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Abstract. Root-delivered exudates affect soil microbial camities and may modify effects of
environmental factors such as temperature and umeistn soil microbial communities functioning.
There were tested the effects of 1-week incubatioder different combinations of temperature (5, 15,
30°C) and moisture (15, 50, 100% Water Holding Céppon the soil planted with Scots pineifus
sylvestrisL.) and of unplanted soil. After incubation, miciabactivity and metabolic (functional)
diversity using Biolo§ ECO plates for bacteria and Biofo@F-N2 plates for fungi were compared.
Temperature and moisture affected microbial agtieihd metabolic diversity of the communities. In
suboptimal combinations of temperature and moistiire cultivable bacteria of planted soil exhibited
higher activity and metabolic diversity than thafeunplanted soil, and the cultivable fungi of gleh
soil exhibited higher metabolic diversity than thas unplanted soil.

Keywords: rhizosphere, Biologplates, ECO, SF-N2, metabolic (functional) divisrsi

Introduction

Soil microbial metabolism and, in turn, the ratedafcomposition of soil organic
matter is regulated the most by temperature andstomei as well as soil quality
(Buchmann, 2000). The main relationships are wetwn, but interactions between
environmental factors effects on soil microbial coumities functioning are still
problematic. Especially, studies on the thermak#mity of soil rarely comprise the
interactions with other abiotic factors such ad swisture or plant root presence in
soil. The temperature effect on the soil microlz@nmunities is strongly modified by
soil moisture, as liquid water is necessary fotudlly all metabolic reactions of living
organisms. Both below and above optimal moistuod, microbial activity is limited
(Howard & Howard, 1993; Bouma & Bryla, 2000; Yuste al., 2003). Also, some
authors suggested that the thermal sensitivitptail soil respiration may depend on the
relative contribution of roots and associated rijeere microbiota to the total soil €O
efflux (Boone at al., 1998). The rhizosphere isriEd as few mm zone of influence of
plant roots on soil (Kuzyakov, 2002). Plant rootegence considerably alter local soill
properties such as nutrient concentration, pH addx potential, as well as gases such
as Q and CQ exchange (Hinsinger et al., 2006), but the mogirtant phenomenon in
the vicinity of roots is stimulation of microorgams by various organic exudates
(Kuzyakov, 2002; Hernesmaa et al., 2005). Antib®tand hormone-like substances
strongly affect the microorganisms of rhizosphes#; ®rganic acids excretion causes
changes in pH and nutrient availability (Baudoiralet2001; Hinsinger et al., 2006).
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Studies on the thermal sensitivity of soil haveamnirated mostly on soil respiration
(Bouma et al., 1997; Boone at al., 1998; Drewitt adt 2002). However, the
heterotrophic soil respiration rate is a resulttioeé whole microbial community’s
metabolism as well as extracellular enzyme actigitgam, 2001). Only a few studies
describe the effects of temperature and moistuaa@ds exclusively on soil bacteria,
fungi or other soil microorganisms (Ranneklev & 8a&001; Pietikdinen et al., 2005).
Not a single study has examined and compared leotipdrature and moisture effects
on microorganisms of the rhizosphere and root$mke

Some authors suggest different thermal optima factdrial and fungal soil
communities. However, this might be result of difiet carbon substrates use
efficiency. Higher activation energy for a (bio)ahieal reaction is needed to break
chemical bounds in recalcitrant carbon compounteifiley & Cannel, 2001) and thus
elevated temperature may affect the size of thieorapool available to microorganisms
(Ranneklev & Baath, 2001; Waldrop & Firestone, 2004oreover, an increase of the
soil respiration rate with a temperature incredsava 25-30°C may be caused by the
functioning of extracellular enzymes, and not acta&robial activity (Ranneklev &
Baath, 2001; Pietikainen et al., 2005).

For such type of studies, microbial techniquesraeded which allow separating the
actual effects of temperature and moisture onmatobial communities from possible
indirect effects connected with the soil environméeasuring of-“C-labelled leucine
and thymidine incorporation rate to bacterial celias used previous (Ranneklev &
Baath, 2001; Pietikainen et al., 2005). The nodekiof my study was to apply the
Biolog® microplates to test interactive temperature angsme effects on bacteria and
fungi of the rhizosphere and root-free soil. Boticnmbial community’s activity and the
functional (metabolic) diversity can be assesseith Biolog® microplates (Garland &
Mills, 1991; Garland, 1996; Verschuere et al., )99hese multiwell plates contain
different carbon substrates; some of them are warswil compounds and plant root
exudates such as l-asparginine, d-xylose-biydroxy butyric acid (Campbell et al.,
1997). The pattern of utilization of these subsdty soil microbes is specific for the
soil microbial community (Glimm et al., 1997; P@stMafham et al., 2002), because
breaking down of various organic compounds andahtkeir usage is not only the sum
of community members metabolism, but is also infbexl by the interactions between
microorganisms (Haack et al., 1995; Loreau & Hec&fl01). Since the method has
been invented, it was used in a number of stufiesxample on temperature effect on
microbial communities of arctic soils (Tam et &001), effects of toxic substances on
soil microorganisms (Yao et al., 2003; Wang et2004; Smith et al., 2005) or effects
of different management intensity across a ranggasslands (Grayston et al., 2004).

The most common plates used in ecological studessd and ECO plates, which
have been developed for the bacterial part of aahial community, although new
types known as SF and FF plates are especiallymaemded for fungi profile analyses
(Preston-Mafham et al., 2002; Classen et al., 2003nek & Niklinska, 2007;
Stefanowicz et al., 2008). Although Biofdglates are now commonly used in soil
microbial ecology, it has to be stressed that thethod met also some criticism
(Konopka et al., 1998; Garland, 2001). One of thestmimportant problems with the
method is that it is not known how large fractioh smil microbial community is
cultivable on Biolo§ plates and, thus, to what extent results obtaivig this method
can be accepted as representative for the wholemcmity. Notwithstanding the
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weaknesses, the Biol8gmethod can be used at least as an indicator dérfpal)
changes in microbial community performance.

Materials and methods
Soil sampling and incubation

Nursery-garden was founded in autumn 2004 in thle ftation of the State Forests
in Jodtéwka, southern Poland. The forest soil oigdayer with plant green residuals
was used as the standard material for tree seedliltigation. Soil chemical analyses
included soil organic matter content, soil pH intevaand in KCI, concentrations of
major nutrients (Ca, Mg, Mn, K, Na, total C, N a@gdand the C:N ratios (see Klimek et
al., 2009). After mixing and sieving, the soil wag into 30 standard nursery containers
(foil pots with holes in the bottom, volume ca 3%InHalf of them were planted with
year-old Scots pinePinus sylvestrid..) seedlings (5 seedlings per container), and the
rest were left without seedlings. In autumn 2005emw the root system was spread
through the entire soil volume, all containers wkreught to the laboratory for soil
sampling.

Bulk soil was sampled from the unplanted pots witsteel sampler from five points
of the container. Sampling of planted soil requigeditle cutting of the foil pot, careful
removal of the plants and separation of soil frdra toots. Soil samples were then
sieved (2mm) and mixed to obtain two soil kind: npéa/rhizosphere (R) and
unplanted/bulk soil (B). Before further processargl analyses, the R and B soils were
kept for two weeks in the laboratory at°€ to minimize the possible effects of
sampling (Bloem et al., 2006). Afterwards, the Rl &81soil samples were incubated in
climate chambers at three temperatureSG515 °C, 30°C) and three soil moisture
levels (15%, 50%, 100% water holding capacity, WH@Ving altogether eighteen
treatments in a full-factorial design. There wémeé replicates for each combination of
soil type, temperature and moisture treatmentaftotal of 54 samples. Water holding
capacity was measured by a standard gravimetrihiadetising 50 g subsamples.
Sample moisture was adjusted with deionised wad#dy.dThe samples were incubated
for a week; the short incubation time was intenttedninimise changes in microbial
communities caused by prolonged soil storage, @dpecat higher temperatures
(Pietikdinen et al.,, 2005). Moreover, rhizospheml $ known to contain easy
degradable carbon sources such as root exudats,ndierobial cells and fine-roots.
These resources can be quickly degraded and exldaustier favourable conditions;
during prolonged soil incubation the microorganisohplanted soil may be subjected
to additional, unplanned stress.

Biolog® plates

The effects of temperature and moisture on thevigctiand the functional
(metabolic) diversity of the microbial communitiere investigated using two types of
Biolog® plates: ECO and SF-N2 (http://www.biolog.com). Ticterial ECO plates
were designed especially for ecological applicatiand contain three replicate sets of
31 carbon substrates (with tetrazolium dye as thiestsate utilization indicator),
degradable by different soil bacteria. SF-N2 fungédtes, with 95 sole carbon
substrates, have no redox indicator; substratesatibn is measured as turbidity
development.
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The samples of each soil (equivalents of 5 g dvelenshaken for 1h in 50 ml of 10
mM Bis Tris buffer (pH 7) and allowed to settle faalf an hour to decant soil particles.
The supernatants containing microbes were frozemednately at -70 °C in liquid
nitrogen (Van Beelen et al., 2004). The supernafeedzing was applied because
experiment described here was one of the seriegpdriments and it was indispensable
to laboratory work organisation. During inoculumeparation the supernatants were
defrosted at room temperature and diluted1th 10 mM Bis Tris solution. The
extracts for fungal plates were diluted in Bis Thisffer with added antibiotics: 1 pg
streptomycin sulphate and 0.5 pg chlortetracygtieemicrotiter plate well (Classen et
al., 2003). Addition of the antibiotics is recomrded to prevent bacterial growth and
development. The solutions were inoculated intoBfwog® plates (125l per well in
ECO plates or 100l per well in SF-N2 plates). All plates were inctdzhin the dark at
22 °C. All chemical solutions, transfer equipmend gjlassware were sterilised prior to
use, and inoculations were completed under a larflima chamber to minimize the
risk of biological contamination.

Substrate utilisation was measured as light abscsbh@&Quant spectrometer; BIO-
TEK Instruments) at 590 nm for the ECO plates dsuwadevelopment, and at 750 nm
for the SF-N2 plates as turbidity development (nfivoe growth). The first
measurement was carried out 12 hours after inoonlaand the subsequent readings
were taken at 12 h intervals for 168 h for ECO &1d240 h for SF-N2 plates. The
absorbance and turbidity measurements for individigls were corrected against the
control well containing only microbial solution. Abtrbance values below 0.06
(spectrometer detection limit) were taken as O.

The following microbial indices were calculated fesch sample for bacterial and
fungal plates: average welblour development (AWCD) for the ECO plates, average
well turbidity development (AWTD) for the SF-N2 plates, area urtde curve (AUC),
functional diversity index H’, substrate richnesamd index of evenness I’ (see below).
AWCD/AWTD and AUC are used mostly as indicatorsgeheral microbial activity
(Hackett & Griffiths, 1997; Kong et al., 2006), WhiH’, rs and I’ are indicators of
functional (metabolic) diversity based on the dinue of substrate use (Dauber &
Wolters, 2000; Tam et al., 2001; Bradley et alQ&0

Because both the density and activity of microbiglls affect the rate of
colour/turbidity development, community level pholegical profiles were compared at
the same plate AWCD or AWTD to compensate for déifiees in initial inoculum
density (Garland, 1997; Preston-Mafham et al., 2000WCD or AWTD were
calculated for the ECO and SF-N2 plates as:

AWCD, AWTD= zi (Eq.1)
=

where A, is the absorbance of each individual well and presents the number of
substrates on the plate (31 for ECO or 95 for Sk-KKdmmunity-level physiological
profiles were compared at AWCD = 0.2 or AWTD = Qr2espectively of incubation
time, to compensate for possible differences itiahinoculum density.
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The bacterial and fungal activity was calculate@@a under the curve (AUC):

auc=y T Andy ) (Eq.2)

where A, and A1 are the absorbances of each individual well at ¢eonsecutive
measurements at timgsand t.; (Hackett & Griffiths, 1997). The microbial functial
diversity index, based on the Shannon-Wiener bedity index H’, was derived from
the number of substrates used on a plate (s) amgribportion of utilisation of an
individual substrate @n calculated as absorbance for a given well dividg the sum
of absorbance for all wells (Zak et al., 1994; Kat@l., 2006):

H'= _i ps (IOglo ps) (Eq3)

i=1

Substrate richness is represented by the number of degraded substfageto 31
for ECO or up to 95 for SF-N2) and the I' indexesfenness (Zak et al., 1994; Kong et
al., 2006) was calculated as:

=" (Eq.4)
IOglO rs
Each index describes the different aspect of amsmitobial community functioning.
The indices may be correlated, but these correlatare not automatic. For example,
similar AUC or AWCD/AWTD can be reached when manybstrates with low
microbial activity are used, or when small numbksubstrates are utilised intensively
(Duelli & Obrist, 2003).

Statistical analyses

For each parameter describing the activity and tianal (metabolic) diversity of
bacterial and fungal soil microbial communities;etitway ANOVA was used to test
the significance of the effects of the soil kind @&, temperature (3C, 15°C, 30°C),
moisture (15%, 50%, 100% WHC) and their interactioRight- or left-skewed data
were transformed to fulfil the normality criteriodhen differences were significant,
the means were compared using Tukey’'s HSD testsignificant interactions were
removed from the models. When significant interatdi were detected, the data were
analyzed with one- or two-way ANOVA separately fach soil type to assess the
effects of temperature and moisture on the measumextobial parameter. The
sequential Bonferroni procedure was used to testsfatistical significance within
microbial metabolic diversity indices (H’s,fi’) calculated for data obtained with types
of Biolog® plates (ECO or SF-N2). To assign corrected alghval$, the ANOVA
results for each tested effect were ranked fromllestao largest; then the smallest p
value was tested atn, the next one at/(n-1) and the highest one@&{n-2), where n is
number of tests (n=3 for metabolic diversity indiceTesting stopped when a
nonsignificant result occurred. All statistical rs@s employed Statgraphics ver. 5.1.
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Results
Effects of temperature and moisture on bacteria iait

The metabolic activity of bacteria was assessed \Biiblog® ECO plates and
metabolic activity was calculated as area undectimee (AUC). Mean AUC (n=3) was
the lowest for B soil incubated at 5 °C / 15% WH®@(C=21.43) and the highest for R
soil incubated at 30 °C / 100% WHC (AUC=120.34).lt\Mactor ANOVA showed a
significant effect of soil type (F=16.15, p<0.0008mperature (F=8.55, p<0.0008) and
moisture (F=12.15, p<0.0002). The significantly é&wbacterial AUC was measured
after soil incubation at 5°C than at 15°C and 36f@vever, there was also a significant
interaction between soil type and moisture (F=48%).02), indicating that moisture
affected the bacterial activity of R and B soilfatiently (Fig. 1A).

A
140 soil type
X typ
- B
100T 1
60l 1
p<0.002
20k 3
15 50 100
moisture (% WHC)
B
©
= 120f 5°C & 15% WHC]
> R
E 20 5
= 60 T
.8 a
g 30f ]
_§ I p<0.008
O - -
R B
soil type
C
200F = 15°C & 15% WHC ]

50F

150F
100f :[ i
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R B
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Figure 1. Effect of soil incubation conditions on bacterialetabolic activity AUC in
rhizosphere (R) and bulk (B) soil; (A) interactibetween soil type and moisture (differences
between soils are marked with arrows) and diffeesndetween soils after incubation in
combinations of temperature and moisture (B) 5°@ 46% WHC and (C) 15°C and 15%
WHC. Central points indicate the sample means, emdr bars indicate 95% Tukey HSD
intervals. Different letters above bars indicatgrsficant differences
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When the data were analysed separately for R asdilBonly temperature effect
was found for R soil (F = 4.23, p < 0.03), whiletibéeemperature (F = 4.17, p < 0.03)
and moisture (F = 19.61, p < 0.0001) were signifidar B soil. Bacteria activity in
both soils increased with temperature: Al AUCs3pc < AUCis50c In B soil it also
increased with moisture.

One-way ANOVA showed that bacterial AUC in R ands@il differed in some
combinations of temperature and moisture. There ewstatistically significant
differences between tested soils at 5 °C / 15%WHE 83.14, p < 0.005) and at 15 °C/
15%WHC (F = 8.79, p < 0.05), and in both casesdmattAUC was higher in planted

soil (Fig. 1B, O.

Table 1.Metabolic activity of bacteria (H',sr I') after incubation of rhizosphere (R) and
bulk (B) soil at different temperatures and moistlavels; results of 3-way ANOVA, F and p
values for main factors and interactions. Bonfeiroorrected alpha levels for microbial
activity indices are given in italics after ANOVAsults for tested effect. Within groups,
values with different boldface letters differ sfipantly at p0.05 (Tukey test); ns —
nonsignificant interaction (removed from a model)

bacterial metabolic diversity (mean values)
effect g r ;
soil type F=2.90, p=0.0952 F=9.30, p<0.004 _ _
(n=27) (p<0.025 (p<0.01667 F=0.02, p=0.8911
R 1.15 24.8a 0.81
B 1.12 27.2b 0.81
temr(’fg;‘t”re F=2.78, p=0.0723 F=4.13, p=0.0224 F=0.30, p=0.7403
_ (p<0.025 (p<0.01667 e '
(n=18)
5 1.14 25.7 0.81
15 1.10 24.6 0.80
30 1.16 27.7 0.81
moisture (%WHC) F=5.08, p<0.011 _ F=9.20, p<0.0005
(n=18) (0<0.025 F=0.08, p<0.93 (p<0.01667
15 1.17b 25.7 0.84b
50 1.14ab 25.9 0.82b
100 1.09a 26.3 0.77a
soil x temp ns ns ns
soil x moist ns F=4.07, p<0.030.05 ns
temp x moist ns ns ns

Effects of temperature and moisture on fungi activi

The metabolic activity of fungi was assessed witlol®® SF-N2 plates and

calculated as AUC. Mean fungal activity (n = 3) whs lowest in B soil incubated at
5°C / 50% WHC (AUC = 105.22), and the highest isdf incubated at 5 °C / 50%
WHC (AUC=177.74). Multifactor ANOVA showed a sigiwant effect of soil type
(F=39.14, p < 0.0001) with no significant effectsemperature (F = 0.98, p < 0.39) or
moisture (F = 1.65, p < 0.21). The interactionsemeonsignificant. Fungi from R soll
exhibited higher activity than fungi from B soilutbsoil incubation conditions did not
affect fungal activity as measured on Biolog® pdate
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Effects of temperature and moisture on bacteria aeblic diversity

Bacterial metabolic diversity was measured withl@j8 ECO plates and calculated
as the functional diversity index (H’), number afbstrates used (substrate richnggs r
and index of evenness (I'). The results of theahsay ANOVA for the effects of soil
type, temperature and moisture and their interastifor the bacterial metabolic
diversity indices are presentedTiable 1.

Mean bacterial H' (n=3) ranged from 1.05 (R sodubated at 5 °C / 100% WHC) to
1.27 (R soil incubated at 5 °C / 15% WHC). Only shaie affected bacterial H’, which
was highest in dry conditions (15% WHC) and deadasith the increase of moisture
(Tab. 1.

bacterial metabolic
diversity (r,)*
N

15 50 100
moisture (% WHC)

33T b 15°C & 50% WHC ]

29T :|:
a

25¢ I 1

p<0.04 ]

21E

bacterial metabolic
diversity (r,)

R B
soil type

Figure 2. Effect of soil incubation conditions on bacteriadtabolic diversity &in rhizosphere
(R) and bulk (B) soil; (A) interaction between dgjppe and moisture (difference between soils is
marked with arrow) and (B) difference between saifer incubation in combinations of
temperature 5°C and moisture 15% WHC. Central {goimdicate the sample means, and error
bars indicate 95% Tukey HSD intervals. Differenttdes above bars indicate significant
differences

The mean number (n=3) of substrates used by bacberiECO plates (substrate
richness, J ranged from 13 (B soil incubated at 15 °C / 15%I@Y to 29 (R soil
incubated at 5 °C / 15% WHC). There was a signitiedfect of soil typeTab. J, and
a significant interaction between soil type and shae Fig. 2A). The data were then
analysed separately for R and B soils by two-wayOMA to check for effects of
temperature and moisture on bacteriallhere was no significant effect of temperature
or moisture for R soil, but the interaction betweemperature and moisture was
significant at p < 0.03 (F = 3.45). Consequenthg éffect of moisture on bacteriglim
R soil was analysed separately for each tempertataepeared significant only at 15°C
(F =42.25, p < 0.0004) with ncreasing in the order: 100% WHC < 15% WHC < 50%
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WHC. The effect of temperature on R soil tested dogiven moisture level was
nonsignificant. For B soil the interaction term wamnsignificant, and bacterial was
affected by temperature only (F = 4.52, p < 0.@)cterial £ was the highest at 30 °C
and successively lower at 5 °C and 15 °C.

The differences between bacterialr R and in B soils were analysed for particular
combinations of temperature and moisture. Bacteyiahs higher in R than in B soil at
5°C / 50% WHC (F = 9.80, p < 0.04); in those ratheld and moderately wet
conditions, bacterial communities of R soil useghgicantly more substrate&i@. 2B).

The index of evenness (I') for bacterial metabdiwersity ranged from 0.67

(B soil at 30 °C / 100% WHC) to 0.91 (B soil at®/°15% WHC). There was only a
significant effect of soil moisture, and bactelfatiecreased with increasing moisture
(Tab. 1.

The metabolic diversity of bacteria was the higheddry conditions and decreased

with increased moisture (H’, I);srdiffered most between R and B soil in cold and
moderately wet conditions.

Table 2.Metabolic activity of fungi (H’, 4 I') after incubation of rhizosphere (R) and bulk
(B) soil at different temperatures and moistureelsy results of 3-way ANOVA, F and p
values for main factors and interactions. Bonferroorrected alpha levels for microbial
activity indices are given in italics after ANOVAsults for tested effect. Within groups,
values with different boldface letters differ sigrantly at 0.05 (Tukey test); ns —
nonsignificant interaction (removed from a model).

effect = fungal metabolicrdiversity (mean values) -
soil type F=13.29, p<0.0008 F=10.15, p<0.003 _
(n=27) (p<0.01667 (p<0.025 F=7.49, p<0.0090<0.05
R 1.76b 85.8Db 0.912b
B 171a 81.0a 0.898 a
tem'“(’fcr‘;‘t“re F=1.49, p=0.2348 F=10.77, p<0.0002 F116. 020.3234
B (p<0.029 (p<0.01667 0, P=0.
(n=18)
5 1.73 84.6b 0.900
15 1.73 78.7a 0.911
30 1.75 86.9b 0.904
moisture (Y%WHC) F=0.95, p=0.3920 _ _ _ _
(n=18) (<0.0166 F=0.68, p=0.5110 F=0.65, p=0.5283
15 1.73 82.3 0.904
50 1.73 83.6 0.903
100 1.75 84.4 0.909
soil x temp ns ns ns
soil x moist ns ns F=3.21, p<0.09£0.05
temp X moist ns ns ns

Effects of temperature and moisture on fungi metdioadiversity

As in the case of bacteria, fungal metabolic ditgrsneasured with Biolog SF-N2
plates, was expressed as H'and I'. The results of three-way ANOVA for the efts
of the solil type, temperature and moisture and th&ractions on the fungal metabolic

diversity indices are presentedTiable 2

Mean fungal H’ (n = 3) ranged from 1.61 (B soilsafC / 100% WHC) to 1.85 (R
soil at 30 °C / 100% WHC). Only soil type affectieahgal H’ significantly Fig. 3A),
and it was higher in R soil'éb. 2.
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Figure 3. Effect of soil incubation conditions on fungal nietic diversity in rhizosphere (R)
and bulk (B) solil; (A) difference between soildungal metabolic diversity H' (B) interaction
between soil type and moisture effect on fungahbudit evenness I' (difference between soils
is marked with arrow) and differences between sdilsfungal I' after incubation in
combinations of temperature and moisture (C) 15A@ 100% WHC and (D) 30 °C and 50%
WHC. Central points indicate the sample means, amdr bars indicate 95% Tukey HSD
intervals. Different letters above bars indicatgrsficant differences
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The mean number (n = 3) of SF-N2 plate substraged () ranged from 75 (B soil
at 15 °C / 50% WHC) to 91 (R soil at 30 °C / 50% @JHinteractions and the effect of
moisture were nonsignificant; significantly morebstrates were used by fungi in R
soil, and at 5 °C and 30 °Tdb. 2.

Mean (n = 3) fungal metabolic evenness (I') ranfyech 0.87 (B soil at 5 °C / 100%
WHC) to 0.94 (R soil at 15 °C / 100% WHC). Multifact ANOVA for I' showed a
significant effect of soil typeT@b. 2, but due to the interaction between soil type and
moisture Fig. 3B) the data had to be analysed separately for eaithvdh two-way
ANOVA. It revealed a significant effect of moistune R soil (F = 3.45, p < 0.05);
neither temperature nor moisture affected fungal B soil. For both soils there was no
interaction between temperature and moisture. Mditalevenness was the highest in
fungal communities from R soil after soil incubatiat 100% WHC and successively
lower at 15% WHC and 50% WHC.

Fungal I' was analysed by one-way ANOVA also todfithe combinations of
temperature and moisture under which R and B dldilsred most. It was also higher in
R than in B soil at 15 °C and 100%WHC (F = 14.1% 0.02) and at 30 °C and
50%WHC (F = 43.79, p < 0.003) (Fig. 3C, D).

Summing up, fungi from R soil exhibited higher nietkc diversity than fungi from
B soil. Soil incubation temperature affected fungegtabolic diversity in both soils, but
moisture affected only R soil. Fungal I’ in R saihs especially higher in warm and wet
incubation conditions.

Discussion

This study tested the effects of different tempemtand moisture incubation
regimes on the main soil microbial groups: bactama fungi from rhizosphere and
bulk soil. The general effects of Scots pine rgotssence on soil microorganisms were
related mostly to the fungal communities. Funginfrohizosphere soil cultivated on
Biolog® SF-N2 plates were characterized by higher acti(iyJC) and higher
metabolic diversity (H’, § than those from bulk soil under all soil incubati
conditions. The higher fungal activity and funcbuliversity were probably due to the
contribution of ectomycorrhizal fungi to the micrabcommunities in soil planted with
Scots pine seedlings, which were supplied fromekl fculture near a forest and were
cultivated in organic soil containing the originfrest soil organic layer (humus)
supplemented with green manure. Forest humus centai high concentration of
mycorrhizal propagules (Priha et al., 1999). Sogmalsotic ectomycorrhizal fungi are
obligate symbionts in natural conditions, but cdifi grow slowly on a synthetic
medium containing essential nutrients that can lmoi@oed by their mycelia (Morton,
1999). The effects of Scots pine roots on the raimgimicrobial community indices
was not so obvious. Because of significant intévastwith soil incubation conditions,
differences between R and B soil were apparent déomiycertain combinations of
temperature and moisture.

Using Biolod’ plates allow separating the actual effects of &napire and moisture
on soil microbial communities from possible indirexdfects connected with the soil
environment. Bacterial and fungal growth rates asid®® plates were measured at one
standard temperature, irrespective of the earlodr incubation temperature, so any
differences found can be attributed to actual ckang the communities due to the
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experimental treatments. Higher soil incubation pgerature caused bacteria
subsequently cultivated on BiofSgECO plates to exhibit higher activity (AUC).
However, difference was significant between 5°C hath higher tested temperatures
and there were no difference in bacterial AUC a$@it incubation at 15°C and 30°C.
That effect could be due to faster decompositiosonfie substrates and/or expansion of
the ability of bacteria to metabolise more compaund

Different indicators of functional (metabolic) dreity are useful for assessing how
the structure of substrate utilisation on Bidloglates is affected. In this study, no
general temperature effect on bacterial functiatiaérsity (H’, I') was found. Only
bacterial communities of bulk soil exhibited sonmiéedences; the number of substrates
used (¥ was the lowest after incubation at 15°C, asceanitirthe order 15 °C <5 °C <
30 °C. The indices of functional metabolic diverswere calculated for AWCD
reference values, so the observed differences tdvnthe result of higher inoculum
density caused by extraction of higher bacteriaiia@ss from soil samples incubated at
15 °C than at 5 °C and 30 °C.

Moisture affected both bacterial AUC and functiodalersity indicesThe bacterial
AUC of bulk soil increased with soil incubation retire, and for both soils bacterial
functional diversity expressed as H and I’ deceshsvith moisture increase. The
number of substratess rused by bacteria from rhizosphere soil was highesier
moderate moisture (50% WHC). At optimal temperatared carbon compounds
abundance in soil, the moisture was the limitinggda Incubation conditions thus must
have exerted selection pressure altering the bakctssmmunities. Bacterial species
more adapted to new conditions grow faster, andse¢haot well adapted are
outcompeted (Pettersson & Baath, 2003). Howevemnimgant bacterial species
competing for a limited pool of easy degradablebcarcompounds can have lower
potential metabolic diversity (Fontaine et al., 2D0Generally, the higher the bacterial
AUC, the lower the functional diversity in the batal communities studied. Possibly
the high activity is caused mainly by a few baetegroups characterized by high
efficiency of competition for certain resourcesgemet on Biolofj ECO plates.

The effect of incubation conditions on fungal conmities was not as pronounced as
for bacterial communities; only temperature had esoeffect on fungal metabolic
diversity in both R and B soil. In general, soilcibation temperature was more
pronounced as a factor than moisture. The numbsulbs$trates used by fungi)(on
SF-N2 plates was the lowest after previous soililition at 15 °C, ascending in the
order: 15 °C < 5 °C < 30 °C, similarly to bactepart from that, temperature and
moisture had no effect on fungal activity and fumal diversity. This result is
consistent with the common opinion that fungi asslsensitive than bacteria to such
short-term changes in environmental conditionsfiWevetsky & Steinberger, 1997).

The effects of particular soil incubation condisoron microbial community
parameters were compared between R and B soil.atih €ase where microbial
community parameters were found to differ betweenl $ypes, the microbial
communities of R soil exhibited higher activityfonctional diversity as measured with
Biolog® plates than B soil, and these differences wera sspecially in combinations
of suboptimal temperature and moisture. In otherwpgthe results from BiolSgplates
may confirm the higher resistance of more diversammunities to stressful
environmental conditions (MacArthur, 1955; Pimm849McCann, 2000; Steiner et al.,
2006). Resilience is a component of stability asddefined as the ability of a
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community to recover over time after a stress, sthiksistance means its ability to
withstand immediate stress effects (Seybold efl@R9).

After incubation of soils at 8C / 15% WHC and at 15C / 15% WHC, bacterial
communities from soil planted with Scots pine exeitb higher activity (AUC) than
bacteria from unplanted soil when cultivated on E@&es, and they are more drought-
tolerant. The presence of high amounts of substr@t®t exudates) may make a soll
microbial community less sensitive to lower soilistore for example by allowing the
microbes to produce a greater amount of protestinge (Chen et al., 2007).

Bacterial functional diversity {r was significantly higher in R than in B soil afte
incubation at 5 °C / 50% WHC. Fungal metabolic thity on Biolo® SF-N2 plates,
calculated as the index of evenness (I'), was hifdrefungal communities of R than of
B soil at two combinations of soil incubation camzhs: 15 °C / 100% WHC and 30°C /
50% WHC. These results suggest different optimd&aterial and fungal communities.
Pietikdinen et al. (2005) found that fungi and baethad optimum temperatures around
25-30 °C. At temperatures higher than that, theedse in growth rate was more drastic
for fungi than for bacteria; at low temperatures ttend was the reverse, indicating that
fungi were more adapted to low temperature thamebac Those results are consistent
with mine: bacteria seemed more sensitive to aelereas for fungi warmer conditions
were more stressful. Despite bacteria are genemadie sensitive to cold than fungi, in
temperature 5 °C the bacterial communities of R were characterized by higher
functional diversity () than these of B soil.

It remains an open question whether the differemtesibstrate utilisation observed
on Biolod® plates reflect actual functional differences iril soicrobial communities
(Classen et al., 2003). The Biofotechnique measures the potential rather than lactua
carbon sources utilisation pattern, and cautioneeded in extrapolating the data to
actual carbon source availability in soil (Garlan®96). The Biolo§ technique, like
other culture-dependent methods, tends to selstigfawing microorganisms capable
of living in high concentrations of substrates hggher microbial activity and metabolic
diversity in rhizosphere microorganisms is ofteseved (Verschuere et al., 1997; Tam
et al., 2001). Rhizobacteria are adapted to enmemis rich in easily degradable C
compounds; better growth and development of rhizesp bacteria on artificial media
has been noted by Grayston et al. (1998). Somkeo$ubstrates on Biol8glates are
such root exudates such as l-asparginine, d-xyosehydroxy butyric acid (Campbell
et al.,, 1997). Benizri et al. (2002) showed thatiag root exudates to soil, with the
effects of other chemical factors eliminated, camuslate soil bacteria. Further work
should examine soil biological responses to tenmpegaand soil moisture changes in
more detail, especially in terms of the differeratctions of soil organic matter, which
are suspected to differ in their sensitivity tordite.
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