescott ang<sBra, 2013).

Also the processes characterizing the spontanewagetation and natural succession
are more frequently studied in the alpine and padgions, but not at the temperate zones due
to the limited occurrence of suitable experimeptats. There is thus a lack of data about the
effect of changes in vegetation cover on the smmbkgstem.

This work was carried out to broaden the existimpwdedge about the effect of
different types of the vegetation on soil propertienicrobial processes and microbial
communities using bacterial microarray, high-thigugt sequencing methods, phospholipid
fatty acid (PLFA) analysis, enzyme assays and gasntatography to explore the possible
ecological role of microbes in the studied ecosyste

The aim of the first study was to describe the twment of the bacterial
communities in the soil along the spontaneous retatign series and to compare them with
the bacterial communities from the plots plantethwinus in order to evaluate the success of
the natural revegetation. Due to the fact thafolhats can shape the composition of microbial

communities in soil, it was expected, that thecttree of bacterial community from the initial
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pre-plant stages of the succession will be mogindisfrom the rest of the sites which were
either colonized by pioneer plants or the shrubd dominant trees were developed. We
hypothesized that the development of bacterial canmiy along the primary succession
chronosequence will be influenced by vegetationrwbensidering the importance of plant
litter chemistry and rhizosphere effects (Hartmahml., 2009). The transitions of key plant
species will result in the discontinuous developmeh bacterial community, which will
reflect vegetation traits of the site specific adée relative importance of the gradual
accumulation of organic matter and changes inck@mistry will be likely less important.

The aim of the second study was to track the chagéhe chemical composition of
different litter types corresponding with the eartyiddle and late stage of succession and the
experiment had been conducted at the same suatalssaries as the previous work. In the
two years experiment, it was identified which pndigs of the litter most probably affected
its decomposability and transformation and how eheshanges influence microbial
abundance, their composition and activity. Here, hypothesized that plant litter with the
higher nutrient content and lower content of thealetrant biopolymers such as lignin will
support larger biomass of soil microorganisms axtbat higher activity of decomposition-
related enzymes resulting ultimately in fastergatedecomposition.

The aim of the third and fourth study was to eveduhe effect of the dominant tree
species on the microbial activities and the diwgrand structure of the bacterial and fungal
communities both in the litter layer and the saitlaalso to examine seasonal dynamics of
their abundance and the activities of extracellelarymes. The sites, where the studies were
conducted, were 22-33 years old and had been isttathlon the same initial substrate by
planting with six tree genera or leaving for spoeiaus revegetation. It was hypothesized that
the effects of vegetation on extracellular enzyravily will be more pronounced in soil

where the accumulation of nutrients and plant-geproducts leads to the development of
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plant-specific organic matter and where the miabbommunity contains a large proportion
of specific, root-associated microbiota (Hartmanale 2009). In addition, we expected that
the effect of vegetation will more affect fungalnmmunity composition than bacterial

community composition both in the litter and in g@l. Since fungi as primary decomposers
of litter biopolymers should more reflect the prams of litter and also mycelia of root-

symbiotic fungi are common that extend from plats. Due to the complex nature of plant-
symbiotic plant-fungal symbiosis, which bacteriassisymbiotic fungi are expected to be
more plant species-specific and this higher levelpecificity should be still detectable in the
bulk soil. Bacteria are, on other hand due to thevauling unicellular bacteria, doom to

inhabit single soil niches of a very small scaleg\et al., 2013) that often have no direct

connection to the plant root or the rhizosphere.
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List of methods

Soil sample collection

Enzyme assays

Quantification of microbial biomass

DNA extraction

Polymerase Chain Reaction

Library preparation for tag-encoded amplicon pycusacing
Bioinformatic analysis of pyrosequencing data

Statistical analysis
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Discussion

This work summarizes the observations about theceff the dominant vegetation
types on the composition of soil microbial commigsit soil microbial processes and soil
characteristics at the post-mining sites in thedBokbrown coal mining district. In this area,
the different tree species as well as spontanealelgloped vegetation were employed as a
measure of rehabilitation of the excavated spotiena. As the research has been conducted
in this area for the several decades with the eff@rmonitor the processes dé novo
developing ecosystems, two types of the researots plere created as results of different
restoration approaches. The experimental plotheafdrest patches which are similar to the
commercial forest monocultures allow us to study effect of individual tree species on soil
biotic and abiotic properties, while the plots &k tspoil heaps left for spontaneous
development allow us to monitor the processes ohany ecosystem succession and the

effects of a more complex vegetation cover.

In the recent past due to the increasing pace efglbbal climate changes, the
succession processes began to be massively studibe alpine and polar regions at the
forefields of the receding glaciers (Bardgett andlkigr, 2004; Kastovska et al., 2005; Noll
and Wellinger, 2008). The succession in these ates)s is substantially governed by the
harsh climate and physical constrains of the expasbstrate (Schmidt et al., 2008) as well
as by strong nutrient limitation which all togethererfere with successful vegetation
establishment and slow down the potential ecosysderelopment (Fierer et al., 2010).
However, once the plant colonization at these stads, vegetation becomes an important
factor determining the ecosystem development peasesApart from that, the post-mining
sites as well as coastal up-lifts or sites affedigdsolcanic eruptions represent ecosystems

where the impact of climate and physical propemiethe barren substrates on the trajectory
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of succession is rather minor or reduced by redffifast vegetation establishment. The
subsequent changes in vegetation cover and inogeasitrient availability belong to the

drivers of the successional processes at these(BieeKovel et al., 2000; Merila et al., 2010;
Pennanen et al., 2001). Specifically, the postingrsites due to their vast distribution in the
region of the Central Europe and temperate zoneesept the convenient model for the
tracking of the impact of the gradual developmdrthe natural vegetation on the ecosystem
succession. Unlike the forest monocultures, whieeeidividual tree species affect the soil
environment from the initial point, successionab®stem development is impacted by

changing, but complex vegetation.

The soil structure and the nutrient deficiency,abbt nitrogen, belong to the main
constrains of the immediate plant colonizationwls shown that soils with low C:N are
typically readily colonized (Chodak et al., 2008)domparison to the clayey substrates with
the initially high C:N ratio (Knelman et al., 201Kastovska et al., 2005; Knelman et al.,
2014). Similarly unfavourable properties charaeteralso the barren substrates of our
experimental area. Here, the first herbaceous plsimbwed up after 6 years since the heaps
formation and low nitrogen content, high pH andhpact structure of deposits consisting of

clay were considered to be the main reason ofatieedrrival of plants (Paper 1).

Independently on climatic zones, the exposed satiestr undergo predictable
successional changes with similar patterns. Thhaages are mostly caused by the gradual
accumulation of soil organic matter of plant origkrouz et al., 2009). With the age of the
sites, substrate pH typically decreases, whilegaii ratio increases together with the nutrient
content and their availability (Baldrian et al. 080 Frouz and Novakova, 2005; Chodak et al.,
2009; Kastovska et al.,, 2005; Noll and Wellingef02;, Pennanen et al., 2001). The
composition of the soil biota changes as well. Mlidal biomass and microbial activity

increase (Baldrian et al., 2008; Kastovska et28lQ5; Ohtonen et al., 1999; Tscherko et al.,
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2003; Pennanen et al., 2001; Merila et al., 20d0)ch seems to be apparently promoted not
only by the vegetation development (Bardgett andké&/a2004; Tscherko et al., 2005) but as
it was recently suggested also by the amount of dkailable nutrients alone. The

independence of bacterial community developmertheroccurrence of vegetation cover and
other factors was recently reported by Knelmanl.e(2914). The nitrogen and phosphorus
fertilization of recently deglaciated plots led tile massive acceleration of the bacterial
community development. However in nature, the puatridelivery into the soil in sufficient

amount is almost exclusively connected to platediinput, less to air deposition.

Results from the area of our study showed thatch@nges in the soil development
greatly depend on the occurrence and abundanckeoplants, are species-specific to the
certain extent and impact the soil microbial comityuromposition and their activities

(Baldrian et al., 2008) (Paper I, 11, 1lI, V).

The importance of the vegetation for the microlmammunity development in the
barren soils had been proven by the analysis ofrticeobial community structure along the
successional chronosequence established at thenpust sites. The non-vegetated plots
representing the initial stage of succession haeh mmpared with plots representing the
early, middle and late stage of succession. Thierdiit vegetation types characterized the
successional stages. Particula@y epigeios occurred at the early successional sites, at the
middle successional sites dominated shrubs compais8dcaprea, andB. pendula with P.
tremuloides grew at the late successional sites. The amoumiabbial biomass was strongly
affected by the vegetation. Fungi absented atrtitiali sites without vegetation cover. At the
early and middle stages of succession, the fungatdss increased and dropped substantially
at the late successional stage. Bacterial biomass higher than fungal along the whole
successional series, but notably dominated atnitialiand the late stages of succession. The

detailed analysis of the bacterial community susioesdemonstrated distinct composition on
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the sites without vegetation cover from the sité®ere the plants occurred (Paper I). This is
consistent with the theoretical predictions as \asllresults from other ecosystems (Fierer et
al., 2010). The substantial part of the bactemahmunity at the initial, pre-plant stage of the
succession in the study area was composed of théxdds. The importance of the
autotrophic microbial fixation of nitrogen had bedwcumented for the glacier forefields with
long-term absence of the vegetation cover (Fietenlg 2010; Kastovska et al., 2005;
Nemergut et al., 2007; Knelmann et al., 2012). pbeential appearance of,Nixers was
indicated by high signals of probes fo€yanobacteria and Rhizobiaceae and
Bradyrhizobiaceae, but also for the generghiobacillus and Acidithiobacillus, which were
typical for this site. Both genera are autotropkmd@) CO; using reduced sulphur compounds
as electron donors and oxygen or nitrogen oxidedes$ron acceptors (Robertson and Kuene,
2006). Indeed, the clayey material of the Sokolomandeposits exhibits suitable living
conditions. The higher water retention capacityhef clay (Sourkova et al., 2005b) with the
content of sulphur 0.31-0.33% may potentially foemaerobic conditions necessary for
sulphur oxidations with the sufficient source ofpswr. In addition, the fact that both genera
differ in pH optima being between 6 — 8 pH for tgilli and around 4 and less for
acidithiobacilli (Johnson et al., 2001; Johnson Hliadlberg, 2003) suggests the existence and
the importance of environmental gradients at therostructure level of the soil supporting
the microbial diversity (Vos et al., 2013). The g@ace of cyanobacteria, acidithiobacilli and
thiobacilli as N-fixing autotrophs in the non-vegetated soil cdnites to the accumulation of
both organic C and N and reduction of nitrogen aleficy for plants (Paper ). Bacterial
communities developed at the older successiored sinder different vegetation types did not
exhibit such profound differences (Paper I). Tlo@imposition was affected by soil chemical
properties such as pH or nutrient content, typeralironmental factors affecting bacterial

community structure (Lauber et al., 2009; Rousile2010).
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In the two-year litterbag experiment conducted l& successional plots, it was
observed, that litter chemical characteristics laighly dependent on the initial chemical
composition of the litter. The decomposition of ggditter with prevailingC. epigeios
senescent leaves collected at the early successsdrga, S caprea-dominated leaf litter
collected at the middle successional sites aret htith prevailing leaves d@. pendula andP.
tremuloides from the late succession site was followed tokithe changes in litter chemistry
along their decomposition. The initial chemical gasition of litter differed notably in pH,
nutrient content and their availability expressesl the cold- and hot-water-extractable
nutrients (Table 1, Paper Il). The highest amounbath hot-water-extractable and cold-
water-extractable available nutrients was foundhm litter of the middle successional sites
which lost the most of its dry mass during the tear. The initial composition of the litters
differed also with respect to the composition o€ tplant biopolymers as well as the
monosaccharide composition of plant polysacchariddse distinct composition of the
individual litters remained preserved and keptspecificity in the course of decomposition.
Thus, soil organic matter which is substantiallyred by decomposed and transformed litter
residues still carries the chemical legacy of titerland it is thus likely that the also the
composition of soils reflects largely the compasitiof vegetation (Quideau et al., 2001;
Thevenot et al., 2013) (Paper II). Interestinglycnobial communities were less responsive to
the litter composition specificity than it was egpel. The decreasing fungal abundance in all
litters through the decomposition process suggesigidthe decomposers rather reflected the
nutrient availability, i.e. the stage of decay rliae specific changes in litter chemistry (Paper
II). Glucose contained in cellulose disappearedefashan the monosaccharides within
hemicellulose which was in agreement with previobservations by Snajdr et al. (2011a) on
Quercus petrea litter. The results suggest that the initial cosipon of the litter as well as the

plant biopolymers determine the trajectory of teeamposition (Wickings et al., 2012).
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The soil properties, which are known to be under ithfluence of the dominant
vegetation (Menyailo et al.,, 2002; Augusto et &014) impact the composition of the
microbial communities inhabiting litter and soil r(i8kett et al., 2012; Fierer and Jackson,
2006; Fierer et al., 2009; Grayston and Prescf52Rousk et al., 2010;). However, several
reports referred also about the vegetation effiecteaas about the important factor explaining
the variability in the soil environment (Mitchelt al., 2012; Prescott and Grayston, 2013;
Ushio et al., 2010). Also, the existing reportsu®ed on the enzyme activities is soil were
often based on data from non-replicated standsn(Bawd Hrynkiewicz, 2006; Chodak and
Niklinska, 2010a; Niemi et al., 2007) and the effecvegetation on microbial activities was
thus difficult to distinguish from other potentfalkctors. The plots technically revegetated with
six different tree species (alder, larch, lime, ,opike, spruce) in the combination with the
middle stage site of the spontaneous successiamasequence dominated with willow were
choose for the evaluation of the tree species efflethe structure of the bacterial and fungal
communities and the activities of extracellularynes both in the litter and the soil (Paper
ll). Significant differences both in the enzymagctivities and the microbial community
composition as well as in the soil characteristicthe litter and the soils under different tree
species were discovered. The observed differemcastivities of extracellular enzymes were
affected by the nutrient content of the varioutedg. The fresh litter of the trees differed
substantially in N content (4-29 mg/g) as well las tontent of P and lignin (¥idkova et al.,
2011). The litters of broadleaved tree species withlow N content exhibited the lowest
enzyme activities. The enzymatic activities weraeagally higher in the litter layer due to the
higher nutrient content and availability, where #ativities were more affected by the tree
effect, than in the soil where the effect of stiemistry was the most significant determinant
(Paper Ill). Among the soil properties, pH and mas were previously identified as

important factors affecting enzyme activity (Baddriet al., 2008; Stursova and Baldrian,
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2011). Here, the effect of moisture was negliggrebably due to the homogeneity of the soil
substrate and low variation in the water contefihe spatial stratification of the enzymatic
activities and microbial biomass (microbial biomasss higher in the litter layer then in the
soil) was in the agreement with previous studiebjciv revealed the clear stratification
patterns in the soil biota composition and acegtdue to the decreasing availability of the
nutrients with the soil depth. Specific changesenbeen observed among fungi. While the
abundance of mycorrhizal taxa increases with thpthdesaprotrophic fungi disappear
(Baldrian et al., 2012; Lindahl et al., 2007; Smag al., 2008). The presence of the
mycorrhizal taxa in the deeper layer of the sotlizam is bound to the symbiosis with the
plant roots. Due to this association with rootsigal communities in soils should be more
affected by dominant vegetation than bacterial comtres which rather respond to chemical

properties of the soil.

Indeed, the detail identification of the bacteaatl fungal communities within the soil
profile under seven different tree species confarttee effect of trees as the most important
determinant of the fungal community compositiorthie whole soil horizon, while bacteria
were affected by the trees mainly in the litter é&ma lesser extent than fungi. In soil, the tree
effect on bacteria was mediated by soil chemicaberties, notably with pH and nutrient
content (Paper IV). The effect of soil pH is besidather factors the most important
determinant of the bacterial community compositworldwide (Fierer and Jackson, 2006;
Lauber et al., 2009; Rousk et al., 2010) and wastitied as one of the probable factors
shaping the development of the communities of bectd the successional plots at the post-

mining sites as well (Paper I).

Remarkable feature of the bacterial and fungatroanities which turned out in this
study is their distinct specificity to the dominamgetation type. While most bacteria did not

show specificity to one tree species, almost oivd tf soil fungi were exclusively associated
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with one or two tree species. This specificity iweal both root-symbiotic fungal taxa
(approximately 15% of the fungal sequences) as ageHiaprotrophs. Because of the sampling
of the bulk soil, the effect of the rhizosphere cait be considered as significant for the
composition of the bacterial and fungal communitresur study. However, the nonspecific
bacterial communities and partly specific fungalmoounities suggest the possible
contribution of rhizosphere effect. Due to the rfilentous form of mycorrhizal fungi, the
rhizosphere specificity is likely extended from ttezosphere to the bulk soil as proposed

previously (Buee et al., 2009a; Lundberg et all,2@Churchland and Grayston, 2014).
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Conclusions

Vegetation substantially affects the ecosystem ldpweent, soil biotic and abiotic
properties. The importance of bacteria in the mescef spontaneous succession has been
demonstrated. Bacteria dominated the initial, peedpstage of succession and also the late
stage. Fungi were virtually absent in the ecosydiefare the establishment of vegetation. At
this stage, bacterial autotrophic fixation is caldor initial nutrient deficiency of exposed

soil substrates and subsequent vegetation devetdpme

Litter decomposition along successive series of-posing sites is largely dependent
on the initial composition of litters. Interestigglinitial chemical differences among litters
were still apparent during decay. The soil organatter thus probably keeps the legacy of the
aboveground vegetation. Contrarily, changes in &lirgnd bacterial biomass did not reflect
the changes in litter chemistry, but responded utrient availability, therefore microbial
communities seem to be largely decay-stage-spedifie rate of decomposition of various
litter types correlated positively with the contof cold/hot-water-soluble C and N, not with

the activities of extracellular enzymes.

In a detailed study of the factors influencing thiegal and bacterial communities and
extracellular enzyme activities in litter and stiie tree effect has been revealed as their best
predictor. In fact, fungi and activities of mostt@cellular enzymes were more affected by
dominant vegetation type both in litter and thekladil than bacterial communities. Bacteria
were influenced by pH and nutrient content andttee effect on bacterial communities was
mainly observable in the litter. Fungi were alsosgly tree species-specific and the observed

specificity was not limited only to root-symbiofigngal taxa, but included also saprotrophs.
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Comparison of soil processes and microbial comnasideveloped at spontaneously
revegetated sites and technically afforested dlig@s1ot reveal any substantial differences in
examined aspects except the sites revegetated aldttr, because alder accelerates soill

development due to the production of nitrogen-tittér.

Although the results of this thesis have deepeited understanding of the plant
influence on soil environment, the proposed medmsiby which plants affect the soll
microbiota composition and their activities have e experimentally confirmed. Future
research should be focused on the detailed recograt the relationships between plants and
microbes and also the identification of the indiatl players of these interactions to answer
the question about who are the active and not@acidmmunity members and what are their

ecological requirements.
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Introduction

Abstract

Changes in the abundance of bacteria and fungi and in the composition of
bacterial communities during primary succession were investigated in a brown
coal mine deposit area near Sokolov, the Czech Republic, using phospholipid fatty
acids analysis, microarray and 16S rRNA gene sequencing. The study considered a
chronosequence of sites undergoing spontaneous succession: 6-, 12-, 21- and 45-
year-old and a 21-year-old site revegetated with Alnus glutinosa. During succes-
sion, organic carbon and the total nitrogen content increased while the pH and the
C/N ratio decreased. Microbial biomass and bacterial diversity increased until 21
years and decreased later; bacteria dominated over fungi in the initial and late
phases of succession. Bacterial community composition of the 6-year-old site with
no vegetation cover largely differed from the older sites, especially by a higher
content of Gammaproteobacteria, Cyanobacteria and some Alphaproteobacteria.
Bacteria belonging to the genera Acidithiobacillus, Thiobacillus and related taxa, the
CO, and N, fixers, dominated the community at this site. In the later phases,
bacterial community development seemed to reflect more the changes in soil
nutrient content and pH than vegetation with a decrease of Actinobacteria and an
increase of Acidobacteria. The site revegetated with A. glutinosa resembled the 45-
year-old primary succession site and exhibited an even lower pH and C/N ratio,
indicating that recultivation is able to accelerate soil development.

(Frouz et al., 2001; Frouz & Novakova, 2005; Sourkova et al.,
2005) and recent studies also focused on soil formation and

During open-cast coal mining, large amounts of spoil
material overlying coal layers are excavated and deposited
aboveground. Although this process often adversely affects
existing ecosystems that are either destroyed or buried under
the deposited spoil material, it also offers the possibility to
study primary succession processes at a substrate with very
low initial biological activity (Frouz et al., 2001; Frouz &
Novakova, 2005; Elhottova et al., 2006). For example, the
spoil material excavated from mines in the Sokolov area
mining district, the Czech Republic, comes from depths of
up to 200 m and contains only trace amounts of microbial
biomarkers or living microorganisms (Elhottova et al., 2006;
Chronakova et al., 2010). While the processes of soil forma-
tion in reclaimed postmining sites are known to some detail
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microbial activity (Baldrian et al., 2008), detailed studies of
microbial succession on postmining sites are scarce and
often limited to markers with low taxonomic resolution
such as the phospholipid fatty acids (PLFAs) (Baldrian et al.,
2008; Chodak et al., 2009; Elhottova et al., 2009). This is in
contrast to the primary succession of deglaciated areas in the
polar and alpine regions, where detailed studies exist (Noll &
Wellinger, 2008; Schmidt et al, 2008; Duc et al., 2009;
Yergeau et al., 2009).

Microbial succession on newly available substrates (e.g.
deposited sediments, lava flows or soils formed during
glacier retreat) is often subject to nutrient limitation (Fierer
et al., 2010) and that defines the probable directions
of microorganisms-catalysed processes. For example, N
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deficiency limitation of plant growth was demonstrated
from deglaciated soils and the vegetation establishment in
the later phases of succession was linked to the preceding
activity of N,-fixing microorganisms inhabiting the initial
ecosystems (Nemergut et al., 2007; Duc et al., 2009). Further
development of the ecosystems where organic compounds
become available during succession showed the important
role of extracellular enzymes in soil formation (Schipper
et al., 2001; Tscherko et al., 2004, 2005). Measurements of
microorganisms-catalysed processes using enzymes, how-
ever, offer only summary estimates on selected aspects of the
successional development of microbial communities and do
not identify the microorganisms involved, their diversity
and factors shaping their communities with time.

In our previous paper, which also considered some of the
study sites, we described the development of soil structure of
postmining deposits in the Sokolov mining area and char-
acterized the changes in the rates of enzyme-catalysed
reactions during spontaneous succession (Baldrian et al.,
2008). We showed that despite seasonal changes, affecting
mainly the fungal biomass in the ecosystem, enzyme activ-
ities in both the litter and the topsoil generally increase
with primary succession, but may decline at sites > 40 years
of age. The aim of this study was to assess the development
of bacterial communities along the succession with a specific
focus on the initial stage where the soil did not support plant
growth. We hypothesized that given the importance of plant
litter chemistry and rhizosphere effects (Hartmann et al.,
2009), the development of bacterial community during
primary succession will be mainly shaped by vegetation,
which, together with transitions of key plant species, will
result in discontinuous development of the bacterial com-
munity that will reflect vegetation traits of the site of specific
age. The relative importance of the gradual accumulation of
organic matter and changes in soil chemistry will be likely
less important. In addition to the primary succession
chronosequence, the analysis of a site reclaimed by revegeta-
tion with Alnus glutinosa has been studied to consider the
relative importance of succession age and vegetation cover
on soil development and bacterial community composition.

Materials and methods

Study site and soil sampling

The study was carried out at a large postmining area in the
Sokolov brown-coal mining district, the Czech Republic
(50°14'21"N, 12°39'24"E). The average altitude of the spoil
heaps is about 500-600 m a.s.l. The mean annual precipitation
is 650mm and the mean annual temperature is 6.8 °C
(Baldrian et al., 2008; Helingerova et al., 2010). This study
was performed on four postmining sites 6, 12, 21 and 45 years
old, covered by spontaneously developed vegetation, and a 21-
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year-old site revegetated with A. glutinosa. The spoil dumps
were formed by tertiary clay material with pH about 8; the
prevailing minerals were kaolinite, illite, calcium carbonate
and quartz. The surface was characterized by longitudinal
depressions and elevations formed during the spoil deposi-
tion. Consistent with previous studies, the depressions were
studied because these represent hotspots of soil microbial
activity and their microenvironment exhibits smaller humid-
ity variations (Frouz & Novakova, 2005).

The 6-year-old site had not developed vegetation cover.
Herbs and grasses (mainly Calamagrostis epigeios) were present
on the 12-year-old site, shrubs with prevailing Salix caprea
occurred on the 21-year-old site and tree cover (Betula spp.
and Populus tremuloides) had developed on the 45-year-old
site. Shrubs shaded nearly the entire soil surface at the 21-year-
old site, resulting in the virtual absence of the understorey.
When the shrubs developed into forest on the 45-year-old site,
dense grass and herb understorey appeared again. The site with
A. glutinosa had a sparse undergrowth of perennial herbs.

Soils were sampled in October in the period of greatest
microbial activity (Frouz & Novakova, 2005; Baldrian et al.,
2008). Six subsamples (soil cores of 45 mm diameter taken
at 2-m intervals) were collected from a single depression and
combined into one sample; three depressions were sampled
at each site. Soil was transported to the laboratory, and the
soil core material comprising the upper 5cm of soil after
litter removal was sieved through a 2-mm mesh, homo-
genized and frozen immediately. Samples for DNA extrac-
tion were stored at — 80 °C until extraction. Dry mass was
estimated after drying at 85°C to a constant mass. The
elemental composition of soils was determined in three
independent samples per site in an external laboratory using
the NC 2100 Soil Analyser (Thermo-Quest, Italia); the total
S content in the soil of the 6-year-old site was measured
using TOX100 Trace Sulfur Analyzer (Mitsubishi, Japan).
Soil pH was determined using an electronic pH-meterin 1 g
soil to 10 mL slurries in 1 M KCI.

Quantification of microbial biomass

The biomass of the total microbial community and its
bacterial and fungal parts were assessed by total PLFAs and
specific bacterial and fungal PLFA biomarkers, respectively.
The procedure of the PLFA analysis has been described
previously (Elhottova et al,, 2009). The bacterial (al5:0,
15:0, i16:0, 16:1w7, i17:0, 18:1w7 and cy19:0) and fungal
(18:26,9) PLFA bioindicators were selected according to
Frostegard & Baath (1996). The ratio of fungi-specific to
bacteria-specific PLFA (F/B) was also calculated.

DNA extraction and analysis

Total DNA was isolated from soil samples (0.3 g, fresh weight)
using the modified Miller method (Sagova-Mareckova
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et al., 2008), in which a phenol-chloroform approach is
combined with the addition of CaCl,, followed by purifica-
tion using the Geneclean Turbo Kit (Biogenic). DNA was
stored at — 20 °C before further analysis.

Bacterial diversity was assessed using a 16S rRNA gene
taxonomic microarray. The microarray contained 1033
probes and targeted 19 bacterial phyla in a hierarchical
structure (Kyselkova et al., 2009). The microarray has been
validated previously (Kyselkova et al., 2009). Probes were
custom synthesized (Eurogentec, Seraing, Belgium) with a 5’-
C6-NH,-group, allowing a covalent attachment onto alde-
hyde slides AL (Schott Nexterion AG, Mainz, Germany).
Spotting of slides was performed by the DTAMB/Génopole
Rhone-Alpes gene array platform at I[FR41, Université Lyon 1,
as described previously (Sanguin et al., 2006). Each probe was
replicated four times per slide. In this study, one microarray
slide was hybridized per sample. Briefly, the universal bacterial
primers T7-pA (forward: TAATACGACTCACTATAGAGA
GTTTGATCCTGGCTCAG) and pH (reverse: AAGGAGGTG
ATCCAGCCGCA) (Bruce et al., 1992) were used to amplify
16S rRNA genes from soil DNA extracts. Primer T7-pA
includes at its 5’-end the sequence of T7 promoter (in italics
above), which enabled a subsequent T7 RNA polymerase-
mediated in vitro transcription. Fluorescence labelling by in
vitro transcription was performed as in Stralis-Pavese et al.
(2004), RNA purification and fragmentation was carried out
as described by Sanguin et al. (2008). Overnight hybridization
at 57°C was carried out in a custom-tailored aluminium
block used as an insert for a temperature-controlled Belly
Dancer (Stovall Life Sciences, Greensboro, NC) set at maxi-
mum bending. Slide washing and handling were carried out
as described previously (Sanguin et al., 2008). The slides were
scanned at 532 nm with 10 pm resolution, using a GeneTac LS
IV scanner (Genomic Solutions, Huntingdon, UK). Images
were analysed using the GENEPIX 4.01 software (Axon, Union
City, CA). Data filtering was conducted using the r 2.2.0
statistical computing environment (http://www.r-project.
org). A given spot was considered hybridized when 80% of
the spot pixels had intensity higher than the median local
background pixel intensity plus twice the SD of the local
background. The intensity signals (median of signal minus
background) were replaced by their square root value and the
intensity of each spot was then expressed as a fraction of the
total intensity signal of the basic pattern it belonged to
(Sanguin et al., 2006). Finally, a given feature probe was
considered positive when (1) hybridization signals were
superior to the mean signal of the negative controls and (2)
at least three of four replicate spots were hybridized. The list
of probes is available in a previous publication (Kyselkova
et al., 2009) and at the ProbeBase site (http://www.microbial
-ecology.net/probebase/).

Isolated DNA from the 6-year-old site was used
for assessment via clone library analysis. PCR reactions
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targeting the 16S rRNA gene with the primers pA (forward:
AGAGTTTGATCCTGGCTCAG) and pH (reverse: AAGG
AGGTGATCCAGCCGCA) (Bruce et al., 1992) were used.
PCR reactions (25 uL) consisted of 1 x PCR buffer with
MgCl, (Roche), 200 uM dNTPs (Amersham Biosciences),
0.6 uM of each primer, 1.4 U of Fast Start High Fidelity DNA
Polymerase (Roche) and 1.2 pL DNA. Cycling conditions
were: 94 °C for 2min, 35 cycles (94 °C for 30s, 55°C for
1 min, 72 °C for 90s+1s per cycle) and 72 °C for 10 min.
PCR products were purified using the QIAquick PCR
purification kit (Qiagen) and cloned using a CloneJET PCR
cloning kit (Fermentas) following the manufacturer’s
instructions. Ligated plasmids were transformed into
Escherichia coli XL1-Blue cells by electroporation. Transfor-
mants were screened for insertion by colony PCR using
vector primers pJET1.2 F/pJET1.2 R. PCR products from 20
colonies per sample were used for single extension sequen-
cing from the primer pJET1.2 F by Macrogen Inc. (Korea)
using an ABI 3730 XL DNA Analyzer (Applied Biosystems,
Carlsbad).

Sequences were checked and edited using STADEN PACKAGE
version 1.7.0 (Bonfield et al., 1995). Chimeric 16S rRNA
gene sequences were identified using the chimera detection
programs BELLEROPHON version 3 (http://greengenes.Ibl.gov/;
Huber et al., 2004) and pINTAIL version 1.0 from Bioinfor-
matics Toolkit (University of Cardiff, Cardiff, UK; http://
www.bioinformatics-toolkit.org/; Ashelford et al., 2002),
and putative chimeric clones were discarded. Sequence
affiliation of the 53 nonchimeric sequences was performed
using the Ribosomal database project classifier tool (http://
rdp.cme.msu.edu/classifier/; Wang et al., 2007) and algo-
rithm BLASTN with default parameters at NCBI Brast (http://
www.ncbi.nlm.nih.gov/blast/Blast.cgi). The sequences are
available at GenBank (accession nos JF267661-JF267713).

To quantify the abundance of Acidithiobacillus ferro-
oxidans at all sites, QPCR was performed with species-
specific primers F1_Thio (ATGCGTAGGAATCTGTCTTT)
and R1_Thio (GGACTTAACCCAACATCTCA) and univer-
sal bacterial primers 1108F (ATGGYTGTCGTCAGCTCGTG)
and 1132R (GGGTTGCGCTCGTTGC) as described pre-
viously (Escobar et al., 2008; Vétrovsky et al., 2010). Ampli-
fications were performed on a StepOne Plus cycler (Applied
Biosystems) using optical grade 96-well plates. Each 20-pL
reaction mixture contained 10 uL SYBR Green Master Mix
(Applied Biosystems), 0.9pL bovine serum albumin
(10mgmL™"), 1.35uL of each primer, 1.5uL of template
and 6.1 pL of water. The PCR cycling protocol for bacterial
DNA quantification was 56 °C for 2 min; 95 °C for 10 min;
and 95°C for 15s/60°C for 1 min (40 cycles), and for
A. ferrooxidans, it was 56 °C for 2 min; 95 °C for 10 min;
and 95 °C for 1 min/58.5 °C for 1 min (40 cycles). Genomic
DNA from Streptomyces lincolnensis DNS 40335 and
A. ferrooxidans CCM3973 were used as standards.

© 2011 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. All rights reserved


http://www.r-project.org
http://www.r-project.org
http://www.microbial-ecology.net/probebase/
http://www.microbial-ecology.net/probebase/
http://greengenes.lbl.gov/
http://www.bioinformatics-toolkit.org/
http://www.bioinformatics-toolkit.org/
http://rdp.cme.msu.edu/classifier/
http://rdp.cme.msu.edu/classifier/
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi

62

Statistics

Statistical tests were conducted using the software package
sTaTISTICA 7 (StatSoft). Differences between groups were
tested by a one-way aNova, followed by Tukey’s post hoc test.
Principal component (PC) analysis was used to analyse the
differences in the response of microarray probes and cluster
analysis with 1-Pearson r as a distance measure was used to
evaluate the similarity of microarray data among samples.
PC analysis of hybridization data was performed with Ape-4
(Thioulouse et al., 1997) in the R environment (http://www.
r-project.org), based on the correlation matrix. This was
followed by a comparison of the treatments by one-way
ANovA along each of the first two coordination axes. The
correlations between microarray data and soil pH, contents
of organic C, total N and K were tested using Spearman’s
rank correlation coefficient of the distance matrices. Mantel
test (or null correlation of the Spearman’s correlation
coefficient) was used to conduct a formal test of the null
correlation against a positive correlation. The correlations
between soil characteristics were assessed using Pearson’s
correlation coefficient. In all cases, differences at P < 0.05
were regarded as statistically significant.

Results

Soil properties and microbial biomass at the
studied sites

Soil properties changed substantially along the chrono-
sequence of the studied sites, ranging from the nonvegetated
6-year-old site over the 12-year-old site covered by grasses to
the shrub and tree-covered sites developing for 21 and 45
years since their establishment. Most notably, the organic
carbon and total nitrogen content increased by factors of
two and three, respectively (Table 1). The soil C/N ratio
decreased from > 100 in the 6-year-old site to 60 in the
oldest site and pH of soil decreased with site age. The site
covered with A. glutinosa after 21 years from revegetation
exhibited the highest N content (approximately twice as
much as the 21-year-old site undergoing primary succes-

Table 1. Properties of postmining sites undergoing primary succession
and of the site reclaimed with Alnus glutinosa

M. Urbanova et al.

sion). The Alnus site also showed the lowest C/N ratio and
more acidic pH than the sites of the primary succession
series (Table 1). Soil pH was negatively correlated with
organic C and N contents and a positive correlation between
N and C contents was also observed.

Microbial biomass increased from 12 nmol PLFA g™ soil
dry mass at the 6-year-old site to 187 nmolg ' at the 21-
year-old site and declined later to 116nmolg ' at the 45-
year-old site. The same development was also observed for
the bacteria-specific PLFA with the initial concentration of
5.1nmolg ' and a peak concentration of 75nmolg . The
development of fungal biomass was slower in the beginning
of succession, where only 0.6nmolg ' of fungi-specific
PLFA and a low F/B ratio were recorded at the 6-year-old
site. The soil at the youngest site was thus highly dominated
by bacteria. Fungal biomass sharply peaked after 21 years,
with 22 nmol gfl, as well as the F/B ratio with 0.29. The
Alnus site had 2.5 X less total microbial biomass than the 21-
year-old primary succession site and showed the highest
relative amount of bacterial biomass (Fig. 1).

Bacterial community development during
primary succession

The microarray analysis of bacterial communities showed
clear distinctions among the sites of different succession
ages. In the PC analysis of microarray data, the 6-year-old
site was most dissimilar from the other sites, significantly
separated along the first axis that explained 47% of the total
variability. Older sites were significantly separated only
along the second PC axis, explaining 15% of the total
variability of hybridization signals among biological repli-
cates (Fig. 2). The three plots of the A. glutinosa site differed
in its community composition, but were close to the plots
of the 45-year-old and 21-year-old sites of the primary

Site pH (KCI) Corg (%) Niot (%) CN

6 years 74+0.1a 15.24+0.3d 0.15+0.01d 101.3
12 years 69+0.1b 169+0.0c 0.17+0.01d 99.0
21 years 6.3+£0.1c 232+0.1b 0.33+0.03c 70.3
45 years 6.2+00c 296+06a 052+0.05b 59.9
Alnus glutinosa  5.7+0.3d 24.6+23b 0.63+0.04a 39.1
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The data represent the averages and SDs of three replicate measure-
ments. Different letters denote statistically significant differences
(P < 0.05).
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Fig. 1. Microbial biomass content on postmining sites undergoing
primary succession and on the site reclaimed with Alnus glutinosa. The
data represent the averages and SDs of three replicate measurements.
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Fig. 2. PC analysis of hybridization data obtained from postmining sites undergoing primary succession and on the site reclaimed with Alnus glutinosa.
(a) PC coordinates of individual sites: 6 years (triangles), 12 years (squares), 21 (pentagons) and 45 years (circles) and the site reclaimed with A. glutinosa
(open pentagons). Numbers indicate individual plots within the sites. (b) The corresponding results for individual probes.

succession chronosequence. The relationships between the
soil characteristics and microarray community profiles
revealed a strong effect of soil pH (P < 0.001) and organic
C content (P=0.003); yet the effect of N content on the
community composition was not significant (P=0.069) in
spite of its correlation with the organic C content.

In a total, 246 probes yielded a significant signal in at least
one of the studied sites. In the primary succession series, 228
probes were positive. The diversity of bacterial community
estimated indirectly as the number of positive probes
increased during succession from 70 at the 6-year-old site
and 134 in the 12-year-old site to 179 in the 21-year-old site;
155 positive probes were recorded at the 45-year-old site.
Out of the probes occurring in the succession series, 31%
were positive at the youngest site, while 79% were positive at
the most diverse 21-year-old site. The site reclaimed with A.
glutinosa showed 185 positive probes, 18 of which were not
found in the primary succession series, but all of these were
probes with low response. According to the results of cluster
analysis, the composition of bacterial community at this site
was most similar to the oldest site of the primary succession
because the samples from these two sites clustered together.
This was also supported by the fact that the PC analysis
positions of samples from the Alnus site were significantly
different from the samples of the 21-year-old site, but not
from these of the 45-year-old site, along the second PC axis.

A total of 129 probes in the primary succession series
showed statistically significant differences in the relative
intensity with time (Table 1; Supporting Information, Table
S1). Sixteen probe signals out of the total of 70 (i.e. 23%)
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were only recorded at the nonvegetated, 6-year-old site. Out
of these, probes Propb3 specific for Propionibacterium and
CaulolA (Caulobacteraceae) showed strong signals. The 12-
year-old site had only 10 site-specific probes, none of which
exhibited high intensity. At this site, the probes for Chloro-
flexi and several Betaproteobacteria (Janthinobacterium, Her-
baspirillum and Nitrospira) were more intensive than at the
other sites. Thirty-five probe signals (19%) were only
recorded at the richest 21-year-old site, among which the
probes Alcalb and Alca2 for Alcaligenaceae showed the
strongest signal. The probes for Rhizobiaceae, Bradyrhizo-
biaceae and the genus Agrobacterium were highly intensive at
this site. At the oldest site, 18 probes were site specific, but all
of them showed a low signal intensity and while the signal
intensities of most dominant probes were similar to the 21-
year-old site, Bacteroidetes probes were increased here (Table
S1). The site reclaimed with A. glutinosa exhibited a similar
hybridization pattern for most probes with the oldest site of
the spontaneous succession series. The major differences
were found in probes for Pseudomonas spp. that were more
intensive here than at the late succession stage sites and the
high intensity of probes targeting cluster 6 Acidobacteria at
this site with the most acidic soil.

Bacterial community in the initial succession
stage

As mentioned above, the bacterial community at the young-
est site of the primary succession chronosequence with high
pH and undeveloped vegetation cover was largely distinct
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Q : > ; 2 Probe 6-years  12-years 21-years 45-years Alnus
&+ <
Acidobacteria M Acidunc 56¢c 18.2 b 244 b 250b 36.8 a
Acido-a 0.0d 16.0 ¢ 221 b 21.7b 37.0a
RhizoLCSA2 00c 29.0 a 10.7 b 3.9 be 5.4 bc
AcidoUnc3 0.0b 176 a 172a 195a 156 a
Acido-c 0.0c 153ab  146ab 201 a 126 b
Actinobacteria Propb3 219a 0.0 b 0.0b 0.0b 0.0 b
Kisp9 175a 11.8 ab 8.6 ab 77b 8.5 ab
HGC236-m 00c 226 a 14.2 b 109 b 20.1 ab
ActORD1 00d 316a 245b 163 ¢ 247 b
Bacteroidetes CFB562B 202a 1.4 b 16.3 ab 16.7 ab 10.6 b
Blatta1 8.0 ab 34b 9.1 ab 289 a 16.3 ab
Flavo2 0.0b 134ab 124ab 197 a 163 a
CFB562C 0.0 b 14.2 ab 19.2 a 290 a 19.5a
Cyanobacteria CYA664 46.5a 17.2 b 9.7b 146 b 10.5 b
Firmicutes LGC354B 192 a 73b 10.1ab 108ab 125ab
LGC354A 18.7 121 121 133 15.0
Bacflet 17.3 0.0 0.0 0.0 9.2
Bacpsf1 155 b 158 b 219a 20.0 ab 227 a
Chloroflexi CFX109 18.0 b 39.8 a 16.9 b 171b 187 b
Planctomycetes Plancto4-mB 23.1b 455ab 448ab 583 a 46.0 ab
Plancto9 17.7b 295a 281a 36.3a 326a
Plancto4-mA 175b 38.1a 375a 45.1 a 46.7 a
Plancto12 16.0 b 26.0 a 272 a 34.7 a 34.0a
PLA46 0.0 b 14.2 a 14.5 a 193 a 19.5a
EUB338II 00¢c 19.9 ab 189 b 247 a 222 ab
Alphaproteobacteria Alpha685 596 a 394 b 51.3 ab 421b 48.9 ab
Rhizo157 573 a 183 ¢ 378b 27.0 be 31.1c
Rzbc1247 418a 295b 458 a 28.8b 24.4b
Caubact1 383a 00c 104 b 00c 23c
Rhi 293 a 98b 28.1a 16.3 b 15.0 b
Brady4 274 b 282 b 67.6 a 52.8 a 532 a
Methylo1 255a 200 b 17.9 b 108 c 13.3 bc
Rgal157 21.3 ab 18.3 b 269 a 19.1 b 18.4 b
Caulo1A 209 a 0.0 b 0.0b 0.0b 0.0 b
Rhodobact1B 202¢c 240b 40.7 a 34.5 ab 33.4 ab
Brady6A 81c 12.5 be 341a 27.5 ab 27.4 ab
Rhodopseud 7.8 10.1 17.4 12.4 11
Aceto2 57b 14.9 ab 12.8 ab 172a 14.1 ab
Ochro3 0.0c 107ab 161 a 3.0 be 75b
B6-603 00c 10.5 b 19.8 a 10.0 b 12.0 b
Azo5 00¢c 153 a 12.8 ab 11.3 ab 106 b
Azol 00c 192a 14.9 ab 133 b 15.0 ab
Xan 0.0b 189 a 215a 16.5a 214a
Cow1 0.0 b 213 a 226 a 207 a 193 a
Gludi 0.0b 193 a 164 a 211 a 16.8 a
Acidocellat 0.0b 26.4 a 323a 275a 245a
Betaproteobacteria BET940 46.2 491 52.9 471 49.8
Beta2 16.6 ab 292 a 20.1 ab 19.3 ab 151 b
Pict 14.7 a 0.0 b 0.0b 0.0b 0.0 b
Beta3 139 b 221a 16.4 ab 14.8 ab 1.5b
Alcatb 0.0 b 0.0 b 171a 0.0b 0.0 b
Nit1A 0.0 b 6.5 ab 13.2 ab 6.0 ab 17.0 a
Janaga3 0.0 b 285a 39b 82b 22b
Herb1 00c 194 a 10.7 b 1.1 b 97 b
Burcep 0.0 12.6 9.9 14.9 7.4
Nso1225b 00c 241 a 17.7 b 18.6 ab 13.2 b
Nit1B 00c 335a 263 b 211b 239b
Nit1iC 00c 50.7 a 323b 300b 34.8b
Gammaproteobacteria Il Pseut 44.4 a 6.1c 104 ¢ 128¢c 229b
PseuD 429 a 181¢c 122¢ 149 ¢ 246 b
PseubC4-6 275a 68b 25b 91b 10.8 b
Deltaproteobacteria DSC193 241a 00b 00b 00b 00b
| Nancs8 46b  147a 84ab 122a  148a
[ ] Polycell 00c 165a  11.5b  11.8b 9.7b
Epsilonproteobacteria [l Wolin2 19.4 a 0.0b 43b 23b 41b
[ | B campy 13.9 17.7 14.3 16.4 16.1
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Most Actinobacteria

Actinomycetales
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Most C pted some ions) and some Cl

Firmicutes (excepted Clostridia, and some Lactobacillales)
Firmicutes (excepted Clostridia, and some Lactobacillales)
Bacillus flexus

Bacillus pseudofirmus

Most Chloroflexi

Most Planctomycetes

Gemmata cluster

Most Planctomycetes

Gemmata cluster

F L L and OP3 did
Most Planctomycetes

phylum

Most ia, most D and

irakense and A.
Caulobacter

Bradyrhizobiaceae
Methylobacterium
Some Rhizobit
Some Caulobacteraceae

and
Most Bradyrhizobium and Afipia
Rhodopseudomonas

Ochrobactrum

Agrobacterium (G1, G3, G4, G7), A. rubi, A. larry
Some i some spp., some
Some illum, some spp., some
Xanthobacter

Cowdria

Gluconacetobacter diazotrophicus
Acidocella/Acidiphilium

and some
spp., some
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i, some

spp., some spp.
spp., some spp.

C i and

Betaproteobacteria
Ralstonia pickettii
Betaproteobacteria
Alcaligenaceae
Most Nitrosospira
Janthinobacterium agaricidamnosum
Herbaspirillum
Some Burkholderia and some Herbaspirillum
i i idizing bacteria

Most Nitrosospira

Some Nitrosospira
Pseudomonas
Pseudomonas
Pseudomonas corrugata
Desulfosarcina
Nannocystis
Polyangium cellulosum
Wolinella succinogenes
Campylobacter

Fig. 3. Microarray analysis of bacterial communities in postmining sites for probes showing the highest response. Probe response intensity increases
from dark blue over red to yellow. Only probes with significant site age effect with abundance above 1.5% of the plate total at one of the sites. The
values for individual sites represent means of values from three replicate plots. Different letters denote statistically significant differences among sites

(anova, followed by the Tukey post hoc test, P < 0.05).

from the older sites. Microbial biomass was generally low,
but bacteria highly dominated over fungi, which demon-
strated their important role in the soil processes of the
young substrate. In addition to the low proportion of
positive probes, this site also exhibited a high percentage of
probes positive exclusively at this site (23% of the total). The
microarray analysis showed the presence of all major bacter-
ial phyla at the youngest site (Fig. 3). Acidobacteria were only
represented by one probe with a low relative signal intensity
(5.6 compared with 109.9/seven probes 6 years later) and
Actinobacteria by two probes. Probes targeting generally all
or most Bacteroidetes, Firmicutes, Chloroflexi, Alphaproteo-
bacteria and Betaproteobacteria were positive at the
initial site. The probes for general Cyanobacteria, the alpha-
proteobacterial genus Caulobacter and several probes for
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Gammaproteobacteria, especially those designed to target
Pseudomonas spp., were significantly more intensive here
than at older sites and contributed to the distinct localiza-
tion of the 6-year-old site plots in the PC analysis (Fig. 2).
Sequencing of cloned PCR products was used to further
characterize the bacterial community at the initial succes-
sion site. Actinobacteria were represented by five clones out
of the total of 53, of which three closely related ones
belonged to Acidimicrobiaceae, two sequences belonged to
Firmicutes and one to Gemmatimonadetes (Table S2). The
vast majority of clones — more than 80% of the total,
however, belonged to Gammaproteobacteria (28), Beta-
proteobacteria (14) and Alphaproteobacteria (3). Among
Betaproteobacteria, four sequences were identified as mem-
bers of the genus Thiobacillus. The Gammaproteobacteria
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were dominated by a large cluster with sequences identified
as Acidithiobacillus (22), showing that the bacterial commu-
nity at the 6-year-old site — despite the presence of members
of different microbial taxa — was highly uneven and domi-
nated by members of this single genus comprising 40% of all
clones. Within the genus, clone sequences formed separate
subclusters that clustered closely with sequences identified
previously as either the A. ferrooxidans, the Acidithiobacillus
ferrivorans or with sequences of uncultured acidithiobacilli,
while sequences related to Acidithiobacillus thiooxidans were
not recovered (Fig. S1). Another cluster within the Gamma-
proteobacteria comprised five clones with closely related
sequences showing similarity values of only < 95% for the
closest GenBank entries that likely represent a so far
unknown taxon. This group was probably responsible for
the positive signals of the probes PseuD and Pseul designed
to target Pseudomonas spp. (weighted mismatch 2.2,
AG® = —34.0kcal mol™! for Pseul, and weighted mismatch
2.5, AG®=— 42.4kcalmol ™ for PseuD). Quantitative PCR
showed that the A. ferrooxidans was virtually absent at other
sites than the youngest one. While the 6-year-old site
contained 0.052-0.143 ng A. ferrooxidans DNAng™" of total
bacterial DNA, at all other sites, A. ferrooxidans DNA was
never recorded in all samples and its content was always
< 0.0004 ng ng~" bacterial DNA.

Discussion

In the last decades, the study of succession processes in soils
became highly important in ecosystems that are vulnerable
to an increase of global temperature. These ecosystems
include the forefields of receding glaciers in different parts
of the world in both the mountainous and the polar regions
(Kastovska et al., 2005; Bardgett et al., 2007; Noll & Well-
inger, 2008; Duc et al., 2009; Fierer et al., 2010). Succession
in these ecosystems is severely shaped by the climatic factors
and often also by the specific physical quality of the substrate
(Kastovska et al., 2005; Schmidt et al., 2008). These extra
factors that, for example select the microorganisms able to
colonize drying surfaces or are prone to long-term freezing
and low temperatures, make it difficult to understand the
successional limitations imposed by the nutrient resources
of the ecosystem. In this comparison, the postmining sites
represent areas where the impact of climate and physical
properties does not impose major limitations and where,
thus, the nutritional factors are the main drivers of succes-
sional processes. Moreover, these ecosystems are quantita-
tively important in the Central Europe, where postmining
deposits are still being created.

While the succession on sandy postmining deposits with
a relatively high C/N ratio proved to be relatively fast and the
soil was readily colonized by tree species typical for the
climax ecosystem (Chodak et al., 2009), the fate of deep
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subsurface sediments deposited in brown coal mines of the
Sokolov mining area represents the situation where initial
plant colonization is very slow. The reason is that the
deposited clays exhibit a very high C/N ratio and are almost
devoid of microbial life, containing only around 0.54ngg "
PLFA, i.e. approximately 22 X less than the nonvegetated 6-
year-old site of this study. The fungal PLFA biomarker
18:216,9 was not detected in the initial material (Elhottova
et al., 2006). After the establishment of vegetation after > 8
years, the spontaneous succession proceeds through a series
of distinct vegetation communities. These changes are
accompanied by the accumulation and transformation of
organic materials in the topsoil, whose quality is vegetation
dependent (Frouz & Novakova, 2005).

Our results show that the initial changes in the soil
nutrient contents were relatively slow during the initial
phases of plant cover development between years 6 and 12
and accelerated later, which corresponded with microbial
biomass development. Also, the previous analysis of
enzyme-catalysed processes along the same primary succession
series of sites showed that the activity of decomposition-
related extracellular enzymes increased with site age to peak
after 21 years of succession as did the microbial biomass in
our study (in the case of B-glucosidase, cellobiohydrolase, -
xylosidase and arylsulphatase) or continued to increase until
45 years (N-acetylglucosaminidase and phosphatase). The
earliest succession stage exhibited very low enzyme activities
compared with the 12-year-old site. Consistent with the
absence of plant material left for decomposition, the activ-
ities of polysaccharide hydrolases were 14-35-fold lower at
the 4-year-old site than at the 12-year-old site; activities of
phosphatase and N-acetylglucosaminidase were lower by
factors of 4 and 8 (Baldrian et al., 2008). In most other
succession studies on poor substrates, microbial biomass
accumulated gradually over the entire period (Tscherko
et al., 2004; Fierer et al., 2010). Although the initial
appearance of vegetation seemed to promote microbial
biomass development in several succession series (Tscherko
et al., 2004; Kastovska et al., 2005), it was either negligible or
plant species dependent in others (Bardgett & Walker, 2004;
Tscherko et al., 2005). Here, the fastest increase of both total
microbial and bacterial biomass appeared during early
vegetation development from grassland to shrubland. The
probable cause is the rapid accumulation of soil organic
matter and N during this period. In the later phases of
succession, bacterial biomass slightly decreased, but fungal
biomass decreased rapidly, possibly due to the fact that the
decrease of the C/N ratio favoured bacterial taxa (de Boer
et al., 2005).

The number of positive microarray probes increased
rapidly until 21 years of succession and slightly decreased
later following the pattern of microbial biomass develop-
ment. The community inhabiting the 6-year-old site with
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barren soil showed a low amount of positive probes, with
many of them specific for this stage. Missing vegetation
cover pointed to nutrient limitation resulting in autotrophic
microbial succession as defined by Fierer et al. (2010). This
development is typically imposed by N availability limita-
tions to plant growth. The autotrophic succession is typi-
cally characterized by slow N accumulation by N,-fixing
microorganisms (Nemergut et al., 2007; Schmidt et al., 2008;
Duc et al., 2009).

At the 6-year-old site of our study, the potential appear-
ance of N, fixers was indicated by high signals of probes for
Cyanobacteria and selected Alphaproteobacteria including
the families Rhizobiaceae and Bradyrhizobiaceae. However,
the most striking feature of the site was the dominance of
bacteria formerly belonging to the genus Thiobacillus (now
Thiobacillus and Acidithiobacillus). Both genera are colour-
less sulphur bacteria using reduced sulphur compounds as
electron donors with oxygen or nitrogen oxides as electron
acceptors. While thiobacilli are obligate or facultative
autotrophs, the more frequently found acidithiobacilli are
obligate CO, fixers (Robertson & Kuenen, 2006). Sulphur
oxidation occurs at the oxidation front where sulphide and
oxygen coexist, for example in the anaerobic pockets of
sediments or wet soils. The clay material of the Sokolov
mine deposits exhibits a high water retention capacity with a
potential to form such anaerobic surfaces (Sourkova et al.,
2005) and contains considerable amount of sulphur; the
total S content in the soil of the 6-year-old site ranged
0.31-0.33%. While the neutral pH optimum for thiobacilli
between 6 and 8 is consistent with the soil pH of the 6-year-
old site, acidithiobacilli are obligate acidiphiles reported
from acidic mine drainage waters, biofilms or mine sedi-
ments (Johnson et al,, 2001; Johnson & Hallberg, 2003;
Macalady et al., 2007) with pH between 0 and 4. In such
highly acidic environments, A. ferrooxidans was reported to
dominate bacterial communities, with abundances ranging
up to 70% (Gonzalez-Toril et al., 2003; Mendez et al., 2008;
Yang et al, 2008). This study is the first report on
A. ferrooxidans being highly abundant in an apparently
neutral pH and indicates the probable existence of pH
gradients associated with acidic microniches (Robertson &
Kuenen, 2006). The presence of the neutrophilic Thiobacillus
seems to prove this concept of pH microvariation at the 6-
year-old site. It should be noted that the microarray
included three probes targeting the genus Acidithiobacillus,
Thio2, ACT465a and TF539 (Demanéche et al., 2008), but
the signal was not detected. While the first one targets a
specific Acidithiobacillus not present among cloned se-
quences, the other two probes showed high AG® values and
might thus have been insufficient for signal detection in
environmental samples (Kyselkova et al., 2008).

The clone sequences obtained from the early succession
site showed several clusters with close relation to A. ferro-
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oxidans, but also A. ferrivorans, a species with lower toler-
ance for extremely acidic pH (Hallberg et al., 2010). The
presence of Acidithiobacillus as an N,-fixing autotroph in the
nonvegetated spoil deposit soil should contribute to the
gradual accumulation of both organic C and N in the
ecosystem, alleviating its limitations for plant establishment.

During the primary succession in vegetated soils repre-
sented here by the 12-year-old, the 21-year-old and the
45-year-old site, we presumed that bacterial community will
exhibit both gradual changes as a consequence of changing
soil pH and the increase of N and the C/N ratio as well as
more abrupt changes caused by the changes of plant com-
munity composition and the effect of rhizosphere and
chemical traits of litter. Significant effects of plant species
on the amount and composition of microbial communities
were reported previously from glacier forefields (Bardgett &
Walker, 2004; Tscherko et al., 2005) as well as coastal uplift
sites (Pennanen et al., 2001; Merild et al., 2002, 2010)
representing chronosequences where pH decreases while
the C/N ratio changes in opposite directions. In our study,
the rhizosphere development and litter production changed
considerably. The root systems at the 12-year-old site were
exclusively formed by grasses and scarce herbs, at the
21-year-old site, the understorey was missing and the roots
of Salix and Populus were relatively scarce in the topsoil
horizon and the 45-year-old site comprised trees as well as a
rich understorey of grasses and herbs. The soil was also
subjected to different amounts of nutrients allocated via
roots and litter, respectively. The aboveground litter produc-
tion increased from 190gm ™ at the 12-year-old site over
770 gm > at the 21-year-old site to 510 gm > at the oldest
site (Chronakova et al., 2010) and it was 470gm_2 at the
Alnus site (Helingerova et al.,, 2010). Despite the above
differences, the changes of bacterial community composi-
tion revealed by the microarray analysis were rather gradual
and rarely concerned the probes with high intensity (Fig. 3,
Table S1). Statistical analyses showed that those changes
follow pH and C,,, content during soil development.

Soil pH tends to decrease during plant succession on
alkaline or neutral substrates (Pennanen et al., 2001; Tscher-
ko et al., 2004; Noll & Wellinger, 2008; Chodak et al., 2009)
due to organic acid production, the consequence of litter
transformation and production of these compounds by
saprotrophic litter-decomposing and mycorrhizal fungi
(Baldrian, 2008). pH was previously reported to be a major
factor influencing the composition and diversity of soil
bacteria (Lauber et al., 2009; Rousk et al., 2010). The shift
of pH in the succession series from 7.4 to 5.7-6.3 as seen in
our study may lead to significant changes in bacterial
diversity. Some important phyla, namely the Acidobacteria
and Actinobacteria, were reported to change their relative
abundances dramatically between these pH values (Lauber
et al., 2009).This is consistent with the increase of the signal
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intensity of probes targeting Acidobacteria and the decrease
of those targeting Actinobacteria along the decreasing pH of
the primary succession. The changes in soil pH and the C/N
ratio may also affect the composition of bacterial commu-
nities indirectly through their effect on fungi because pH
decrease tends to decrease the bacterial to fungal DNA ratio
while N enrichment acts in the opposite direction (de Boer
et al., 2005).

As an alternative to primary succession, reclamation by
planting the trees of A. glutinosa has been applied in the
Sokolov area. The idea behind the treatment is to fasten soil
development by the support of soil microbial community.
The reason for reclamation is the limitation of N in the
initial substrate, which can be potentially decreased due to
the activity of symbiotic N, fixers occurring on the Alnus
roots (Sourkové et al., 2005). This is supported by the
positive signal of the microarray probe Frankl6, targeting
Frankia spp., in two of three samples from the Alnus site.
Although the input of litter in the unreclaimed sites is not
lower than in the reclaimed sites, the microbial C content
development during the initial soil development until 15
years was found to be faster in the sites reclaimed by Alnus
than in the unreclaimed sites in a previous study of
Helingerova et al. (2010). Here, we show that after 21 years,
the C content is not substantially different among the sites,
but the N content is approximately twofold under Alnus.
This would be in agreement with a closer similarity of the
bacterial community composition at this and the 45-year-
old site likely due to the soil pH that was identified as the
most important determinant of bacterial community com-
position and is in line with the observation that the total
microbial biomass and the relative amount of fungal PLFA
were lower at the Alnus site than at the 45-year-old site. This
observation supports the results of statistical analyses
showing that soil pH and C,,, content significantly affect
bacterial community development and in this way the soil
nutrient content and pH, which are independent on the
actual composition of vegetation at the studied sites, are
likely of higher importance for bacterial community devel-
opment than the changes in vegetation cover.

In conclusion, our results show that bacterial commu-
nities are especially important during primary succession in
its initial and late phases, when they dominate over soil
fungi. The initial soil development is hindered by the long
absence of vegetation, the phase of autotrophic succession
when bacterial N, fixers increase the soil N content. Part of
this process might be performed by acidophilic Proteo-
bacteria belonging or related to Acidithiobacillus spp., be-
cause they dominate the early succession stage. After N
limitation is subdued, vegetation cover develops, which
brings about rapid changes in bacterial diversity and com-
munity composition. Further changes of bacterial commu-
nities seem to be mainly affected by soil pH and C,q
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content. Alnus glutinosa planting speeded up the pH
decrease and N accumulation in the soil. Thus, planting of
this tree species proved successful in terms of postmining
substrate recultivation. In the future, however, more re-
search would be still needed to assess the relative roles of
vegetation composition and soil development in the struc-
ture of bacterial communities and microbial processes in
soils.
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Abstract The aim of this study was to describe the decom-
position of litter along a successive series of sites developed at
a post-mining overburden deposit over 12, 21 and 45 years,
representing the early, mid and late stages of succession. Litter
decomposition was largely dependent on the initial composi-
tion of the litters. The tree litter of the mid and late stages
decomposed faster than the grass litter of the early stage, with
64, 60 and 35 % of mass lost over 2 years, respectively. The
contents of hot-water-soluble C and N, which were the best
predictors of litter decay rates, were relatively stable over time
in all litters. Neither the nutrient content nor the plant biopoly-
mer composition exhibited convergence during decay, indi-
cating that the litter-derived soil organic matter most likely
carries a legacy of the original vegetation. In contrast to the
litter chemistry, the development of the microbial community
was largely specific to the decay stage and consistent among
the litters, showing decreasing fungal dominance in time.
Extracellular enzymes were found to be of limited value in
the prediction of litter decay rates, chemical transformation or
microbial community composition.

Electronic supplementary material The online version of this article
(doi:10.1007/s00374-014-0905-z) contains supplementary material,
which is available to authorized users.

M. Urbanova - J. Snajdr - V. Brabcova - V. Merhautova -

P. DobiaSova - T. Cajthaml - P. Baldrian (D<)

Institute of Microbiology of the ASCR, v.v.i., Videnska 1083,
14220 Praha 4, Czech Republic

e-mail: baldrian@biomed.cas.cz

D. Vangk - H. Santrickova
Faculty of Science, University of South Bohemia, 370 05 Ceské
Budgjovice, Czech Republic

J. Frouz

Institute of Environmental Studies, Charles University in Prague,
Benatska 2, 12800 Praha 2, Czech Republic

Published online: 02 February 2014

Keywords Litter decomposition - Primary succession -
Microbial community - Extracellular enzymes - Vegetation
development

Introduction

During open-cast coal mining, large amounts of soil material
above the coal layer are often removed and deposited on spoil
heaps. The soil material excavated from the deep subsurface
typically does not contain organic carbon derived from recent
plant material decomposition (Baldrian et al. 2008; Sourkova
et al. 2005a; Urbanova et al. 2011). If left to develop on their
own, post-mining sites represent excellent models of de novo
soil formation not constrained by extreme climatic conditions
as are, for example, glacial retreat sites.

Soil formation typically depends on a complex interplay of
vegetation and soil biota. Vegetation affects soil development
both directly and indirectly. The direct effects result from root
growth, which supports the formation of soil pores and soil
aggregates (Angers and Caron 1998), and from the production
of aboveground and belowground litter and root exudates,
which greatly affect the soil organic matter content, chemistry
and soil structure (Brady and Weil 2008). The indirect effects
of vegetation on soils are mediated by the associated soil
microorganisms and soil fauna. While the microfauna is a
key player in decomposition, the soil fauna substantially af-
fects the soil structure by bioturbation (Frouz et al. 2007,
Lavelle et al. 1997).

It is well established that vegetation affects the composition
of microbial communities in the litter and in the soil (Grayston
et al. 1998), as well as their functioning (Snajdr et al. 2013).
The vegetation effects might be mediated by pH, soil organic
matter and nutrient stoichiometry (Kiikkila et al. 2006;
Quideau et al. 2001; Stursové and Baldrian 2011; Urbanova
etal. 2011), which are largely mediated by C allocation, either
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in the form of simple compounds delivered by plant roots or in
the forms of above- and belowground litter input. It is the
aboveground litter input in particular that affects soil forma-
tion as a source of the C accumulation in the upper organic
layers of soil.

Spontaneous development of ecosystems on barren soils
includes organic matter accumulation accompanied by suc-
cessive changes in vegetation, as well as changes in the
associated microbial community (Baldrian et al. 2008; Frouz
et al. 2008; Urbanova et al. 2011). Vegetation development at
post-mining sites starts with initial colonisation by individual
plants, followed by the development of herbal/grass vegeta-
tion and the establishment of woody species (Prach and Pysek
2001). These general trends are similar to those that occur at
other types of succession sites (De Kovel et al. 2000; Kirmer
and Mahn 2001; Pennanen et al. 2001) and can thus serve as a
model of ecosystem development. Vegetation development
also increases the microbial biomass in soils as demonstrated
by comparisons of barren versus vegetated soils (Bardgett and
Walker 2004; Knelman et al. 2012) and tends to increase the
fungal to bacterial biomass ratio (Bardgett et al. 2005).

The amount and quality of litter differs among plants
(Quideau et al. 2001; Shi et al. 2013). Part of the litter C is
lost as CO, from the ecosystem; considerable amounts of C
are incorporated into soil organic matter. In a recent study with
3C-poplar litter, over two thirds of C lost from the litter was
incorporated into soil organic matter (SOM) in a process
mediated by soil microorganisms (Rubino et al. 2010). Not
surprisingly, the SOM carries the legacy of the composition of
the litter, and the composition of the soils thus reflects the
composition of the vegetation (Quideau et al. 2001; Thevenot
et al. 2013).

The development of SOM from litter is mainly mediated by
soil microorganisms, which have been found to be essential in
leaf litter decomposition (Aubert et al. 2010; Héttenschwiler
and Jergensen 2010). Reports from post-mining sites show
that the dominant vegetation affects soil microbial community
composition and function (Chodak and Niklinska 2010;
Snajdr et al. 2013) and consequently the decomposition of
its own litter. However, previous studies also showed that
these effects are not mediated by the bulk chemistry of litter
(Snajdr et al. 2013) and that the minute vegetation-specific
chemical differences, including, theoretically, the composition
of biopolymers (e.g. polysaccharides, pectins or lignin) in the
litter (Talbot and Treseder 2012), may be important for the
litter decomposition process.

The goal of this study was to describe the transformation of
litter along a successive series of sites developed at a post-
mining overburden deposit site and to identify which proper-
ties of litter most affect its transformation during decomposi-
tion and the associated microbial community and how this is
reflected in soil development described in previous studies
(Baldrian et al. 2008; Urbanova et al. 2011). The present study
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was unique in that it combined the analysis of nutrient content
and availability with a detailed analysis of the composition of
plant biopolymers contained in the litter. We hypothesised that
plant litter with higher nutrient content and lower content of
the recalcitrant biopolymers such as lignin will support larger
biomass of soil microorganisms and exhibit higher activity of
decomposition-related enzymes resulting ultimately in faster
rates of decomposition. Due to the limited amount of nutrients
in soils of the early successional stages, N or P content can be
limiting for the decomposition of the early stage litter while
the effects of the successional stage on the lignin content are
difficult to predict. Early, middle and late succession stages
developed over 12, 21 and 45 years were considered. These
stages represented the transformation from grass and herbal
vegetation to shrubs and then to a young forest. The study sites
were extensively studied in the past, so the development of the
vegetation and soil is well known (Baldrian et al. 2008;
Helingerova et al. 2010; Kurdz et al. 2012; Mudrék et al.
2010).

Materials and methods
Study site and sampling

This study considered the chronosequence of three post-
mining plots 12, 21 and 45 years old, developed on the same
initial material (Frouz and Novakova 2005) and covered by
spontancously developed vegetation, located in the Sokolov
coal mining district (Czech Republic). The same sites were
used in a previous study of soil development (Baldrian et al.
2008). The altitude of the surveyed sites is 500-600 m a.s.L.
The mean annual precipitation is 650 mm, and the mean
annual temperature is 6.8 °C (Helingerova et al. 2010). Soil
dumps were formed by the same initial material of tertiary
clay with a pH of approximately 8. The prevailing minerals
were kaolinite, illite, calcium carbonate and quartz. The sur-
face, which was not levelled after the heaping process, is
characterised by longitudinal depressions and elevations.
Consistent with previous studies, the depressions were studied
because these represent hotspots of soil microbial activity, and
their microenvironments exhibit smaller humidity variations
than elevations (Frouz and Novakova 2005).

Vegetation cover developed gradually after 5 years of
ecosystem development. Herbs and grasses (mainly
Calamagrostis epigeios) were present on the plot at 12 years
(early), shrubs (Salix caprea) at 21 years (mid) and tree cover
(Betula spp. and Populus tremuloides) at 45 years (late).
Shrubs shaded nearly the entire soil surface, resulting in a
weak herb and grass cover. When the shrubs developed into a
forest, the herb and grass cover reappeared (Fig. 1) (Frouz
et al. 2008). The studied sites also differed in the amount of
aboveground litter input (early, 128 g m 2 year '; mid,
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184 g m 2 year ' and late, 314 g m > year ') and plant root
density (28.5, 1,050 and 520 g m * of the whole soil profile,
respectively) (Helingerova et al. 2010; Kuraz et al. 2012).

The previous year’s litter was collected at each site imme-
diately after litterfall (or senescence in the case of C. epigeios)
and allowed to dry in air at 20 °C. Litterbags containing 6 g of
air-dried autochthonous litter (10%20 c¢cm, 1-mm nylon mesh
size) were placed on the top of the litter horizon at each study
site in November 2006. The mesh size of the litterbags was
chosen to ensure a low level of potential mixing with
allochtonous material and to allow the activity of microbiota
and microfauna, the groups responsible for most of the litter
mass loss among the soil fauna (Aubert et al. 2010). At each
site, litterbags were placed within a layer of recent litter.
Litterbags were removed after 3, 6, 9, 12, 18 and 24 months
(seven litterbags per site at each sampling time) and used for
the analyses. The initial material was analysed in triplicate.

The collected litterbags were transferred to the laboratory
and processed immediately. The litterbags were cleaned and
opened, and the material in four of the litterbags was cut into
approximately 0.25-cm”® pieces and used immediately for
enzyme activity assays and phospholipid fatty acid (PLFA)
analyses. The remaining litterbags were used to measure the
loss of dry mass and the lignin content and to analyse the
polysaccharide composition. The dry mass content in all lit-
terbags was measured.

Litter chemistry

The dry mass of the litter was determined after drying it at
85 °C to a constant mass, and the pH was measured in distilled
water (1:10). The litter material was finely milled before the
subsequent analyses. The content of acid-insoluble residues
(the equivalent of “Klason lignin”’) was measured as the dry
mass of solids after hydrolysis with 72 % (w/w) H>SO, (Kirk
and Obst 1988).

The carbohydrate composition of hemicelluloses (includ-
ing pectin) and the concentration of cellulose were determined
from dry samples (10-20 mg in weight) collected after months
0, 6, 12 and 24. The concentration of neutral and acidic sugar
units in non-cellulosic polysaccharides was determined by
acid methanolysis, followed by gas chromatography (GC),
as described previously (Snajdr et al. 2011). The content of
hemicellulose was calculated by adding the contents of indi-
vidual sugars—arabinose, rhamnose, xylose, mannose, galac-
tose and glucose (except glucose contained within cellu-
lose)—and that of pectin, by summing the contents of glucu-
ronic acid, galacturonic acid and 4-O-Me-glucuronic acid.
The content of cellulose was determined from the concentra-
tion of glucose measured by GC after acid hydrolysis and
silylation (Sundberg et al. 2003). The amount of non-
cellulosic glucose determined by acid methanolysis was
subtracted from the concentration determined by acid
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hydrolysis to obtain the concentration of glucose units derived
from cellulose.

The analysis of extractable compounds was conducted
using samples reflecting 0—18 months of decomposition, as
described previously (Santriickova et al. 2006; Voiiskova et al.
2011). The available P (Pox) was determined by extraction of
0.5 g ofthe litter by 50 mL of acid ammonium oxalate solution
(0.2 M H,C,04+0.2 M (NHy), C,04 at pH 3). Water-
extractable compounds were extracted from the litter step by
step in cold water (CW; water/litter, 10:1, v/w, 30 min at
20 °C) and then by hot water (HW; water/litter, 10:1, v/w,
16 h at 80°C). The contents of extractable C and N were then
determined using a FormacsHT TOC analyser (Skalar, the
Netherlands), and the NH," and NO; contents were deter-
mined using a Tecator 5042 flow injection analyser (Foss,
Denmark). All results were expressed on a dry mass basis.

Enzyme assays

Homogenised samples of litter were extracted at 4 °C for 2 h
on an orbital shaker (100 rpm) with 100 mM phosphate buffer
at a pH of 7 (16:1 w/v), filtered through Whatman # 5 filter
paper and desalted using PD-10 desalting columns
(Pharmacia, Sweden), according to the supplier’s protocol,
to remove inhibitory small-molecular-mass compounds
(Snajdr et al. 2008).

Laccase (EC 1.10.3.2) activity was measured by monitor-
ing the oxidation of 2,2'-azinobis-3-ethylbenzothiazoline-6-
sulfonic acid in a citrate—phosphate (100 mMm citrate, 200mMm
phosphate) buffer (pH 5.0) at 420 nm (Bourbonnais and Paice
1990). Manganese peroxidase (MnP, EC 1.11.1.13) was
assayed using a succinate—lactate buffer (100 mM, pH 4.5).
3-Methyl-2-benzothiazolinone hydrazone and 3,3-
dimethylaminobenzoic acid were oxidatively coupled by en-
zymes, and the resulting purple indamine dye was detected at
595 nm (Ngo and Lenhoff 1980). The results were corrected
by the activities of the samples without manganese (for MnP):
the addition of manganese sulphate was substituted by an
equimolar amount of ethylenediaminetetraacetate.

Endocellulase (EC 3.2.1.4) and endoxylanase (EC 3.2.1.8)
activities were routinely measured with azo-dyed carbohy-
drate substrates (carboxymethyl cellulose and birchwood xy-
lan, respectively) using the protocol of the supplier
(Megazyme, Ireland). The reaction mixture contained
0.2 mL 2 % dyed substrate in a 200-mM sodium acetate buffer
(pH 5.0) and 0.2 mL of sample. The reaction mixture was
incubated at 40 °C for 60 min; then, the reaction was stopped
by adding 1 mL of ethanol, followed by 10 s of vortexing and
10 min of centrifugation (10,000xg) (Valaskova et al. 2007).
The amount of released dye was 595 nm, and the enzyme
activity was calculated according to standard curves correlat-
ing the dye release with the release of reducing sugars.
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Cellobiohydrolase (EC 3.2.1.91) activity was assayed in
microplates using p-nitrophenyl-{3-D-cellobioside (PNPC).
The reaction mixture consisted of 0.16 mL of 1.2 mM
PNPC in a 50-mM sodium acetate buffer (pH 5.0) and a
0.04-mL sample. The reaction mixture was incubated at
40 °C for 90-120 min. The reaction was stopped by adding
0.1 mL of 0.5 M sodium carbonate, and the absorbance was
read at 400 nm. 1,4-3-Glucosidase (EC 3.2.1.21), 1,4-f3-
xylosidase (EC 3.2.1.37) and 1,4-3-N-acetylglucosaminidase
(EC 3.2.1.52) activities were assayed using p-nitrophenyl-[3-
D-glucoside, p-nitrophenyl-{3-D-xyloside and p-nitrophenyl-
N-acetyl-[3-D-glucosaminide, respectively (Valaskova et al.
2007). Phosphomonoesterase (EC 3.1.3.1) was assayed using
2 g L™! p-nitrophenylphosphate in a 50-mM sodium acetate
buffer (pH 5.0), as described previously (Snajdr et al. 2008).

All spectrophotometric measurements were performed
using a microplate reader (Infinite, Tecan) or a UV-VIS
spectrophotometer (Lambda 11, PerkinElmer) and expressed
per gramme of dry mass of the litter sample. One unit of
enzyme activity was defined as the amount of enzyme releas-
ing 1 pmol p-nitrophenol per minute.

Quantification of microbial biomass

The samples used for PLFA analysis were extracted by a
mixture of chloroform-methanol-phosphate buffer (1:2:0.8),
according to Bligh and Dyer (1959). Phospholipids were
separated using solid-phase extraction cartridges (LiChrolut
Si 60, Merck), and the samples were subjected to mild alkaline
methanolysis, as described previously (Snajdr et al. 2008).
The free methyl esters of PLFAs were analysed by gas chro-
matography—mass spectrometry (Varian 3400; ITS-40,
Finnigan). The total content of all PLFA molecules (PLFAT)
was used as a measure of the total microbial biomass. The
fungal biomass was quantified as the 18:2w6,9 content
(PLFAF), and the bacterial biomass was quantified as the
sum of 114:0, 115:0, al5:0, 16:1w7t, 16:1w9, 16:1w7, 10
Me-16:0, i17:0, al7:0, cy17:0, 17:0, 10 Me-17:0, 10 Me-
18:0 and cy19:0 (PLFAB). The fatty acids found in both
bacteria and fungi, 15:0, 16:0 and 18:1w7, were excluded
from the analysis. The fungal/bacterial biomass (F/B) ratio
was calculated as PLFAF/PLFAB.

Statistical analysis

Statistical tests were conducted using the software package
Statistica 7 (StatSoft, USA). A one-way analysis of variance
with Fisher’s least significant difference post hoc test was used
to analyse the statistical significance of differences among
groups of samples, and Pearson’s correlation coefficients and
t values were calculated for linear regressions and general
linear models applied to assess the effects of multiple factors.
Differences and correlations at P<0.05 were regarded as

statistically significant. Principal component analysis was
used to analyse the variability in the relative contents of
individual PLFA molecules and in the chemical composition
of the litter during decomposition.

Results

The aboveground plant litter composition differed among the
sites. At the early site, the bulk of the litter (>90 %) was
senescent C. epigeios and at the mid site, it was almost
exclusively S. caprea leaves. At the late site, the litter compo-
sition was more diverse, with the majority consisting of tree
leaves of Betula and Populus and a small amount of senescent
herbs and grasses.

The differences in litter origin were also reflected in sub-
stantial differences in the initial litter composition (Table 1).
The litter from the mid site contained the highest amount of
both hot-water-extractable and cold-water-extractable avail-
able nutrients. Litter from the early site was especially low
in available Pox—three to four times less than the other two
litters. The litters also differed significantly in pH (Table 1,
supplementary Table S1). With respect to the content of plant
biopolymers, the grass litter of the early site was considerably
different from the other two litter types, with a high content of
cellulose and hemicelluloses and a low amount of pectin
(Table 1). In addition, the monosaccharide composition of
the hemicellulose was similar in the mid and late site litters
and differed from the early site litter, in which xylose was the
dominant monosaccharide (Fig. 2).

The highest loss of dry mass was observed at the mid site
(64+1 % after 2 years)—slightly but significantly higher than
at the late site (60+1 %) and substantially higher than at the
early site (35+1 %; Fig. 1). The mean turnover rates in the first
year were 0.25, 0.60 and 0.32 year " at the early, mid and late
sites, respectively. In the second year, the rates decreased at
the early and mid sites to 0.16 and 0.29 years ', while the
decomposition rate increased to 0.49 years " at the late site.

During decomposition, the quantity of hot-water extract-
able compounds peaked in months 3 through 6 and decreased
significantly afterward. In all phases of decomposition, the
mid site exhibited the highest Ny and Pox contents (Fig. 1).
The decrease in Ny was due primarily to the decrease in the
dominant Ny yw; the mineral forms NHyiyyw and NO3 _pyw
were not affected. The C/N ratio did not change significantly,
except at the early site, where it increased over time (Fig. 1,
supplementary Table S1). The relative contents of plant bio-
polymers in the litter also changed over time. The cellulose
content decreased substantially in all litters, with 13-36 % of
its initial mass remaining after 2 years. Hemicellulose degrad-
ed more slowly, with 27-46 % remaining after 2 years.
Notably, the composition of hemicellulose also changed over
time: while most of the xylose was removed, galactose,
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Table 1 Initial composition of plant litter from various stages of primary succession at post-mining sites

Early Mid Late
pH 5.4+0.0 c 6.7+0.0 a 6.5+0.0 b
PO, -P (ug g ") 62+11 c 248+16 a 17343 b
Cuw (g g™ 10,400+1,300 b 16,700+400 a 7,100+100 c
Nuw (ng g7 628+80 b 808+57 a 427+11 c
NH, " gw (ng gh) 52+6 b 12613 a 53+3 b
NO; pw (ng gh) 4404 b 8.0+0.5 a 1.9+0.1 c
C/N 16.6+0.4 b 20.6+1.6 a 16.6+0.4 b
C/P 168+12 a 67+2 b 41+1 c
Lignin (mg g ") 496+17 a 431+5 b 523+39 a
Cellulose (mg g ") 204+10 a 59+8 b 40+6 c
Hemicellulose (mg g ') 329+22 a 154+6 b 11643 c
Pectin (mg g ') 14+1 c 54+2 a 28+1 b

The data represent means and standard errors. Letters indicate significant differences among sites at P<0.05

mannose and glucose decreased substantially less (Fig. 2).
The rate of lignin decomposition differed among sites: while
its decomposition was as fast as that of the hemicellulose at the
late site, it decomposed slowly at the early and mid sites, with
64 and 58 % of the initial content still left after 2 years (Fig. 2).

Principal component analysis of the chemical properties of
the litters during decomposition clearly showed that the nutri-
ent contents separated the samples along the first canonical
axis, explaining as much as 66 % of the total variability
(Fig. 3). The samples were clearly grouped by litter type: the

100

mid site litter had the highest nutrient contents and negative
PC1 loads and the early site had the lowest nutrient contents
and positive PC1 loads. The second axis, which explained
another 15 % of the variability, separated the early samples
(months 3—6) characteristic with higher Ny w and Cyw,
from the late ones (months 12—18) with a higher pH and more
Niin-un- High enzyme activity and fungal biomass coincided
with the early stages of decomposition, while high microbial
biomass was associated with samples with high nutrient con-
tents (Fig. 3).
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Fig. 3 Principal component analysis of litter chemistry (a) and microbial
community composition (relative contents of individual PLFA mole-
cules) (b) during decomposition of aboveground plant litter at various
stages of primary succession at post-mining sites. PCA loads of analysed

The activity of all enzymes in all litters was high during a
short initial period (3—6 months) generally peaking at
6 months. The activity of most enzymes was higher in the
litters of the early and mid sites litters than in the litter of the
late site. Later, the activity of all enzymes dropped to much
lower levels. The initial period of high enzyme activity coin-
cided with an elevated content of fungal biomass. The litter of
the early site supported lower total microbial biomass than the
litters of the mid and late sites, particularly for bacterial
biomass in the second year of decomposition; on average,
the late site contained twice as much PLFAB as the early site,
and the mid site contained 2.6 times more than the early site
(Fig. 1). Neither the total biomass nor the bacterial biomass
exhibited significant trends over time, but fungal PLFA
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variables are in blue, and those of covariables are in red. Abbreviations:
bG beta-glucosidase, bX beta-xylosidase, CBH cellobiohydrolase, EC
endocellulase, EX endoxylanase, Lac laccase, MnP Mn peroxidase,
NAG N-acetlyglucosaminidase and PME phosphomonoesterase

decreased over time at all sites. While the F/B ratio was high
(5.8-8.7) after 3 months, it was only 1.7-2.2 after 24 months
(supplementary Table S1).

Cold-water-extractable C and N did not significantly affect
microbial biomass in the litter, in a contrast to the positive
effects of hot-water-extractable C, N and available Pox. Ny
and Pox, which most affected PLFA content, are not indepen-
dent. Therefore, general linear models were used to assess the
effect of these two variables on microbial biomass. In these
models, PLFAB was only significantly affected by Pox (R*=
0.140, P=0.003), while PLFAT and PLFAF were only signif-
icantly affected by Nyjw (R*=0.147, P=0.002 and R*=0.155,
P=0.002). Subsequent analyses of the effects of Pox, Ny piw
and N i, .irw indicated that PLFAF responds only significantly
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t0 Norg (R2=O.285, P=0.0008) and not to N,;,. All these
trends were significant for the whole dataset as well as for
the individual litters.

Principal component analysis demonstrated that the major
source of variability in the microbial community composition
among the litters was the time of decomposition. The first
canonical axis explained 57 % of the total variability, with
samples in the initial stages of decomposition having positive
loads and samples in the late stages having negative loads.
Interestingly, the composition of microbial community during
initial decomposition was similar among the litters and the
same was also true for microbial community after 2 years of
decomposition. The major trend in the data was due to the
gradual decrease in fungal biomass and the increase in bacte-
rial biomass. The secondary axis explained 15 % of the total
variability, distinguishing litter samples in later stages of de-
composition based on the composition of the bacterial com-
munity represented by various PLFA (Fig. 3).

Discussion

Soils developing on initial substrates tend to exhibit the same
trends in development, the most obvious of them being the
accumulation of C and N within the soil profile. This process
was also observed in the soil of the study area: the rates of
nutrient accumulation were initially high and decreased over
time (Sourkova et al. 2005b). At the sites considered in this
study, the organic C content in the top 5 cm increased from
2.9 % (early) to more than 5.7 % (mid) and then to 7.7 % (late)
(Helingerova et al. 2010). This accumulation is largely due to
the input of litter, which is one of the major sources of C and
other nutrients. The quantity and composition of litter sub-
stantially affects soil formation. Litter input varies with time,
depending on the vegetation: in the studied sites, litter input
increased substantially with site age. This is consistent with
the observed effects of the establishment of trees on sand
dunes, which increased C and N accumulation compared to
the grassland stage, due to higher litter production (De Kovel
et al. 2000).

Litter chemistry has been shown to affect both litter-
associated microbiota (Snajdr et al. 2013) and faunal assem-
blages (Dunger et al. 2001; Frouz et al. 2001). Faunal assem-
blages affect litter mixing with soil and thus affect the incor-
poration of organic matter into deeper soil (Frouz et al. 2007).
Earthworms have been found to be particularly important in
this process (Frouz et al. 2013). The litters from various
development stages of this study differed substantially in their
composition: those from the tree-covered mid and late stages
exhibited higher pH and P contents than the litter from the
early stage, and the polysaccharide compositions of the mid
and late states were much more similar to each other than they
were to that of the early stage (Table 1, Fig. 2). On the same
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substrate, afforested with different types of trees, sites with
litters with low C/N ratios tend to lack an organic horizon,
while deep organomineral horizon develops (Frouz et al.
2007). This is consistent with the findings of this study: the
mid site had a high C/N ratio in litter and a deep organic
horizon (Baldrian et al. 2008), while the late site with a low
C/N ratio lacked an organic horizon and instead developed an
organomineral horizon, due to the abundance of earthworms
that incorporated litter material into the soil (Frouz et al.
2001).

Litter decomposition rates are largely determined by the
traits of the living plants, according to a gradient of slow to
fast return from invested C (Cornwell et al. 2008; Tilston et al.
2013). The decomposition rate of litter also depends on the
properties of soil in which the decomposition occurs, as dem-
onstrated by a litter decomposition test on volcanic soils from
various succession stages (Hopkins et al. 2007). The data from
ecosystems undergoing succession are, however, not consis-
tent. For example, in one study, the litters of herbaceous plants
of the early and intermediate stages of succession of a
Mediterranean grassland series exhibited higher initial decom-
position rates than plants from the advanced succession stage
(Kazakou et al. 2006). In another study, the older sites of a
glacier retreat chronosequence exhibited higher initial litter
decomposition rates than earlier sites (Esperschiitz et al.
2011). Our results, showing the fastest litter decomposition
in the mid stage ecosystem, support the idea that the ecosys-
tem development stage is not per se an important determinant
of litter turnover. Rather, decomposition is more related to
characteristics of the litter and hence the vegetation than the
stage.

Litter chemistry seems to be the most important factor
affecting litter decomposition rates. Its effect is probably more
significant than the site of the decomposition, which was
demonstrated in a recent metaanalysis of litter decay constants
from a wide set of litters that showed the same ranking across
several biomes (Makkonen et al. 2012); a litter transplant
experiment would be, however, necessary to provide a final
proof. The effects of litter chemistry can be due to nutrient
limitations and chemical recalcitrance, both of which decrease
decomposition rates. Berg (2000) suggested that macronutri-
ent limitations (e.g. the lack of N) have a considerable effect
on the initial decomposition rate of plant litter. The correction
of limited N and P by adding these nutrients has been shown
to increase the rate of cellulose decomposition (Giisewell and
Gessner 2009). Our study indicates that it is the availability of
nutrients rather than the total content of nutrients that is
important. The mid site litter had higher C/N and C/P ratios
than the late site, but it still exhibited the fastest decomposition
rate. The high Cyw and Ny contents in this litter throughout
the experiment and the low values in the early litter are likely
to have mostly affected the rate of decomposition. The recal-
citrance of litter was proposed to depend on the lignin/N ratio
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which has repeatedly been found to be a good predictor of
litter decomposition rates (Melillo et al. 1982; Trofymow et al.
2002). In this study, the lignin/N ratio was found to be partic-
ularly high in the litter from the late site, which exhibited an
intermediate decomposition rate. All of the above observa-
tions tend to indicate that the availability of C and N is more
important than the total C and N contents. This is in line with
the findings of a previous study comparing the litter mass loss
rate across 14 tree leaf litters, in which decomposition in-
creased with the available content of water-extractable poly-
saccharides (Osono and Takeda 2005), which parallels the
effects of Cyw observed here. Because our previous study
showed different rates of disappearance of various polysac-
charides in decomposing litter (Snajdr et al. 2011), the effects
of monosaccharidic composition on litter transformation were
also examined. There was a consistent trends in the rate of
disappearance of individual monosaccharides, since arabi-
nose, xylose and glucose contained within cellulose disap-
peared rapidly, while mannose and glucose contained within
hemicelluloses were largely retained in all three litters (Fig. 2).
This confirms the trend observed in Quercus petraea litter
(Snajdr et al. 2011) and indicates that the initial polysaccha-
ride composition of litter may also affect its decomposition.

The chemical composition of litter during and after decom-
position was found to be mainly dependent on the initial
chemistry. Neither nutrient content nor plant biopolymer com-
position showed convergent development during decomposi-
tion (Figs. 2 and 3). This is consistent with the results of a
recent analysis performed after prolonged decomposition in
multiple litters (Wickings et al. 2012). If this trend is consis-
tent during decomposition, it would indicate that the proper-
ties of SOM likely reflect the original litter composition and
thus plant leaf traits.

‘Weak relationships between litter chemistry, litter decay rates
and the activities of (3-glucosidase, N-acetylglucosaminidase
and phosphomonoesterase have been detected during incubation
of various plant litters (Glisewell and Freeman 2005). In this
study, enzyme activities also turned out to be poor predictors of
either the litter fate (decomposition rate) or litter chemistry
changes, in contrast to the successive changes in enzyme activity
reported for other litters (Fioretto et al. 2005; Snajdr et al. 2011).
The high degree of activity at the beginning of decomposition is
most likely due to the activity of an initial decomposer commu-
nity with a distinct composition, dominated by fungi (Fig. 3).
The lack of correlation between enzyme activity and mass loss
indicates that the enzyme efficiency varies substantially during
decomposition. This observation indicates that estimates of in
situ turnover rates based on enzyme activity measurements
should be made with great caution.

Microbial succession on litter during decomposition is a
well-known phenomenon that has been studied repeatedly
(Frankland 1998; Votiskova and Baldrian 2013), but the ques-
tion of whether common series of decomposer organisms may

exist in different litters has not been adequately answered. In
this study, the microbial community composition depended
more on the litter decomposition stage than on the litter source
and was strikingly similar among litters at both the beginning
and the end of decomposition (Fig. 3). These differences in
microbial community composition were largely due to the
decrease in the ratio of fungal to bacterial biomass, a trend
that has also been observed in oak litter (Snajdr et al. 2011),
but the pattern of gradual development of litter decomposition
over time was also observable for bacteria-specific PLFA
alone (data not shown). These results seem to indicate that
despite profound differences in substrate chemistry, succes-
sional development of microbial communities in various lit-
ters follow similar patterns at least with respect to the resolu-
tion provided by the PLFA analysis.

In this study, litter chemistry affected microbial abundance
more than community composition: bacterial PLFA were pos-
itively (P=0.006) correlated to the Pox content, while fungal
PLFA content was positively (P=0.002) correlated to the N
content. This is consistent with the findings of experiments in
which cellulose incubated at high N/P ratios exhibited high
fungal biomass, while those incubated at low N/P ratios
exhibited high bacterial biomass (Gilisewell and Gessner
2009). The C/N/P ratio was also found to affect the structure
of the microbial decomposer community in beech litter
(Schneider et al. 2012).

In the sites considered in this study, the microbial biomass,
expressed as PLFAT, was 38, 187 and 116 nmol g~ in the top
5 cm of the soil of the early, mid and late sites, respectively
(Baldrian et al. 2008). Tree species effects were also identified
as important for the abundance, community composition and
activity of soil microorganisms in the same study area planted
with various trees (Frouz et al. 2013; Snajdr et al. 2013). From
the present study it seems possible that the litter traits of the
individual trees mediate this plant effect— at least partly. Its
relative importance compared to other tree-dependent factors
(e.g. faunal activity and root effects) is, however, difficult to
assess. The composition of the soil bacterial community at the
studied sites developed gradually over time, the differences
being minor compared to the distinct community of barren
soil before the arrival of vegetation (Urbanova et al. 2011).
The effect of litter-mediated soil traits on the bacterial com-
munity composition thus seems to be rather limited.

The results of this study show that litter decomposition is
largely dependent on the initial composition of the litter and
that chemical differences among litter types persist during
decay. On the other hand, the development of the microbial
community follows a largely similar pattern of decreasing
fungal dominance and is more decay-stage specific than litter
specific. The activities of extracellular enzymes were of lim-
ited value in predicting litter decay rates or chemical transfor-
mation which confirmed the reservations upon such predic-
tions that were recently published (Nannipieri et al. 2012).
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Future research should be focused on the identification of the
microorganisms mediating litter decomposition of various
litters and on the identification of their ecological needs in
order to better understand the mechanisms underlying the
plant-soil feedback in developing soils. Furthermore, compar-
ison of data from other succession series would be required
before generalisations of the observed trends can be made.
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The aim of this work was to quantify the effects of vegetation on the activity of extracellular enzymes in
the litter and soil. To achieve this, we investigated a set of post-mining sites in a brown-coal mine deposit
area near Sokolov, Czech Republic. The sites were 22—33 years old and had been established on the same
initial substrate by planting with six tree genera or leaving for spontaneous revegetation, with four
replicate sites per vegetation type. The activity of extracellular hydrolytic and oxidative enzymes and the
microbial community composition of the litter and topsoil were compared in the spring, summer and

; autumn using the dominant tree, pH, soil nutrient content and soil moisture as the explanatory variables.
Keywords: . R o .. . . . . .
Enzyme activity Sites under individual trees exhibited significant differences in the chemical properties of both the litter
Litter and soil, and the tree effect was identified as the most important factor affecting the activity of extra-
cellular enzymes either directly or in the interaction with seasonal effects, although not all pairs of tree
species were significantly different from each other. Seasonal effects on enzyme activity were only
important in the litter. The effects of dominant trees and of seasons contributed equally to the variation
in the microbial community composition at individual sites. Only a minor part of the tree effect could be
explained by differences in the litter or soil chemistry. Among the chemical variables, the N content most
affected the microbial biomass content, increasing fungal (but not bacterial) biomass in the litter and
bacterial (but not fungal) biomass in the soil. The results indicate that other factors, such as nutrient
quality or the specific association of microorganisms with rhizospheres of different trees or the under-
story, are likely important mediators of the vegetation effects. When comparing the revegetated sites
with sites under spontaneous succession, the enzyme activities and microbial biomass were similar
except for the sites revegetated with Alnus which may indicate similar rates of soil development at
revegetated and succession sites. Spontaneous succession in temperate Europe may thus be a suitable
option for land restoration.

Microbial biomass
Spontaneous succession
Vegetation

Seasonality

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction macronutrients, such as nitrogen and phosphorus, can be limiting

factors for biological development of this environment (Sourkova

Open-cast coal mining has a large impact on the ecosystem.
During mining, large amounts of soil material above the coal layer
are removed and deposited on spoil heaps. The spoil material is
excavated from deep subsurface (e.g., in the Sokolov area from as
deep as 200 m), and it typically does not contain organic carbon
derived from recent plant material. The amounts of other
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et al., 2005). Spoil material with such properties has very low
biological activity (Baldrian et al., 2008; Frouz and Novakova, 2005;
Urbanova et al,, 2011; Frouz et al.,, 2011) and thus represents an
excellent model of de novo soil development, including the role of
the microbiota in the soil processes.

The newly created ecosystems may be left to develop sponta-
neously, but the restoration of functional ecosystems on post-
mining sites is often manipulated by revegetation intended to
accelerate the stabilization and development of the soil surface. Soil
formation and reestablishment of soil biological functions are
among the basic preconditions for the recovery of ecologically
sound ecosystems on spoil heaps (Bradshaw, 1997). Organic matter
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can enter the soil via the leaf litter, which mainly accumulates on
the surface, or by the root exudate flux through plant roots to root-
associated microbes and the turnover of fine roots in the upper
layers of the soil. Therefore, afforestation is a common way of
reclaiming spoil areas. The growing trees enhance soil-forming
processes, contributing to the buildup of organic matter and
development of microbial and microfaunal communities (Frouz
et al, 2009; Chodak and Niklinska, 2010a; Lamb et al, 2011;
Merild et al., 2010). The ratio of carbon sources of litter or root
origin is species specific, and different plant species differ with
respect to the amount of organic matter they add to the soil (Finér
et al.,, 2007; Hooper et al., 2000). In addition, tree species may
differently influence soil chemical properties, such as the pH or the
relative content and chemical form of macronutrients (Augusto
et al, 2000; Binkley and Valentine, 1991; Frouz et al., 2009;
Hagen-Thorn et al.,, 2004; Iovieno et al., 2010; Menyailo et al.,
2002). For example, the tree species like Alnus spp. can promote
nitrogen fixation and produce nitrogen-rich litter, which conse-
quently increases the N content in the topsoil (Ekblad and
HussDanell, 1995). Trees also influence the extent and composi-
tion of the understory vegetation largely through their effects on
soil formation and through other soil biota, including invertebrates
(Frouz et al., 2008; Mudrak et al., 2010).

The effects of vegetation on ecosystem properties change the
environment of the microbiota inhabiting litter and soil. This group
of organisms is substantially involved in the decomposition of
organic matter and contributes to the biogeochemical cycles of all
important nutrients. As a consequence, soil development is
a process modulated by both the vegetation and the microbial
inhabitants of the soil and litter. Previous studies from forested
ecosystems indicate that vegetation can affect the composition of
microbial communities in the litter and in the soil (Grayston et al.,
1998; Osono and Takeda, 2007; Priha et al., 2001). These changes
are affected by pH, soil organic matter, N content or the association
of specific microbes, including symbiotic fungi, with certain plants
(Kiikkila et al., 2006; Quideau et al., 2001; Stursova and Baldrian,
2011; Urbanova et al, 2011). Less is currently known on the
effects of dominant vegetation on the biogeochemical processes in
soils, including the rates of enzyme-catalyzed processes in soils.
Although such studies have been published (Hattenschwiler and
Jorgensen, 2010; Chodak and Niklinska, 2010a; Niemi et al., 2007;
Weand et al., 2010), they have usually been limited to comparisons
of a limited set of vegetation types, limited replication of study sites
or had sampling limited to a certain season of the year.

The aim of this work was to quantify the effects of vegetation on
the activity of extracellular enzymes in the litter and soil. We
investigated the activity of hydrolytic enzymes as well as the
amount and composition of soil microbial biomass at a set of post-
mining sites under six different trees introduced by recultivation
and at sites left to spontaneous succession for the same time.
Although comparison studies between soils under different tree
species have been made previously, here we used the unique
opportunity that the set of tree plantations was established in field
size trials yet on a very similar substrate which was not previously
affected by another tree species. The materials deposited in the area
are tertiary clays of Miocene age. Similar minerals belong to the
most common overburden materials in the Czech Republic, Poland,
and Germany and are thus good representatives of common over-
burden materials worldwide. The set of studied sites covered seven
types of dominant vegetation, six of which were represented by
tree genera used for recultivation and the last being subject to
spontaneous revegetation. For each of the seven vegetation types,
four independent sites were analyzed, each of them developing on
the same initial substrate for approximately the same time (22—33
years). Previous studies concerning this study area have shown

vegetation-dependent differences in the C accumulation both
aboveground and belowground (Frouz et al., 2009), the extent and
type of understory vegetation (Mudrak et al., 2010), the differences
in litter composition of individual dominant trees (Vofiskova et al.,
2011) and, among some of the sites, tree-specific differences in soil
chemistry (Helingerova et al., 2010). The sites were analyzed during
three seasons: in October, when fresh litter was available; in April,
when most of the available carbon in litter had been decomposed
and the abundance of root-associated symbiotic fungi was low; and
in August, a period of temperature optimum with the lowest quality
of litter and a high abundance of mycorrhizal fungi (Baldrian et al.,
2008; Kaiser et al., 2010). Spontaneously revegetated sites in the
study area have previously been found to differ during these
seasons in soil microbial biomass content and extracellular enzyme
activity (Baldrian et al., 2008). We hypothesized that the effects of
vegetation on extracellular enzyme activity, if any, would be more
pronounced in soil where the accumulation of nutrients and plant-
specific products leads to the development of plant-specific organic
matter and where the microbial community contains a large
proportion of specific, root-associated microbiota (Hartmann et al.,
2009). Despite the differences in litter quality among trees, we
expect that enzyme activity in litter is more affected by seasonal
changes reflecting the changes in litter chemistry during decom-
position (Snajdr et al., 2011). Furthermore, we propose that enzyme
in individual treatments reflects the extent of the site development
with high enzyme activity indicating faster soil development. This
is anticipated due to the fact that enzyme activity was found to
increase with time during the development of soils under sponta-
neous succession in the area of study (Baldrian et al., 2008) and the
values of enzyme activity after 25 years of spontaneous succession
do not yet reach the values typically observed in undisturbed forest
soils (Stursova and Baldrian, 2011).

2. Materials and methods
2.1. Study site

The study was carried out at the Velka Podkrusnohorska spoil
heap in the Sokolov brown-coal mining district (in the western part
of the Czech Republic). The study area of 1900 ha was located at an
altitude of 450—520 m a.s.l. with a mean annual precipitation of
650 mm and a mean annual temperature of 6.8 °C. The spoil heaps
were formed by Tertiary clays of the so-called cypris formation.
When dumped on the heap, this material had an alkaline pH of
8—9, and its prevailing minerals were kaolinite, montmorilonite
and illite. These minerals may be impregnated by calcite, siderite
and fossil organic matter, namely type II kerogen (Mudrak et al.,
2010).

The area is mostly covered by a mosaic of forest patches, planted
as a reclamation measure in a way that individual tree patches are
randomly spread over the heap. This gives a “common garden”
experiment of a landscape dimension. Some of the heap had not
been reclaimed and was dedicated to spontaneous revegetation.
Seven types of forest stands were chosen for the study. One type
was unreclaimed stands undergoing spontaneous succession (S)
dominated by the birch Betula pendula and the willow Salix caprea.
Six types were reclaimed plantations, each dominated by one or
two tree species of one genus: Alnus (A), Alnus glutinosa and Alnus
incana; Larix (L), Larix decidua; Picea (Pc), Picea omorica and Picea
pungens; Pinus (Pn), Pinus contorta and Pinus nigra; Quercus (Q),
Quercus robur; and Tilia (T), Tilia cordata. Four replicated patches
per tree plus four replicated patches left to spontaneous succession
were selected for this study. Each patch had at least 1 ha (typically
2->5 ha). The study sites were randomly spread on the heap and in
all cases; patches of other trees are closer to each patch than a patch
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of the same tree. Typical distance between replication of the same
species is 1—4 km while other species are usually located less that
1 km apart. In each patch, a study area was chosen to be at least
25 m from a patch edge.

The surface of the unreclaimed sites consisted of parallel ridges
(1 m high) and depressions formed by the heaping machinery.
Reclaimed sites had been leveled by earthmoving machinery before
the tree seedlings were planted at 10 000 seedlings per ha. No
additional reclamation measures were performed. The age of each
site was considered to be the time since the major disturbance (i.e.,
heaping in the case of the unreclaimed sites and leveling in the case
of the reclaimed sites) and was determined based on historical data
supplied by the coal mining company. All sites ranged from 22 to 33
years in age (Frouz et al., 2009).

2.2. Sample collection

The samples were collected in late October 2007 (immediately
after litter fall), in April 2008 (shortly after snowmelt) and in
August 2008. Six spatially independent subsamples (soil cores of
45-mm diameter) were collected from each study site at the
patches of litter without understory vegetation except for the Alnus
sites. The samples were transported to the laboratory, the soil cores
were separated into the litter including the fermentation layer and
the remaining soil to a depth of 5 cm, and these subsamples were
homogenized by cutting the litter into 0.25 cm? pieces or sieving
the soil through a 2-mm mesh. Samples for the enzyme activity
assays were stored at 4 °C until analyzed (within one week);
samples for PLFA analysis were processed immediately. The
elemental composition of the soil was determined in three inde-
pendent samples per site using an elemental analyzer (NC 2100 Soil
Analyzer, Thermo-Quest Italia). Two types of litter were quantified:
woody litter and herbaceous litter. To measure the litter input from
woody vegetation, the litter fall was collected using nylon sacks of
0.5 mm mesh size, fixed on an iron frame of 0.5 x 0.5 m erected
above the soil surface. The collectors were exposed for a whole year,
and the litter was collected at the end of December. To estimate the
herbaceous litter input, six quadrates (0.25 x 0.25 m) were har-
vested in each plot to estimate the aboveground herbaceous
biomass in August, which is the period of maximal development
of the herbaceous vegetation. The total annual litter input was
estimated as the sum of the woody litter input and the herbaceous
layer biomass during the period of maximum vegetation
development.

Sample pH was measured in soil water extract (1 g soil and
10 mL deionized water were mixed and left to stand overnight at
room temperature), and the soil moisture content was assessed by
drying the soil at 85 °C until a constant mass was reached. Soil
moisture content was 0.38 4 0.09 in April, 0.30 & 0.10 in August and
0.33 + 0.05 in October; litter moisture content was 0.54 + 0.08 in
April, 0.48 4 0.14 in August and 0.45 4 0.09 in October.

2.3. Enzyme assays

For the exo-cleaving hydrolytic enzyme assays, 0.5 g of fresh
soil or litter was homogenized in 50 mL of 50 mM sodium acetate
buffer (pH 5.0) using an UltraTurrax (IKA Labortechnik, Germany)
for 3 min at 8000 rev min~! in an ice bath. The homogenate
was used as a sample (Stursova and Baldrian, 2011). The activities
of arylsulfatase (EC 3.1.6.1), 1,4-a-glucosidase (EC 3.2.1.20), cello-
biohydrolase (CBH; EC 3.2.1.91), 1,4-B-glucosidase (EC 3.2.1.21), 1,4-
B-xylosidase (EC 3.2.1.37), N-acetylglucosaminidase (NAGase, EC
3.2.1.30), phosphomonoesterase (PME, EC 3.1.3.2), alanine amino-
peptidase (EC 3.4.11.12) and leucine aminopeptidase (EC 3.4.11.1)
were then measured using 4-methylumbelliferol- (MUF) or

7-amido-4-methylcoumarin- (AMC) based substrates as described
previously (Baldrian, 2009). The substrates (40 puL in DMSO) at
a final concentration of 500 uM were combined with three tech-
nical replicates of 200 pL of extracts in a 96-well plate. For the
background fluorescence measurement, 200 pL of 50 mM sodium
acetate buffer (pH 5.0) was combined with 40 pL of MUF standards
to correct the results for fluorescence quenching. The multiwell
plates were incubated at 40 °C, and the fluorescence was recorded
from 5 min to 125 min using a microplate reader (Infinite, TECAN,
Austria) at an excitation wavelength of 355 nm and an emission
wavelength of 460 nm. The quantitative enzymatic activities after
blank subtraction were calculated based on a standard curve of
MUF or AMC. One unit of enzyme activity was defined as the
amount of enzyme releasing 1 nmol of MUF or AMC per min and
expressed per g soil dry mass.

To analyze the activity of endo-cleaving polysaccharide hydro-
lases and ligninolytic enzymes, homogenized samples were
extracted at 4 °C for 2 h on an orbital shaker (100 rpm) with
100 mM phosphate buffer, pH 7 (16:1 w/v), filtered through
Whatman #5 filter paper and desalted using PD-10 desalting
columns (Pharmacia, Sweden) according to the supplier’s protocol
to remove inhibitory small-molecular-mass compounds (Baldrian,
2009). Laccase (EC 1.10.3.2) activity was measured by monitoring
the oxidation of 2,2’-azinobis-3-ethylbenzothiazoline-6-sulfonic
acid in citrate—phosphate (100 mM citrate, 200 mM phosphate)
buffer, pH 5.0, at 420 nm (Bourbonnais and Paice, 1990). Manganese
peroxidase (MnP, EC 1.11.1.13) was assayed in succinate—lactate
buffer (100 mM, pH 4.5). 3-Methyl-2-benzothiazolinone hydra-
zone and 3,3-dimethylaminobenzoic acid were oxidatively coupled
by the enzymes, and the resulting purple indamine dye was
detected spectrophotometrically at 595 nm (Ngo and Lenhoff,
1980). The results were corrected for using the activities of the
samples without manganese (for MnP); the addition of manganese
sulfate was substituted by an equimolar amount of ethyl-
enediaminetetraacetic acid (EDTA). Endo-1,4-B-glucanase (endo-
cellulase; EC 3.2.1.4) and endo-1,4-B-xylanase (EC 3.2.1.8) activities
were measured with azo-dyed carbohydrate substrates (carbox-
ymethyl cellulose and birchwood xylan, respectively) using the
protocol of the supplier (Megazyme, Ireland). The reaction mixture
contained 0.2 mL of 2% dyed substrate in 200 mM sodium acetate
buffer (pH 5.0) and 0.2 mL of the sample. The reaction mixture was
incubated at 40 °C for 60 min, and the reaction was stopped by
adding 1 mL of ethanol followed by vortexing for 10 s and centri-
fuging for 10 min at 10 000 x g (Baldrian, 2009). The amount of
released dye was measured at 595 nm, and the enzyme activity was
calculated according to standard curves correlating the dye release
with the release of reducing sugars. One unit of enzyme activity
was defined as the amount of enzyme releasing 1 mmol reducing
sugars per minute. Enzyme activity was expressed per g soil dry
mass.

2.4. Quantification of microbial biomass

The samples for phospholipid fatty acid (PLFA) analysis were
extracted by a mixture of chloroform-methanol-phosphate buffer
(1:2:0.8) according to Bligh and Dyer (1959). Phospholipids were
separated using solid-phase extraction cartridges (LiChrolut Si 60,
Merck), and the samples were subjected to mild alkaline meth-
anolysis as described previously (Snajdr et al., 2008). The free
methyl esters of phospholipid fatty acids were analyzed using gas
chromatography—mass spectrometry (Varian 3400; ITS-40, Fin-
nigan). Fungal biomass was quantified based on the 18:2w6,9
content (PLFAF), and bacterial biomass was quantified as a sum of
i14:0,i15:0, a15:0,16:1w7t, 16:1w9, 16:1w7, 10Me-16:0, i17:0, a17:0,
cy17:0, 17:0, 10Me-17:0, 10Me-18:0 and cy19:0 (PLFAB). The fatty
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acids found in both bacteria and fungi, 15:0, 16:0 and 18:1w7, were
excluded from the analysis. The relative content of individual PLFA
molecules was also calculated. The total content of all PLFA mole-
cules (PLFAT) was used as a measure of total microbial biomass. The
fungal/bacterial biomass (F/B) ratio was calculated as PLFAF/PLFAB.

2.5. Statistics

Statistical analyses were performed using the software package
Statistica 7 (StatSoft, USA). Differences among soil horizons were
tested by the Wilcoxon paired test. Differences among treatments
were tested using one-way analysis of variance (ANOVA) followed
by the Fisher LSD post-hoc test. To study the effects of trees, seasons
and their interactions on enzyme activities and microbial
community composition, two-way ANOVA was used; general linear
regression models (GLM, Statistica 7, StatSoft USA) were used when
soil moisture content was used as an additional explanatory vari-
able. Dunnett test was used to evaluate the significance of differ-
ences in enzyme activities and microbial biomass between the
spontaneous succession sites (S) and revegetated sites. In all cases,
differences of P < 0.05 were regarded as statistically significant.
Principle component analyses (PCAs) were performed on the
dataset of enzyme activities from all sampling times to visualize the
complex differences in enzyme activities among tree species and
seasons; the relative content of PLFA was also analyzed using PCA
with litter and soil chemistry data as additional explanatory
variables.

3. Results

3.1. Effects of woody vegetation on soil properties and enzyme
activity in litter and soil

Litter and soil under different trees exhibited variable physico-
chemical properties. This variation was most apparent for the pH,
which ranged between 4.6 and 6.2 in the litter. The litter was the
most acidic under Larix, and spontaneous succession sites had the
highest litter pH. The litter horizons also differed widely in N
content, which ranged from 0.8% under Pinus to 2.1% under Alnus
(Table 1). The pH in soils was more homogeneous and higher than
in the litter, typically ranging between 6.6 and 7.2 except at Larix
sites, where it was only 5.5. The differences in the N content were
less pronounced than in the litter. The soil properties at all sites
showed significant differences from the initial values of deposited
material as reported by Kristufek et al. (2005). During site

Table 1

development, the pH decreased from a high initial value of 7.6,
carbon accumulated to a 4—7 times higher content and soil N
content increased by 30—140% (Table 1). Interestingly, both litter
and soil exhibited only very low variation in P content. The P
content did not change substantially from the original value in the
deposited material, and the C/P ratio in the soil was substantially
lower than in the litter.

The microbial biomass varied substantially among trees and
seasons but was always higher in the litter horizon than in the soil.
Between 100 and 400 ng g~ ! of PLFAT with maxima of up to
1000 ng ng~ ! were typical for the litter horizon, while 15-50 ng g~
PLFAT were recorded in the soil. The highest microbial biomass
content was recorded in October in the litter horizon and in August
in the soil (Fig. 1). The differences in PLFAT between the litter and
the soil were mainly due to fungi. The content of PLFAF was
50—100 ng g~ ! in the litter but only 2—10 ng g~ ! in the soil. The
differences in PLFAB content were much less pronounced; the
PLFAB content in the litter was only 2—3 fold higher than that in the
soil (Fig. 1). In terms of the tree species, the highest microbial
biomass was found in the litter under Alnus and Tilia and in the soil
under succession and Pinus (in October). Picea showed the lowest
PLFAT content of all trees. The F/B ratio was quite consistent among
different trees with the exception of soil under Alnus and Larix
trees, in which bacteria were much more abundant than fungi. The
relative content of fungi always decreased from the litter to the soil.

Higher activity of hydrolytic enzymes was always recorded in
the litter than in the soil. The ratios of activity in the litter and soil
ranged from <5 in the case of arylsulfatase and <10 for alanine
aminopeptidase and phosphomonoesterase to >20 for cellobiohy-
drolase and a-glucosidase. The differences among horizons were
typically highest in April and lowest in August.

PCA showed that enzyme activity in both horizons varies
considerably among study sites and is shaped by the combined
effects of tree species and season. The effects of trees, tested as the
differences of PC1 and PC2 loads by ANOVA are statistically
significant in both the litter and soil (Fig. 2). The differences among
trees and seasons were more pronounced in the litter where the
first canonical axis separated the samples based on the activity of
most enzymes that correlated strongly negatively with the PC1.
Only the alanine and leucine aminopeptidases showed stronger
association with the PC2. The first axis also weakly correlated with
the PLFAB and PLFAF concentrations, while the samples with
different F/B ratios were separated along the second axis. The litter
samples from Alnus sites showed high activity for most enzymes
except the aminopeptidases, while these from Picea and Pinus sites

Properties of litter and soil input at post-mining sites revegetated by different trees (October). A — Alnus, L — Larix, Pc — Picea, Pn — Pinus, Q — Quercus, S — succession, T — Tilia.
The means and standard errors of four replicate sites per tree are shown. Statistically homogeneous values are marked by the same letter (P < 0.05).

pH Cox (%) N (%) P (ppm) C:N Litter input (g m~2y~ 1)

Litter A 5.44 + 0.16bc 824 +23a 2.05 £ 0.13a 130 £+ 24a 40.5 + 1.9¢ 480 + 120a

L 4.63 +0.31d 59.2 + 3.5b 1.21 £ 0.13b 127 + 7a 49.5 + 2.3bc 216 + 14b

Pc 5.65 + 0.20ab 66.2 & 2.6b 0.95 £ 0.03bc 134 + 10a 70.0 + 4.4ab 206 + 71b

Pn 4.84 + 041cd 65.5 & 5.4b 0.79 + 0.06¢ 123 + 4a 83.6 + 6.5a 354 + 64ab

Q 5.42 + 0.05bc 79.7 + 44a 1.05 + 0.16bc 125 + 7a 80.2 + 11.0a 246 + 58b

S 6.23 + 0.27a 82.5 +4.5a 1.22 + 0.20bc 134 + 11a 73.7 £ 13.2a 238 + 55b

T 6.06 & 0.17ab 84.2 +23a 1.07 + 0.08bc 130 +£ 17a 79.6 £ 4.7a 188 + 19b
Soil A 6.62 + 0.16a 16.2 + 1.9c 0.54 + 0.10ab 14 + 2a 341 + 7.4c

L 549 + 0.51b 256 +£ 1.7a 0.49 + 0.08ab 11 + 2a 54.9 + 6.5ab

Pc 7.22 + 0.24a 22.7 4+ 2.2ab 0.39 £ 0.05b 14 + 1a 59.7 + 4.0ab

Pn 6.59 + 0.34a 20.8 £ 2.0abc 0.35 £ 0.07b 11 £ 1a 62.6 + 6.7a

Q 6.84 + 0.20a 18.7 + 3.5bc 0.44 + 0.01ab 11 + 0a 42.3 + 7.9bc

S 6.93 + 0.22a 22.3 4 1.7abc 0.44 + 0.08ab 11 + 2a 54.2 + 7.4ab

T 6.75 +£ 0.47a 25.6 +£0.9a 0.62 + 0.06a 14 + 2a 41.9 &+ 2.7bc

2 7.57 + 0.04 37+1.6 0.26 + 0.03 12+1 13.9+ 39

2 1 — initial substrate deposited on the heaps; data from Kristufek et al. (2005).
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Fig. 1. Enzyme activities and microbial biomass content in the litter and soil from post-mining sites revegetated by different trees. Sampling season: October — dark gray, April —
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PLFA.

typically showed lower activity of hydrolytic enzymes (Fig. 1,
Table 2). Correlation analysis of data from the October sampling
showed that in the litter, enzyme activity under individual trees is
mediated by the amount of N in the litter and also by the C/N ratio,

while the effect of pH is of minor importance. B-glucosidase,
NAGase, arylsulfatase, p-xylosidase and leucine aminopeptidase
activity all significantly increased with increasing N content and
decreased with the C/N ratio, while pH only affected NAGase
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Fig. 2. Principal component analysis of enzyme activities in the litter and soil from post-mining sites revegetated by different trees. Sampling season: October — squares, April —
circles, August — triangles. Alnus — red, Larix — yellow, Picea — light blue, Pinus — green, Quercus — gray, succession — dark blue, Tilia — black. The effects of individual enzymes,
seasons, microbial biomass and relative contents of individual PLFA molecules are shown. Differences of PC1 and PC2 loads among trees were tested by one-way ANOVA and a Fisher
LSD post-hoc test. Significant differences in PC loads among trees are marked with different letters (P < 0.05). L — litter, S — soil.

activity, which increased with increasing pH. The sites undergoing
spontaneous succession generally showed comparable levels of
enzyme activity as revegetated sites. Activity of certain enzymes
was significantly higher at sites revegetated with Alnus, but none of
the increased activities was consistently present in all seasons
(Fig. 1).

The soil samples showed less distinct patterns of enzyme
activity associated with trees or seasons than the litter samples in
the PCA (Fig. 2). Again, the activity of most hydrolases and the

bacterial PLFA content were associated with the first axis, while the
activity of the aminopeptidases was associated with the second
axis. The effects of fungal biomass content and seasons were much
less pronounced then in the litter. Among individual trees, soils
under Quercus typically showed low enzyme activity (Fig. 1). Only
arylsulfatase responded significantly to the soil N content and
increased with increasing N; B-xylosidase activity decreased with
pH. Compared to the litter, the effects of seasons were less
important.
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Table 2

Activities of oxidative enzymes and endo-cleaving hydrolases in the litter from
post-mining sites revegetated by different trees. A — Alnus, L — Larix, Pc — Picea,
Pn — Pinus, Q — Quercus, S — succession, T — Tilia. The means and standard errors of
four replicate sites per tree are shown. Statistically homogeneous values of indi-

vidual properties within a season are marked by the same letter (P < 0.05).

October April August
Laccase A 7.1 £0.9a 234 +6.2a 4.9 + 1.8bc
L 18.7 £ 6.1a 223 +4.8a 15.7 + 43¢
Pc 11.7 £+ 74a 25.1 +£5.5a 9.2 +2.2¢
Pn 183 + 7.4a 47.4 + 13.4a 39.3 + 7.5ab
Q 8.2 +23a 148.3 + 101.9a 64.2 + 18.2a
S 16.1 £+ 2.4a 26.1 + 4.0a 12.6 + 4.2b
T 19.6 + 6.9a 235 +4.9a 52.1 &+ 13.6ab
Mn-peroxidase A 10.0 + 2.0ab 18.0 + 13.8a 5.3 &+ 0.5a
L 54 + 2.8ab 11.8 = 4.8a 2.8 + 0.1ab
Pc 4.0 + 2.0ab 4.8 £43a 1.7 £ 1.4ab
Pn 149 + 10.1a 14.2 + 4.6a 5.1+ 1.1a
Q 8.8 + 2.8ab 54 +27a 4.4 + 1.3ab
S 03 +0.2b 20+ 14a 2.0 + 0.4b
T 2.6 + 1.6ab 2.5+ 0.9a 3.8 + 1.0ab
Endocellulase A 233 +3.0a 58.9 + 16.7a 24.0 + 2.1b
L 285+ 13.7a 32.6 + 4.4ab 222 +3.4b
Pc 29.2 + 7.4a 40.1 + 5.4ab 18.7 + 4.6b
Pn 34.0 + 12.5a 494 + 7.2ab 47.5 + 10.0a
Q 26.1+7.7a 37.9 + 5.4ab 26.5 + 8.0b
S 8.0 £+ 1.6a 22.4 + 5.0b 103 + 2.5b
T 9.8 + 2.0a 21.9 + 4.2b 6.9 + 3.6b
Endoxylanase A 73.8 £ 6.3a 42.4 + 5.7bc 43.2 + 8.9bc
L 130.8 + 91.6a 48.6 + 9.8bc 62.6 + 7.2bc
Pc 91.3 + 39.4a 54.8 + 6.8ab 89.4 + 51.2bc
Pn 112.8 + 48.8a 914 +5.2a 199.8 + 71.3ab
Q 70.1 + 6.1a 55.2 +20.8b 265.9 + 87.8a
S 13.8 + 5.6a 31.4 + 1.4bc 36.7 + 14.1c
T 18.5 + 9.4a 16.8 + 4.5¢ 32.0 + 6.0c

Because the chemical composition of the litter and soil are

largely mediated by the tree species used for recultivation (Table 1),
only the effects of tree, season and moisture content were used as
independent variables to explain the observed differences in

Table 3

enzyme activities among sites. Of these variables, moisture content
showed little variation among sites and its effect was only mediated
as a part of the seasonal effect. Only the effects of tree, season and
their interaction were thus quantified (Table 3). In the litter, effects
of tree were significant for all enzymes except a-glucosidase and
alanine aminopeptidase and all enzymes were significantly affected
by tree in at least one season. The season effects were important for
all enzymes. In the soil, effects of tree were significant for all
enzymes except N-acetylglucosaminidase, but the tree effect on
enzyme activities varied seasonally. Seasonal effects were only
significant in the case of phosphomonoesterase (Table 3).

3.2. Microbial community composition at revegetated sites

The PC analysis of microbial biomass showed that the compo-
sition of microbial communities differed among trees and also
exhibited seasonal differences (Fig. 3). The latter were more
important in the soil than in the litter. The effects of trees, tested as
the differences of PC1 and PC2 loads by ANOVA were statistically
significant in both the litter and soil. Litter samples from coniferous
tree sites were separated from those of most hardwood trees along
the first canonical axis, and these differences were mostly due to
the C content and fungal biomass. The PLFAB and pH correlated
with the second axis. In the soil, the first axis separated samples
with a high relative content of fungal PLFA from those that were
more rich in bacterial PLFA. The pH correlated most strongly
with the second canonical axis. Among the chemical parameters
contributing to the composition of soil microbial communities, the
N content was equally important in the litter and soil, while the pH
and P content were more important in the soil.

In the litter, both the effects of tree and season significantly
affected the relative content of the fungal PLFA as well as bacteria-
specific PLFA and all PLFA molecules. Tree effect was also significant
in each individual sampling season except fungal PLFA in October.
In the soil, tree effect was significant for PLFAF, PLFAB and PLFAT

Probabilities of significance of the effects of tree and season on enzyme activity and relative abundance of PLFA molecules in the litter and soil at post-mining sites revegetated
by different trees (two-way ANOVA) and significance of tree effect in all seasons. Values with P > 0.05 were regarded as statistically insignificant and are indicated as “ns”.

Enzyme/PLFA Effects of tree and season Tree effect in seasons
Tree Season Tree x season October April August
Litter B-glucosidase 0.0000 0.0000 ns 0.0062 0.0063 0.0001
a-glucosidase ns 0.0001 0.0200 ns ns 0.0203
cellobiohydrolase 0.0000 0.0000 ns ns 0.0067 0.0061
B-xylosidase 0.0000 0.0004 ns 0.0124 0.0001 0.0002
N-acetylglucosaminidase 0.0004 0.0285 ns 0.0049 ns ns
Arylsulfatase 0.0000 0.0007 0.0096 0.0000 ns ns
Phosphomonoesterase 0.0020 0.0000 ns ns 0.0050 0.0012
Alanine aminopeptidase ns 0.0011 0.0060 ns ns 0.0427
Leucine aminopeptidase 0.0007 0.0146 0.0148 ns 0.0097 0.0258
All enzymes 0.0000 0.0000 0.0001 0.0011 0.0001 0.0001
Fungi-specific PLFA 0.0010 0.0000 0.0209 ns 0.0011 0.0006
Bacteria-specific PLFA 0.0000 0.0000 0.0000 0.0003 0.0000 0.0070
All PLFA 0.0000 0.0000 0.0000 0.0016 0.0001 0.0489
Soil B-glucosidase 0.0073 ns ns 0.0454 ns ns
a-glucosidase 0.0041 ns ns 0.0024 ns ns
Cellobiohydrolase 0.0019 ns ns 0.0010 ns ns
B-xylosidase 0.0009 ns 0.0235 0.0027 0.0051 ns
N-acetylglucosaminidase ns ns ns ns ns ns
Arylsulfatase 0.0181 ns 0.0231 0.0000 ns ns
Phosphomonoesterase 0.0321 0.0016 ns ns 0.0491 ns
Alanine aminopeptidase 0.0443 ns ns ns ns 0.0109
Leucine aminopeptidase 0.0051 ns ns ns ns ns
All enzymes 0.0000 0.0034 ns 0.0006 0.0009 ns
Fungi-specific PLFA 0.0000 ns ns 0.0248 0.0079 0.0072
Bacteria-specific PLFA 0.0000 0.0000 0.0191 0.0258 0.0004 0.0213
All PLFA 0.0000 0.0000 0.0148 ns 0.0032 0.0150
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while season only affected PLFAB and PLFAT. Significant effects of
tree on the relative content of fungal and bacterial PLFA was also
observed in each season separately (Table 3).

4. Discussion

During soil

development on barren soils, microbial biomass

increases as a consequence of organic matter accumulation. Along

with this increase, the microbial community composition has also
been demonstrated to change during spontaneous succession at
post-mining sites in the area of this study, and enzyme activities
have been shown to increase during early succession (Baldrian
et al, 2008). When the soils are subject to revegetation, their
development is largely influenced by the dominant tree species,
including the effects on the quality and quantity of litter and soil

organic matter.
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At our study sites, carbon storage in the top 20 cm of soil organic
matter varied among trees from 4.5 to 38.0 t ha~', and the rate of C
accumulation in the soil organic matter varied between 0.15 and
1.28 tha~!year~, increasing in the order succession < Picea < Pinus,
Quercus < Larix < Alnus < Tilia. Carbon storage in the soil was
positively correlated with aboveground tree biomass, but no
significant correlation was found between C storage in the soil and
aboveground litter input (Frouz et al., 2009) due to different rates of
litter mineralization and differences in C allocation belowground via
photosynthate flow and bioturbation. The dominant tree also
influences the soil via its effects on the understory vegetation, with
understory cover ranging from 16% in Tilia to 51% in Pinus and
Quercus; under Alnus, vegetation covers 100% of the soil surface
(Mudrék et al., 2010).

For this study, samples were taken under patches of litter
without understory vegetation except for the Alnus site. The litter
horizon was thus mostly affected by the chemical composition of
tree litter representing the dominant source of nutrients. The fresh
litter of the trees from this study differed substantially in N content
(4—29 mg g~ ) as well as the content of P or lignin (Voiiskova et al.,
2011).

Although the litter horizons comprise materials deposited over
long periods of time, substantial variation in litter horizon chem-
istry among trees was recorded in this study, especially in the pH
and N content. The carbon quality and litter N and P contents have
been experimentally demonstrated to control the quality of dis-
solved organic matter and consequently litter mass loss under
environmental conditions (Hattenschwiler and Jergensen, 2010;
Kiikkila et al., 2006; Sariyildiz et al., 2005) as well as during
decomposition by an individual fungus (Vofiskova et al., 2011). The
lower activity of enzymes in the litter of evergreen trees with low N
content observed in this study was the most probable reason for the
high accumulation of organic matter under these trees. Indeed, the
mass of the litter and the fermentation layer under Picea and Pinus
ranged from 1.0 to 1.4 kg m~2 and was higher than that under
deciduous trees (0.03—0.34 kg m~2) (Frouz et al., 2009), indicating
accumulation of C from non-decomposed litter.

The litter and upper soil differ substantially in microbial biomass
content due to the higher content and quality of organic matter in
the litter than in the soil. The differences in the nutrient availability
are demonstrated by the decrease of extracellular enzyme activity
with soil depth as well as the relative decrease of saprotrophic fungi
and increase in symbiotic mycorrhizal fungi with soil depth
(Baldrian et al., 2012; Lindahl et al., 2007; Snajdr et al., 2008). Thus,
microbial community composition should be theoretically a better
predictor of enzyme activity in litter than in soil, as was observed in
this study; while the effects of tree and season on microbial
community composition were comparable in both horizons (Fig. 3),
enzyme activities were more strongly affected by the vegetation in
the litter than in the soil (Fig. 2).

Despite the longer residence time, the nutrient content and pH
in soils under different trees still varied to a similar extent as in the
litter horizon (Table 1). This finding is in agreement with earlier
observations that the tree effect on soil OM quality is superior to
other effects, including that of the climate (Quideau et al., 2001),
although the differences in soil pH and N content observed in other
studies were lower, likely due to the longer site development time
(Binkley and Valentine, 1991; Niemi et al., 2007). Among forest soil
properties, pH was previously identified as the most important
factor affecting enzyme activity (Stursova and Baldrian, 2011), but
the effect of tree species on soil pH is often low (Chodak and
Niklinska, 2010a, b; Niemi et al., 2007). Here, we observed partic-
ularly low pH in soils under Larix, but the PCA did not show any
particular effect of this tree on enzyme activity (Fig. 2). Previous
papers reporting on the effects of trees on enzyme activity in soils

are unfortunately based on data from non-replicated stands and
do not sufficiently address seasonal differences (Baum and
Hrynkiewicz, 2006; Chodak and Niklinska, 2010a, b; Niemi et al.,
2007; Selmants et al., 2005). Generally, only the activity of certain
enzymes was found to be affected by trees depending on the study
setup and the ecosystem explored. Here, we show that tree species
is the most important explanatory variable for the activity of all
tested hydrolytic enzymes both in the litter and the soil, explaining
as much as 25—35% of the total variation, although not all pairs of
tree species are significantly different. Most of this effect is inde-
pendent of the season, but the interaction of tree and season is also
significant for certain enzymes (Table 3). Interestingly, soil mois-
ture content, which was previously demonstrated to be an impor-
tant factor affecting enzyme activity and litter decomposition rate
(Baldrian et al., 2010; Dilly and Munch, 1996), did not significantly
affect enzyme activity or microbial community composition in this
study, likely due to the relatively low seasonal and spatial variation
in moisture content.

The compositions of microbial communities associated with
litters and soils under different trees have been previously re-
ported to differ (Grayston and Prescott, 2005; Osono and Takeda,
2007; Priha et al., 2001; Soderberg et al., 2002), and these struc-
tural differences were more important than differences in func-
tion estimated by community-level physiological profiling (Priha
et al.,, 2001; Soéderberg et al., 2002). Previous studies have also
indicated that the tree effect on soil microbes was often mediated
by soil chemistry. Fungal biomass typically increased with the C/N
content, while the relative abundance of bacteria increased with
pH (Grayston and Prescott, 2005; Hogberg et al., 2007). During
spontaneous succession, also considering the sites of this study,
bacterial community composition developed gradually with no
dramatic transitions caused by the change of dominant vegeta-
tion. The most important variables correlating with bacterial
community composition were pH and C content (Urbanova et al.,
2011). In this study, however, the response of soil microbial
community composition to the environmental variables was
relatively low. In the litter, only the contents of three PLFA
molecules were affected by pH; one was affected by the N content
and one by the C/N ratio, and the amount of P was not significant.
Neither of the variables affected the ratio of bacteria to fungi. The
total fungal biomass (but not bacterial biomass) increased with
the litter N content. This observation extends the earlier finding of
the positive effect of litter N on fungal biomass production from
a single-species level (Voriskova et al., 2011) to the level of the
whole community. The effects of chemistry on microbial
communities in the soil were stronger than in the litter (Fig. 3).
The N content and C/N ratio, which varied substantially among
trees, affected four and one PLFA molecules, respectively, and
unlike in the litter, total bacterial biomass (but not fungal
biomass) increased with increasing N. The pH and P content had
significant effects on five and four PLFA molecules, respectively,
but these effects are unlikely to explain the differences among
trees because the variation in soil P content and pH was largely
independent from trees.

Despite the limited effects of soil chemistry, the tree effect
explained most of the variation in the microbial community
composition, and the tree x season interaction was also important
in the litter horizon (Table 3). It is likely that these vegetation-
dependent effects are either due to differences in finer soil chem-
istry, e.g., the quality of C, or due to specific effects of tree roots on
the rhizosphere microorganisms, factors not considered in this
study. The PLFA molecules 16:1w5 and 18:216,9, previously re-
ported as markers for arbuscular mycorrhizal fungi and total fungi,
respectively, contributed substantially to the PCA separation of soil
samples among individual trees (Fig. 3). While 16:1w5 was highly
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abundant under Alnus with a dense understory of herbs and grasses
possessing AM fungi, 18:2w6,9 was more abundant under Pinus and
in the succession sites where an herbal layer and AM fungi were
virtually missing.

Specific microbes are not only associated with individual trees
but may also contribute to the formation of soil traits by supplying
N and P to plants and thus affecting plant production and litter
quality. In temperate forests, up to 75% of N and P is supplied to
plants via N-fixing bacteria or symbiotic microbes efficient in N
acquisition, e.g., the mycorrhizal fungi (van der Heijden et al.,
2008). Among the trees considered in this study, the association
of Alnus with symbiotic N,-fixing bacteria is the ultimate cause of
high N content in its litter (Ekblad and HussDanell, 1995; Selmants
et al,, 2005). The N-rich litter of Alnus is also likely the cause of the
lowest C/N ratio in soils under Alnus. Relatively high N content
under Tilia is likely due to the high abundance of earthworms
burrying the litter thus increasing both the C and N allocation
belowground (Frouz et al., 2009; Table 1).

Differences in enzyme production under individual trees show
only limited effects of microbial community composition (Fig. 2)
mainly in the litter, where cellobiohydrolase, B-glucosidase and
B-xylosidase respond to the relative content of the fungal PLFA
18:2w6,9. Differential expression due to the differences in substrate
pH and C/N ratio is probably more important. The observed effects
of the litter and soil C/N contents on several enzymes are consistent
with previous results that showed that the N content in litter
determines the production of the same enzymes by a single fungus,
Hypholoma fasciculare, growing on different litter types (Voriskova
et al,, 2011).

Despite being subject to the dominant vegetation effects,
seasonal variations in the enzyme activity and especially in the
microbial community composition were also important in this
study. This finding is not surprising considering that 40—90% of
A. glutinosa litter and 50% of Quercus petraea litter can be decom-
posed within a single year (Dilly and Munch, 1996; Snajdr et al.,
2011) and that the properties of the litter horizon thus change
substantially throughout the year. In the deeper soil, seasonal
differences were found to mainly reflect the seasonal climatic
changes and C allocation belowground, the latter factor mainly
affecting the abundance of ectomycorrhizal fungi (Kaiser et al.,
2010; Rasche et al., 2011). Here, the microbial community compo-
sition was demonstrated to substantially respond to seasonal
effects in both horizons to an extent almost equally important to
the effects of trees. The seasonal effects on enzyme activity were
only important in the litter, where the quality of organic matter
changes more substantially (Table 3).

In post-mining sites or other sites affected by human activity,
revegetation is often considered to improve soil quality and func-
tion, but this effect may be only temporary. In soils revegetated
with Alnus at sites also encompassing some of the sites of this study,
microbial activity was higher than at the unreclaimed sites. This
difference was, however, most evident at young sites (Helingerova
et al., 2010). Here we show that after 22—33 years, the properties of
soils undergoing spontaneous succession are comparable to reve-
getated sites in terms of soil nutrient content and microbial
biomass as well as soil microbial activity (Table 1, Fig. 1). In all
spontaneous succession series considered in the comparative study
of Prach and Pysek (2001), continuous vegetation was always
formed before year 15. Additionally, the spontaneously developed
sites show higher plant diversity (Hodacova and Prach, 2003;
Mudrak et al., 2010), which might be desired in certain cases. The
important advantage of revegetation would thus be mainly the
accelerated development of vegetation in the early phases of
development which may be susceptible to soil erosion (Mudrak
et al.,, 2010).

This paper shows that dominant tree vegetation substantially
affects the rates of microbial decomposition processes both in the
litter and in soil. When comparing the revegetated sites with sites
under spontaneous succession, the enzyme activities and microbial
biomass were similar except for the elevated enzyme activity at
sites revegetated with Alnus which may indicate similar rates of soil
development at revegetated and succession sites. Spontaneous
succession in temperate Europe may thus be a suitable option for
land restoration.
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Resear ch highlights

. Forest trees affect community composition of bdatand fungi in soil and litter.
. More fungi than bacteria are tree-specific, egdlgan the litter.

. Effects of trees on bacteria are likely medidigditter or soil pH.

. Both root-symbiotic and saprotrophic fungi aeetspecific.

. Litter and soils under different trees are dortedaby different fungi.



Abstract

In forest ecosystems, trees represent the majanapyi producers and affect the chemical
composition and microbial processes in the ecosystda specific litter chemistry and
rhizodeposition. Effects of trees on the abundamitsoil microorganisms were observed but the
extent to which trees affect the composition of nmiiial communities remained unknown. Here we
analyze the factors affecting the composition daftbidal and fungal communities in forest litter and
soil under seven tree species studied at twenty-espatially independent sites of similar age
developed on the same initial substrate. Microlsi@nmunities differed between litter and soil.
Bacterial communities were more diverse than fulcgahmunities, especially in litter, and exhibited
higher evenness. Eighty percent of the bacteriglieseces belonged to the 200-250 most dominant
operational taxonomic units (OTUs), and 80% offilmegal sequences were composed of only 23-28
OTUs. The effect of tree species on the microbiammunity composition was significant in both
litter and soil for fungi as well as bacteria. lackeria, the tree effect was likely partly mediabsd
litter and soil pH. Fungal taxa showed a greatedéacy to be tree-specific: 35-37% of the dominant
fungal OTUs but only 0-3% of the bacterial OTUs aveestricted to 1 or 2 trees, and 15-45% of the
fungi and 80% of the bacteria were common under 8 trees. As a consequence, the numbers of
observed dominant fungal OTUs in the study aregeased faster with an increasing numbers of trees,
indicating high p-diversity. Although the proportion of the arbusoul mycorrhizal and
ectomycorrhizal fungi differed among trees, thespecific fungal taxa were both root-symbiotic and

saprotrophic.

Keywords: forest soil; litter; bacteria; fungi; ptamicrobe interactions; diversity

1. Introduction

The interactions between soil and litter microbiand plants receive considerable attention.
Soil microbiota are responsible for a wide rangebimfgeochemical processes, including nutrient
mobilisation, decomposition and gas fluxes and ewanected to the aboveground part of the
terrestrial ecosystems through plants. Plants riasapy producers, mediate the bulk of the organic-
carbon input into the ecosystem (Wardle et al. 420l the forest ecosystems that cover a subatanti
part of the Earth’s surface, trees play a promimeletin these aboveground/belowground interactions
because they are responsible for the bulk of tke fwimary production and because, as dominant

organisms, they often shape the character of the ok the vegetation. The functional traits of



dominant trees (or vegetation as a whole) may &ffeicrobial communities in several ways,
including through the production of aboveground dredowground litter, rhizodeposition, direct
interactions with root-symbiotic microorganismsdimect biotic effects on soil microorganisms
mediated by herbivores or soil fauna or through éfieration of the microclimate (shading,
interception of precipitation, water uptake eté&dgusto et al., 2014; Prescott and Grayston, 2013).

In forest ecosystems, carbon fixed by trees ertezssoil either via the accumulation of
aboveground litter on the soil surface or througbtrlitter and exudates. The differences in the
chemistry of these carbon pools among trees dffiecabundance and composition of soil fungal and
bacterial communities to various extents (Presewmiti Grayston, 2013). Plant litter is mostly
composed of recalcitrant biopolymers, which areesgnted by polysaccharides and polyphenols that
are utilised by decomposer microorganisms. Dudéditamentous form of most taxa, fungi are often
considered better suited for and consequently nivelved in the decomposition of polymeric
compounds (de Boer et al., 2005), and many battara that preferentially utilise low-molecular-
mass organic compounds may rely on the productsngfal-biopolymer decomposition for nutrition
(Stursova et al., 2012). As a consequence, ther litaits should have stronger effects on the
community of the saprotrophic fungi than on baeteRor example, in a comparative study using
DNA-fingerprint profiles fromFagus, Quercus, Pseudotsuga andPicea litter, tree species explained
almost 50% of the variability in the fungal commiyn(iKubartova et al., 2009). Unfortunately, data on
the effect of trees on litter bacteria is relatyskcarce. The properties of the litter itself areren
important than other environmental variables foe #omposition of litter-associated fungi and
bacteria, as evidenced by the similarity of littemmunities transplanted into other environmental
contexts (Aneja et al., 2006; Bray et al., 2012), &n effect of the underlying forest floor hasoals
been observed (Wallenstein et al., 2010).

In bulk soil, pH is highly important to the comjiam of the bacterial community, but it
seems to be less important for fungi (Lauber et28l09; Rousk et al., 2010). Both bacteria and ifung
may respond to soil nutrients such as phosphorustmgen. The latter was reported to specifically
affect the abundance of ectomycorrhizal (ECM) fufigiuber et al., 2008). On the other hand, the
effects of land use and dominant vegetation affi@et)i more strongly than bacteria. These factors
affect both the saprotrophic and root-symbiotiathut seem to be much more important for the latter
(Buéé et al., 2009b; Martiny et al., 2006; Zingernk, 2011) because many root symbionts are tree-
specific (Peay et al., 2008; Tedersoo et al., 2008)

Plant roots and the rhizosphere represent uniqueoaments strongly influenced by plants
whose existence contributes to the spatial hetesityeof soils (Buéé et al., 2009a; Churchland and
Grayston, 2014). Several factors, such as thetgualid availability of C compounds of plant origin
or the presence of sites for microbial attachmastinduish the rhizosphere from bulk soil. The
rhizosphere is typically richer in plant-derived bDt depleted of P and N and affected by root

respiration (Hinsinger et al., 2005; Philippot &t 2013). Bacterial and fungal communities in the
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rhizosphere thus differ from those in the bulk saith the former containing more microbial biomass

and a greater share of symbiotic microorganismsreasithtegists (Buéé et al., 2009a; Corneo et al.,
2013; Koide et al., 2005). The differences in praps of plant rhizospheres, such as the specific
composition of exudates, among plant species (@hamd and Grayston, 2014; Prescott and

Grayston, 2013) should be reflected by the plast#ie differences among rhizosphere microbial

communities like those recently reported for baatessociated with agricultural crops and grasses
(Turner et al., 2013).

Although the unicellular bacteria in the rhizosghand bulk soil inhabit one of these separate
niches, the mycelia of root-associated fungi magm from roots and the rhizosphere into the bulk
soil. Due to this connection and the physiologmetivity of the mycorrhizal symbiosis, the effedt o
plant roots may be extended by their specific flisganbionts into the bulk soil where it affects the
local microbial community (Kluber et al., 2011; Kei et al., 2005). Ectomycorrhizal mycelial mats,
whose formation is dependent on tree roots in gy, create a specific niche that is often
characterised by high oxalate content and low pHul{r et al., 2010), which supports different
microbial communities than the soil outside thesteraycorrhizal mats (Poole et al., 2001; Timonen
et al., 2004).

Despite the wide acceptance of the abovementioerdrgl relationships among tree traits and
microbial community structure and multiple repatdree effects on microbial communities (Aponte
et al., 2013; Grayston et al., 1998; Hackl et2004; Hobbie et al., 2006; Ushio et al., 2008)r¢He
currently little knowledge about the quantitativetemt to which tree species affect bacterial and
fungal diversity and community composition. Thisnainly because most of the previous results were
obtained using low resolution methods, such asctimeparison of PLFA profiles, considered only a
part of the microbial community (such as bacteriaestomycorrhizal fungi) or because their
interpretation was limited by their experimentasida, such as, most typically, low replication loe t
inability to exclude tree-independent externaldast{Prescott and Grayston, 2013).

The aim of this work was to analyse the effectdahinant tree species on the composition of
bacterial and fungal communities in the litter amdhe soil and to investigate the extent to witlud
dominant tree vegetation shapes microbial-commuotyposition. The study was performed at a set
of post-mining sites under six different tree specintroduced by recultivation and at sites left to
spontaneous development for the same length of iwhih developed int&alix-dominated forests.
We used the rare opportunity presented by a sgtatfally independent tree plantations establistsed
field-size plots on the same initial substrate, alshhad not been previously affected by other tree
species. Moreover, the plots had developed foraqimately the same length of time (22-33 years),
and a wide variety of additional data are availaBievious studies on the same plots demonstrated
vegetation-dependent differences in the C accuioulabove- and belowground (Frouz et al., 2009),
the extent and type of understory vegetation (Mkigraal., 2010), the biomass and composition of

soil fauna (Frouz et al., 2013) and the differerindgter and soil composition, microbial biomamssd
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the relative abundance of fungi and bacteria (Sretjdl., 2013). These previous studies perfornted a
the same or similar plot ages gave us informatlmoutifactors shaped by the effect of the dominant
tree species that might have affected the micratiarsity and community composition.

We hypothesised that the effects of vegetationafiééct fungal-community composition more
strongly than bacterial-community composition inttbdhe litter and the soil. Fungi, as primary
decomposers of litter biopolymers, should reflbet properties of litter. Due to the complex natire
plant-fungal symbiosis, symbiotic fungi are expdde be more tree-species-specific, and this higher
level of specificity should remain detectable ie thulk soil. In contrast, bacterial taxa, espegidie
prevailing unicellular bacteria, inhabit soil nishen a very small scale (Vos et al., 2013) thatroft
have no direct connection to the plant root orrtlicosphere. The tree-species effects on the kilk-s

bacteria were expected to be indirect and thusdesmunced.

2. Materialsand Methods

2.1. Sudy site

The study was carried out at the Velkad PodkruSrekdospoil heap in the Sokolov brown-coal
mining district (in the western part of the CzeatpRBblic). The study area of 1900 ha was located at
an altitude of 450-520 m a.s.l.,, with a mean anmuetipitation of 6560 mm and a mean annual
temperature of 6.8°C. The spoil heap was formednfrbertiary clays of the so-called cypris
formation. When dumped on the heap, this mateda an alkaline pH of 8-9, and the dominant
minerals were kaolinite, montmorilonite and illifEhese minerals were also accompanied by calcite,
siderite and fossil organic matter, namely typkellogen (Mudrak et al., 2010).

The homogeneity of the initial composition of thepdsited material and the climate across
the study area ensured that the vegetation developiwas the major driving source in the
development of soil. The area was mostly coveredabmosaic of forest patches, planted as a
reclamation measure such that individual tree getolere randomly spread over the heap. This
procedure resulted in a “common garden” experinegnthe landscape scale. Some of the heap had
not been reclaimed and was dedicated to spontamewegetation. Seven types of forest stands were
chosen for the study. One type was unreclaimedistandergoing spontaneous succession dominated
by the willow Salix caprea (S). Six types were reclaimed plantations, eaghidated by one or two
tree species of one genusnus glutinosa andA. incana (A); Larix decidua (L); Picea omorica and
Picea pungens (P); Pinus contorta and Pinus nigra (N); Quercus robur (Q); andTilia cordata (T).

Four replicated patches per treatment were seldotethis study. Each patch covered at least 1 ha

(typically 2-5 ha). The study sites were randonmpyesd over the heap, and patches of other tree



species were closer to each patch than any patitie agame tree species. The typical distance batwee
replication of the same species was 1-4 km, andrapecies were usually located less that 1 km
apart. In each patch, a study area was choseasitdé m from a patch edge. The age of each s#e wa
considered to be the time since the last majoudiance (i.e., heaping in the case of S and plguatin

trees in the case of the reclaimed sites) and thfigen 22 to 33 years (Frouz et al., 2009).

2.2. Sample callection and characterisation

The samples were collected in late October 200eadhately after litter fall and during the
period of the highest microbial activity (Baldrigt al., 2008; Frouz and Novakova, 2005). Six
spatially independent subsamples (soil cores ah#bdiameter) were collected from each study site
at the litter patches without understory vegetatetept for thedlnus sites where ground vegetation
was omnipresent. The samples were transportedetdattoratory and separated into (1) the litter,
including the fermentation layer and (2) the uppem of soil. These composite samples from each
site were homogenised by cutting the litter intd59cnt pieces or passing the soil through a 2-mm
sieve. Samples for DNA extraction were frozen atutesl at -80°C before processing. The same
samples were also analysed for litter and soil ¢y microbial biomass and composition using
PLFA analysis and the activity of extracellular gmes. These data were published by (Snajdr et al.,

2013), and a summary of soil and litter charadiesss provided in Supplementary Table 1.

2.3. DNA extraction and amplicon pyrosequencing of fungal and bacterial communities

Total genomic DNA was extracted from 250 mg of fresil material or litter material using a
modified Miller method (Sagova-Mareckova et al., 080 The fungi-specific primers ITS1/ITS4
(White et al., 1990) were used to amplify the I'Efion, the 5.8S ribosomal DNA and the ITS2 region
of the fungal ribosomal DNA. The bacteria-specifidmers eub530f/eub1100br (modified from
(Dowd et al., 2008) were used to amplify the V4-k&gjion of the bacterial 16S rRNA gene, as
described by (Baldrian et al., 2012).

PCR amplifications were performed in two stepsthia first step, each of three independent
25l reactions per DNA sample contained gl5f 10 x polymerase buffer, 146 of 10mgml™
bovine serum albumin, dl of each primer (0.0anM), 0.5ul of PCR Nucleotide Mix (11M), 0.75ul
polymerase (®J/ul; Pfu DNA polymerase:DyNAZyme Il DNA polymerask24) and 1l of template
DNA. Cycling conditions were 94C for 5min; 35 cycles of 94C for 1min, 62°C for 50s, 72°C for
30s, followed by 72C for 10min for primers eub530f/eub1100br; 9a for 5min; 35 cycles of 94C
for 1min, 55°C for 1min, 72°C for 1min, followed by 72C for 10min for primers ITS1/ITSA4.
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Pooled PCR products were purified using the WiZz¥dGel and PCR Clean-Up System (Promega,
Madison, WI, USA). The product of the first PCR wesed as a template for the second PCR. In the
second step, each pd+eaction per DNA sample containedibof 10x polymerase buffer, 144 of
DMSO for PCR, 0.4ul of forward fusion primer (ITS1, tag sequence, 4Hécific sequence;
(Baldrian et al., 2012)), 0.4l p of reverse fusmimer (ITS4, 454-specific sequence)llof PCR
Nucleotide Mix, 1.5ul of polymerase (2 U/ul Dynazyme DNA polymerase?24):and 100 ng of
template DNA. The cycling conditions were 94°C B%omin; 10 cycles of 94°C for 1 min, 62°C for 1
min, and 72°C for 1 min; followed by a final extemrsat 70°C for 10 min.

PCR products were purified using Agencourt AMPufe (8eckman Coulter, Beverly, MA,
USA). The concentration of PCR products was quaatiusing the Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA), and an equimolar of PCR products from all samples was
prepared. The mixture of PCR products was sepatateglectrophoresis and gel-purified using the
Wizard SV Gel and PCR Clean-Up System (Promega,isdadWI, USA), followed by purification
using AMPure XP and the MinElute PCR Purificatioit £ remove primer-dimers. The amplicons

were sequenced on a GS Junior 454-pyrosegeuncenéRBasel, Switzerland).

2.4. Bioinformatic analysis and statistics

The pyrosequencing data were processed using thelifd@ SEED with the proposed
procedures of standardised data analysis (Nilsgoal.e 2011; \étrovsky and Baldrian, 2013).
Pyrosequencing noise reduction was performed ubi@denoiser 0.851 (Reeder and Knight, 2010),
and chimeric sequences were detected using UCHBUIG4r et al., 2011) and deleted. The sequences
were shortened to 300 bases, and shorter sequercesremoved. Bacterial and fungal sequences
were independently clustered using Usearch (EdifztQ) at 98% similarity. Consensus sequences
were constructed for each cluster, and Operatidaabnomic Units (OTUs) were constructed by
clustering these consensus sequences at 97% yd@éniihdberg et al., 2012). The abundance data
reported in this paper are based on this datassmfence abundances and should be taken as proxies
of taxon abundances only with caution (Lindahl let 2013). The closest hits to fungal consensus
sequences were identified using the PlutoF pipdlireelersoo et al., 2010), and nonfungal sequences
(< 1%) were disregarded. The Ribosomal Databasgd@®r{Cole et al., 2009) and BLASTn hits
against GenBank were used to generate best hitsctill et al., 1997) for bacterial consensus
sequences. The sequence data were deposited in MI@&RAST public database

(http://metagenomics.anl.gov/, data set numbers XXxand YYYY.Y).



2.5. Diversity and statistical analyses

The Shannon-Wiener index, evenness index, speiciesess index anthe most abundant
OTUs that represented 80% of all the sequences uszd as diversity estimates. These estimates
were calculated for a data set containing 700 ramiglahosen sequences from each sample. Because
the majority of taxa were represented by a veryllsmanber of reads and because such read counts
were demonstrated not to be technically reprodadibundberg et al., 2012), only taxath higher
relative abundances> (1% in> 3 samples) were tested for variations in abundafbe relative
abundances of these taxa were square-root-transfotmensure normality of the dataset, tested for
treatment effects and subjected to a Principal Gorapt Analysis with tree type and environmental
metadata as additional variables. The Jaccard Jndexcalculated for all OTUs with relative
abundances 0.5% in at least one sample, was used as a meaiscoenmunity similarity (Koleff et
al., 2003). The Jaccard Index is calculated as AB#AC), where A is the number of species found in
both of the samples, and B and C represent the euoflspecies unique to either of the two samples
analysed. The Jaccard Index ranges from 0 (no epatiared) to 1 (all species sharédpne-way
analysis of variance with Fisher’'s least-significdifferencepost hoc test was used to analyse the
statistical significance of the differences amongugs of samples. Differences with a P < 0.05 were
regarded to be statistically significant. To expltne relative effects of trees and other envirartaie
variables, general linear models (GLM) were usedl.eXplore the effects of tree diversity on the
diversity of fungi and bacteria, species richness walculated for all combinations of trees. For
microbial OTUs with relative abundanced % in> 3 samples, the number of associated tree species
was calculated as those with abundances > OTt8 pipeline SEED (¥rovsky and Baldrian, 2013)
was used for data pre-processing and diversityutaions, and Statistica 7 (Statsoft, Tulsa, USAw

used for statistical analyses.

3. Results

3.1. Bacterial communitiesin forest litter and soil

In total 72 996 bacterial sequences remained themwhole dataset after quality trimming and
the removal of chimeras (in average, 1303 per sanpat were clustered into 12279 OTUs including

8255 singletons. The bacterial communities werarbledifferent between litter and soil: out of the



dominant OTUs with >1% abundance in three or maregdes, only 8 were shared; 27 were dominant
only in the litter, and 22 were dominant only ie #il (Supplementary Table 2).

Litter was dominated by Proteobacteria (58.9%)loveed by Actinobacteria (13.8%),
Bacteroidetes (13.8%) and Acidobacteria (6.0%); tmafs the Proteobacteria belonged to the
Alphaproteobacteria, Gammaproteobacteria and Batagvacteria (Fig. 1). On the species level,
Sphingomonas, Erwinia, Mucilaginigacter, Burkholderia and Pedobacter were the most common.
Although Sphingomonas, Mucilaginibacter and Burkholderia were common in litter of all tree taxa,
Erwinia was highly dominant irAlnus litter and common irQuercus and Tilia litter but virtually
absent in other litter®edobacter was rare in the litter dfarix andPinus. In general, the composition
of dominant bacterial taxa was similar in tterix andPinus litter and in theQuercus andTilia litter,
and theAlnus litter differed the most from the litters of théher tree species (Fig. 1). The specificity
of bacterial taxa to certain litter types was magparent on the OTU level: out of the 35 dominant
OTUs, only 2 (6%) did not show significant diffeoes in abundance across litter types; however,
litter type-specific taxa were typically abundant litters of multiple tree species (Supplementary
Table 2).

Principal component analysis of the abundancéscterial genera showed that samples of the
same litter type typically clustered together. Skmgrom the coniferous litter, especiallgrix and
Pinus were separated from the broadleaf-litter samplesgathe first canonical axis that explained
38% of the total variability. Samples from Alnugesi and Salix sites showed high loads along the
second axis that explained an additional 19% of tttal variance (Fig. 2). The first axis was
associated with differences in the C content ofdbig total microbial biomass, the fungal/bacteria
biomass ratio and pH. All of these values were loimeconiferous litter types than in the litter of
broadleaved trees. The second axis tended to septheasamples based on the N content or the C/N
ratio, resulting in the separation of tinus sites. The PCA also indicated that the Acidobater
preferentially inhabited the litters with low pHdimow C and that the Actinobacteria were better
represented in litters with a high C/N content (R

In the soil, Proteobacteria was the major phylusn.{%), followed by Actinobacteria
(16.7%), Bacteroidetes (8.7%) and Acidobacterigd%®; most Proteobacteria belonged to the
Alphaproteobacteria and Betaproteobacteria (FigBaadyrhizobium, Sphingomonas, Burkholderia,
Rhodoplanes and Chthoniobacter were the most common genera, and all were aburidaait soil
types. Most of the next-most-abundant bacteriakggervere present in the soils under all trees (Fig.
1). Differences in abundance among soils were fiogmit for only 10 of the 30 dominant OTUs
(33%), and none of these OTUs was patrticularly daahin the soil under any single tree species
(Supplementary Table 2).

Although the percentage of the variance explaimedhe first twvo PCA axes was relatively
high (37.7%), soil samples from individual treesrevenly rarely separated; for example, the soils of

Alnus were distinguishable from those Bfnus, and the soils unddrarix or Salix were relatively
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heterogeneous (Fig. 2). The first axis was assatiaith differences in the content of P and N i@ th
soil, and pH was associated with both axes. Theldbacteria were associated with acidic soils, and
the Firmicutes showed higher loading along thd frss, indicating their association with soils hwit
high N and P content (Fig. 2).

3.2. Fungal communitiesin forest litter and soil

In total, 85 394 fungal sequences that survivedlityutrimming and chimera removal (on
average, 1525 per sample) were clustered into 4918s, including 2738 singletons. The fungal
communities in litter and soil showed very low darity: only two of the dominant OTUs with >1%
abundance in three or more sampleadpphora andThysanophora) were shared, and 25 and 27 were
dominant in only litter and soil, respectively (plgmentary Table 3).

The litter was dominated by Ascomycota (71.4%) &wabidiomycota (19.2%), but their
abundances differed among trees: Ascomycota rapees®6 and 94% of the sequenceslinus and
Tilia soils but only 38% inLarix soils. Coniferous trees arlix showed higher abundances of
Basidiomycota, and Mortierellomycotina were aburidanthe Larix and Picea litters, representing
>10% of the sequences. In addition, >10% of thaiseces associated with the littersLafix and
Pinus were Chytridiomycota. On the level of fungal oslgéhe composition of litter communities was
highly tree-species-specific, with Capnodiales, Agdes, Saccharomycetales and Helotiales being
the most abundant in different litter types (Fig. @n the species level, the relative abundances of
major genera showed litter similarity, witbandida, Mortierella, Mycosphaerella, Ramularia and
Tetracladium being the most abundant in specific litter typeg.(3). Fungal OTUs were also litter-
specific; only three dominant OTUs out of 27 (11dig) not show significant differences in abundance
across litter types. Moreover, 37% of the domir@mtys showed significantly higher abundances on
a specific litter type, evidencing a high leveli@e-species specificity (Supplementary Table 3).

Principal component analysis of the abundancdsirgal genera showed that samples from
the same litter type clustered together in manyesaas forLarix, Alnus and Tilia. Samples from
coniferous litter tended to be separated from ttoadieaf litter, especially those &fnus andTilia,
along the first canonical axis, which explained 2dfthe total variability. The second axis explaine
an additional 11% of the total variance but did separate litter types from each other (Fig. 4 Th
first axis was associated with differences in carbad nitrogen content in the litter, total micibi
biomass and the fungal/bacterial biomass ratidectifig differences in the results between the
coniferous and broadleaf litters. pH showed highdfoon both PC axes, separating the more acidic
litters of Larix andPinus (Fig. 4).

The sequences of the Ascomycota and Basidiomyeeta also the most abundant in the soil,

representing 70.2% and 17.8% of all sequencesectigply. The Glomeromycota were the third-
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most-abundant, ranging from <2% abundance irPthas soil to more than 7% in thealix andAlnus
soils. Consistently across the soils, Capnodiatek \éerrucariales were the major orders within the
Ascomycota and the Agaricales, and Russulales werst abundant among the Basidiomycota.
Among fungi, Cryptococcus and Candida were abundant in all soil types, but the rest lod t
communities were tree-species-specific (Fig. 3).0Am fungal OTUs, 93% exhibited significant
differences in abundance among the soils of diffeteee species; 28% of the fungal OTUs, both
saprotrophic and ectomycorrhizal taxa, were higalundant in the soil of one specific tree
(Supplementary Table 3).

The first two PCA axes explained 32.5% of the arace in the abundance of fungal genera in
the soil. The samples from soils of the same typecally clustered close together. The first axis
separated the soils und&linus andTilia with high N and low C/N content and high total datterial
biomass from other soils. pH was most closely daset with the second axis, separating the acidic
soils undetarix andPinus from the higher-pHPicea soil (Fig. 4).

When the observed fungal taxa were divided intmuseular mycorrhizal, ectomycorrhizal,
nonmycorrhizal taxa or yeasts, soil samples exbisignificantly higher proportions of the
arbuscular mycorrhizal and ectomycorrhizal taxa gedsts. The relative proportion of mycorrhizal
taxa in litter and soil also differed among treksboth litter and soil, the highest abundances of
ectomycorrhizal fungi were observed under conifertees, and arbuscular mycorrhizal fungi were
most common in thélnus and Salix soils. Relative abundances of yeasts were fourtoketbighly

variable across samples (Supplementary Table 4).

3.3. Effect of trees on litter and soil microorganisms

Fungal communities show significantly lower divgrsthan bacterial communities as
measured by the Shannon index or the species sshindex. The values of the latter were 117 + 8
and 131 + 9 for fungal communities in litter andl daut 331 + 18 and 396 + 8 for bacterial
communities, respectively. Fungal communities allowed lower evenness, with 80% of all the
sequences represented by 23 + 4 of the most abu@iEds in the litter and 28 + 8 of the most
abundant OTUs in the soil; these values were 194 and 256 * 8 for bacteria, respectively. Bacteria
communities exhibited significantly higher diveysiind evenness in the soil than in the litter (Big.

When the effect of tree species on the genus-v@lposition of microbial communities was
tested, it was found to be significant in all cad®sng stronger in fungi than in bacteria andrajsy
in the litter than in soil. The probability (P) theee effect was absent was < 0.00001 for fungjtter,
0.0003 for fungi in soil, < 0.0001 for bacterialitter and 0.0393 for bacteria in soil. Generakhn
models were applied that included both trees ailecliemistry data (Cox, N, P, and pH) to explore

whether this effect is mediated by the effectsrebs on soil chemistry. These complete models
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showed that in fungi, only the effects of treesenvgignificant, with P = 0.000148 in the litter aAd:
0.031 in the soil, and the effects of C, N, P, @htlwere insignificant (P > 0.13 invariably). For
bacteria, the complete models including all vaeabthowed no significant effect of any variable
alone. When the complete model was reduced onaimbioed effects of pH and tree, the two factors
with the lowest P values in both litter and sdik effect of trees was significant in litter (P ©@01)
and had the lowest but still non-significant, paaln soil (P = 0.23). These analyses show thdikeun
in fungi, the effect of trees on bacteria is lik@lgrtly mediated by the tree effects on soil atiérli
chemistry, most apparently the pH.

The effect of trees on the composition of micrbb@nmunities was also demonstrated by the
fact that fungal communities were more similar agsites with the same tree species then among
sites with different tree species. Expressed addleard index, the OTUs similarity was 0.47 + 0.20
and 0.26 = 0.20 in the litter (P < 0.00001) ancb@®®.19 and 0.42 + 0.14 in the soil (P < 0.00001)
the sites with the same and different tree spedspectively. This effect was observed for baatari
the litter (0.71 £ 0.10 and 0.62 + 0.15, P < 0.Q00&ut not in the soil, where the samples from unde
the same tree species were not significantly miondas (0.58 + 0.19 and 0.61 £+ 0.20, P = 0.94). The
Jl values also showed that the similarity of baaterommunities was in general higher than that of
fungal communities because the dominant fungal Okl more tree-specific: 37% of fungal OTUs
in the litter and 35% of those in the soil wererfdwnder only one or two tree species, but these
“specialist” taxa in bacteria were absent fromgbi and only represented in 3% of the litter saapl
On the other hand, 77% of the dominant bacteridU©in litter and 83% of those in soil were found
under six or seven trees, but there were no sueheiglist” fungal OTUs in the litter and only 2186 i
the soil (Fig. 6). Another important consequencéhe strong association of fungi with certain tree
species was the observation that the counts ofdaminOTUs, those that represent > 0.5% of the
sequences in at least one sample, scaled almeatliimwith the number of tree species analysed, but

the increase in bacterial OTUs with increasing-species counts slowed down rapidly (Fig. 6).

4, Discussion

Trees may affect ecosystem properties through ditodé of processes, including alteration
of the microclimate (temperature and moisture)dpobion of litter, production of root exudates or
direct interactions with root-symbiotic and rootasiated microorganisms (Prescott and Grayston,
2013). The importance of individual mechanismsdswell known, but recent results show a strong
relationships between fungal and bacterial commustituctures and soil factors such as pH, texture,
organic matter and C:N ratio (Brockett et al., 20E&rer and Jackson, 2006; Fierer et al., 2009;
Rousk et al., 2010), and thus, the effects of togesoil chemistry are likely significant, espelgiah

developing soils where the bulk of carbon is ofplarigin (Baldrian et al., 2008). In our experirtan
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system, the dominant tree vegetation developedaarei soil with very low initial C content (3.8%),
and each plot was thus under the almost exclusfiieence of a single dominant tree. The quantigativ
extent of this influence is demonstrated by the that soil C increased to 15-25% before analysis
(Snajdr et al., 2013).

In a previous study conducted at the same sitesjrént trees significantly affected bacterial
and fungal biomass and their ratio. Only a smadpprtion of these tree effects could be explained b
differences in the litter or soil chemistry. Amotige chemical variables, the N content had the
strongest effect on the microbial biomass, increafiingal (but not bacterial) biomass in the lisied
bacterial (but not fungal) biomass in the soil. Tesults indicated that other factors, such asenitr
quality or the specific association of microorgamswith rhizospheres of different trees or the
understory, are likely important mediators of vagjen effects (Snajdr et al., 2013). This obseorati
has now been extended to microbial-community colitipas

Our results show that the responses of fungalbaoterial communities to the dominant tree
species differ and that the extent of their infleemiffers between litter and soil. This resulhist
surprising, considering that litter and soil midedbcommunities have been demonstrated to differ
(Baldrian et al., 2012; Lindahl et al., 2007) agthis study (Fig. 1, 3). In agreement with previous
reports (e.g., (Baldrian et al., 2012; Rousk et2010), plot-level bacterial diversity was highlean
fungal diversity and bacterial communities were enewven, with 80% of the sequences typically
belonging to the 200-250 most dominant bacterialU®Tcompared to only 23-28 fungal OTUs.
Bacterial communities in litter showed higher dsgr and evenness than those in soil.

In the litter, the similarity of communities wagyher among plots associated with the same
tree species than among those with different tfeeboth bacteria and fungi. Especially in fungi, a
high level of litter-specificity was observed, whiapplied at the OTU level as well as the levelthef
genus, order and class. Dominant bacterial OTU® wggically observed in multiple litters. In the
dominant OTUs, 37% of the fungi and 28% of the &aatshowed a significant preference for one
specific litter, with higher abundance in thatditthan in all other litters (Supplementary Tal#e3).
Analysis using general linear models (GLM) thatiuded tree type and litter chemistry indicated that
tree identity is significant for the community coasition of both bacteria and fungi. In bacteriat bu
likely not in fungi, this effect is partly due tittér chemistry, especially pH, which was also the
dominant factor shaping community composition,raidated by PCA (Fig. 2). The high abundance
of Acidobacteria in acidic litters and of Actinolbeia in litters with high C/N ratios is consistamwith
the previously observed traits of these taxa (Lawteal., 2009; Lauber et al., 2008; Rousk et al.,
2010).

In the soil, 28% of fungal OTUs (both ectomycordiiroot symbionts and saprotrophic taxa)
preferred one specific tree species, but there werguch OTUs in bacteria (Supplementary Tables 2-
3). In bacteria, the effect of trees on soil-comityuromposition was less pronounced, and the

communities under the same tree species were ng Bimilar than communities under different
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species. The bacterial community in the soil, adicmy to PCA, seemed to mostly reflect soil
chemistry, especially pH, P, and N content. Seqeed the Acidobacteria were more abundant in
acidic soils, but the Firmicutes tended to prefalsswith high N, P and pH. This finding seems to
confirm the importance of soil pH to bacterial-coomity composition (Lauber et al., 2009; Rousk et
al., 2010). In fungi, the effect of trees was timdycstatistically significant factor in the genetizear
model. Soil-chemical factors were insignificantte GLM, and their small PCA loads indicated their
limited effects on fungal-community compositiondF4).

It is well documented that rhizosphere microbiainoaunities differ from bulk soil in many
respects, most obviously the availability of rogti@ates comprised of carbohydrates, organic acids,
amino acids and other compounds. This differenceflected by the specific composition of fungal
and bacterial communities in the rhizosphere g€ et al., 2009a; Churchland and Grayston, 2014;
Lundberg et al., 2012). In recent papers, highttghput sequencing was used to demonstrate that
rhizospheres of agricultural crops harbour distlratterial and eukaryotic communities. Furthermore,
the strength of the rhizosphere effect dependderplant species and may range from communities
that are highly specific to those composed by gdistrtaxa shared by multiple plants (Botnen et al.
2014; Turner et al., 2013).

The tree-specific communities of bulk-soil fungidamuch less specific communities of
bacteria suggest that the root-associated filanmsnfangi, unlike bacteria, may extend from the
rhizosphere and carry the legacy of the plantdiaiio the bulk soil. Filamentous microorganisme ar
stronger decomposers of bulky substrates in aadlyatieterogeneous environment such as soil (de
Boer et al., 2005) and can better cope with a digrenment with limited connectivity (Wolf et al.,
2013). Their ability to extend plant influencesoirthe bulk soil, if verified, would represent arath
important ecological feature of the filamentougdiyle. In our system, sequences of mycorrhizal
fungi represented 15% of the total fungal sequerces dominant ECM OTUs typically showed
strong host preferences (Supplementary Table 3)rtporeal forests, ectomycorrhizal mycelia may
be much more important and account for up to 80%heffungal community and 30% of the total
microbial biomass (Hogberg and Hogberg, 2002).dmigination with a recent report that 34% of
ECM-community variation across several biomes cameXplained by the host-tree family (Tedersoo
et al., 2012) and that specific microorganismsamsociated with ECM mycelia (Kluber et al., 2011;
Warmink and van Elsas, 2008), the potential sttendthe linkage between plant roots and bulk soil
seems obvious.

Due to the unicellularity and size of most bactetigey are expected to be exposed to the
conditions of their immediate surroundings, micohigis often the size of a single soil pore (Vod.et a
2013), often with very specific conditions that feif from the average properties of their
environmental matrix (Urbanova et al., 2011). Doehteir size, most of these microniches are likely
separated from the direct influence of plant r@otd may be the reason why bacterial communities in

soils under different trees are not significantiffedent. Although unicellular eukaryotes are latrge
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our observation that the abundant unicellular fu@gndida and Cryptococcus were universally
present in soils of all trees seems to supporinipertance of body shape for microbial distribuson

At least a part of the tree effect on soil micr@mgms could be due to indirect effects
mediated through specific understorey vegetatiah soil fauna, both of which were documented in
the studied system (Frouz et al., 2013; Mudrak let2910). The fauna-mediated effect can be
observed in the case dilia, where the abundant earthworms (Frouz et al., 20d9) litter into
topsoil, thus increasing both the C and N contéthe soil (Supplementary Table 1).

In addition to the tree effect, specific microbessariated with certain trees may also
contribute to the development of specific littersoil traits. In temperate forests, up to 75% aind P
is supplied to plants via N-fixing bacteria or syotlt mycorrhizal fungi (van der Heijden et al.,
2008). The high N content and low C/N ratio in #eus litter and soil (Supplementary Table 1) is
most likely the result of the activity of ,Nixing bacteria associated with th&nus (Ekblad and
HussDanell, 1995; Selmants et al., 2005). The conté N and P can also be affected by the
differences in the relative abundance of the ectanmpizal and arbuscular mycorrhizal fungi among
trees with the former being most abundant uhéeix andPinus and the latter undeXnus andSalix,
the only two tree species that may host AM fungtlweir roots (Supplementary Table 4).

One important question concerning microbial comniesiunder different trees is whether
they are species-specific or shared by multiplestrevith specific litter or soil traits. Evergreen
gymnosperm trees and deciduous angiosperm treesrejgorted to represent distinct groups in many
respects, including litter properties such asrlited soil acidification and lower N mobility due t
accumulation in recalcitrant complexes under ewsgrgymnosperms (Augusto et al., 2014), and
these two groups may theoretically represent sucipg with common traits. In our study of
community composition, however, evergreen gymnaspeato not seem to represent a separate group
becausePinus andPicea-associated communities seem to be less similar tth@se undePinus and
the deciduous conifdrarix. For example, the similarity of bacterial commigstin the litters of.arix
andPinus may be due to their low pH (Supplementary TableAlthough the extent of this study does
not allow definite conclusions, comparisons of camity composition among trees (e.g., using the
Jaccard Index) tend to indicate that microbial camities are tree-species-specific rather than tree
group-specific (data not shown).

Although specific plant-microbe associations weesalibed, most dominant microbial taxa
are shared among soils under multiple tree speklieie, we show that the proportion of this shared
diversity is relatively higher in bacteria thanfimgi: only 0-3% of dominant bacteria OTUs but 35-
37% of fungal OTUs were tree-specific (1-2 treesid 80% of bacterial OTUs were common to 6 or
seven trees; only 15-45% of fungal OTUs behavedariy (Figure 6). Moreover, in our study, fungal
diversity (expressed as numbers of OTUs with higlmalance in at least one sample) increased more
rapidly with increasing tree diversity than did tea@l diversity. Furthermore, the trend of incliegs

fungal diversity with increasing diversity of trea@ms also demonstrated at mixed forest sites with
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high tree species diversity in the Amazon (Peagl.et2013). If this trend can be extrapolated even
further, it may indicate why fungal diversity is pcted to be as high as 1.5 mil. species
(Hawksworth, 2001) and why the global diversityffgi is higher than that of bacteria despite the
lower alpha diversity at any single site.

The effect of tree species at the study sites hasrost important factor affecting the activity
of extracellular enzymes (Snajdr et al., 2013). @ise extracellular enzymes are produced by soil
microorganisms, differences in enzyme activitiesyrb@ partly due to differences in microbial-
community composition that we show here to be gpecific. The effect of dominant trees on
microbial-community composition can thus mediateirtkeffect on the enzyme-mediated ecosystem
processes.

Our paper confirms the hypothesis that fungal comities are more affected by dominant
vegetation than the communities of bacteria. Isténgly, the specificity of the fungal community in
the soil is not limited to root-symbiotic taxa. Atugh differences in litter chemistry likely cobuite
to the tree effect in bacteria, no such observativsere made in fungi. One explanation for thisgratt
might be the extension of the plant rhizosphereifipefungal mycelia into the bulk soil. The
comparisons of tree-root rhizospheres and bulls seduld also shed more light on the question of
whether the tree effects are direct or indirecy.(ethrough alteration of the ground vegetation).
Despite lower C allocation, herbal layer plantsavdemonstrated to affect the fungal community in
bulk soil in a microcosm study (Corneo et al., 20H3d so their effect should be considered. Future
studies should examine the upscaling of fungal rditse with increasing plant diversity and should
extend our studies to mixed-forest ecosystems, avineuch more complex relationships between

vegetation and microbiota should to be expected.
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Fig. 1: Phylogenetic assignment of bacterial segeefrom the litter and soil of forests with ditet
dominant trees. The data represent mean valuesfivormsites for higher bacterial taxa and for the

twenty-four most-abundant genera.

Fig. 2: Principal component analysis of the comiimsiof bacterial communities in the litter andlsoi
of forests with different dominant treeslnus — blue,Larix — yellow, Picea — light greenPinus —
green,Quercus — brown, Salix — red, Tilia — black. The association of bacterial genera, obiet
biomass and soil or litter chemistry are shown. éftided genera show statistically significant
differences in abundance among trees: yellow, Amadteria; green, Actinobacteria; red,
Bacteroidetes; cyan, Firmicutes; blue, Proteobggtbrown, Verrucomicrobia. Only genera with >1%

abundance in >2 samples were considered.

Fig. 3: Phylogenetic assignment of fungal sequefroes the litter and soil of forests with different
dominant trees. The data represent the mean vixhrasour sites for the twenty-four most-abundant

genera and orders.

Fig. 4: Principal component analysis of the compasiof fungal communities in the litter and sdil o
forests with different dominant tree&lnus — blue,Larix — yellow, Picea — light greenPinus — green,
Quercus — brown,Salix — red, Tilia — black. The association of fungal genera, miaobiomass and
soil or litter chemistry are shown. Underlined genshow statistically significant differences in
abundance among trees: blue, Ascomycota; greendi8aycota; black, Chytridiomycota; yellow,
Glomeromycota; magenta, Mortierellomycotina; cydmicoromycotina. Only genera with >1%

abundance in >2 samples were considered.

Fig. 5: Diversity of bacteria and fungi in the dittand soil of forests with different dominant see
Data represent the means of all samples (sever ideur replicates) with standard deviations.

Statistically significant differences among groaps indicated with different letters.

Fig. 6: Effect of dominant trees on the diversifybacteria and fungi in the litter and soil. A: tease

of the numbers of dominant microbial taxa with gasing diversity of trees. Only microbial OTUs
with >1% abundance in at least one sample wereidemesl. The data represent averages, and
standard deviations are omitted for clarity. B: Hpecificity of the association of microbial taxétw

a single dominant tree or multiple tree taxa. Asgtaan was defined as the >0.1% abundance in the
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litter or soil of a given tree. Only microbial OTUsith >1% abundance in >2 samples were

considered.
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