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Abstract
Soil microbial communities play an important role in forest ecosystem functioning, but how

climate change will affect the community composition and consequently bacterial functions

is poorly understood. We assessed the effects of reduced precipitation with the aim of simu-

lating realistic future drought conditions for one growing season on the bacterial community

and its relation to soil properties and forest management. We manipulated precipitation in

beech and conifer forest plots managed at different levels of intensity in three different re-

gions across Germany. The precipitation reduction decreased soil water content across the

growing season by between 2 to 8% depending on plot and region. T-RFLP analysis and

pyrosequencing of the 16S rRNA gene were used to study the total soil bacterial community

and its active members after six months of precipitation reduction. The effect of reduced

precipitation on the total bacterial community structure was negligible while significant ef-

fects could be observed for the active bacteria. However, the effect was secondary to the

stronger influence of specific soil characteristics across the three regions and management

selection of overstorey tree species and their respective understorey vegetation. The im-

pact of reduced precipitation differed between the studied plots; however, we could not de-

termine the particular parameters being able to modify the response of the active bacterial

community among plots. We conclude that the moderate drought induced by the precipita-

tion manipulation treatment started to affect the active but not the total bacterial community,

which points to an adequate resistance of the soil microbial system over one growing

season.
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Introduction
Temperature as well as the variability of precipitation are expected to increase with climate
change across Central Europe [1]. Current climate projections, based on the A1FI scenario,
predict a 15% to 50% reduction of summer precipitation in Central Europe [1], with potentially
severe consequences for tree vitality and growth as well as for biogeochemical cycles in forest
ecosystems [2–4].

While special attention has been given to tree responses to drought, including processes re-
lated to xylem and leaf hydraulics as well as carbon uptake, storage and transport [5–8], below-
ground processes have rather been out of focus [9]. Soil microbes are key players in nutrient
mineralization, decomposition of organic material, and modification of the soil structure [10,
11], and are therefore pivotal to our understanding of how forest eco-physiological and biogeo-
chemical trajectories might shift with ongoing precipitation reduction. The reduction of pre-
cipitation and decrease in soil water availability will be crucial for soil microbes and can even
have a stronger impact than other consequences of global climate change such as increases in
temperature and CO2 concentration [12].

In general, the reduction in forest soil moisture will force soil microbes to either avoid or
tolerate drought while facing the additional challenge of finding nutrient and energy sources
that become spatially less available [13]. A reduction in soil water availability and an increase
in the intensity and frequency of drought periods can lead to reduced decomposition and mi-
crobial growth as well as to changes in the microbial community structure [14–16]. However,
there is also evidence of microbial communities being resistant [17] to frequent soil drying as
total microbial biomass, physiological properties or community composition were not affected
after such treatments [18, 19], or the drought response may only occur in specific microbial
groups [20].

Besides water availability, soil characteristics have direct and immediate effects on soil mi-
crobes and their community structure. The main drivers were identified as soil type, organic
matter, pH and C/N ratio [17, 21, 22]. However, the community is also influenced by more
general effects as the land use intensity [23]. In grassland ecosystems it was found that lower
land use intensity results in higher bacterial diversity [24], but these finding might not be di-
rectly extrapolated to forest ecosystems. However, management intensity can be a central driv-
er of the abiotic and biotic conditions in a forest. Forest management determines overstorey
tree composition by planting and selective felling [25, 26], which changes stand meso- and mi-
croclimatic conditions [27, 28], understorey diversity [29, 30], carbon and nutrient input into
the soil [31, 32], and the water balance of the soil-vegetation-atmosphere continuum; e.g. [33,
34]. Management decisions such as frequency of forest harvesting could thus significantly af-
fect the soil microbial community; however, single-site studies suggest that the responses of
soil microbes can be highly variable, from strongly responsive to negligible in some regions
[35–37]. Tree species selection in forest management practice also has an impact on the micro-
bial community because trees and the associated understorey vegetation can influence the mi-
crobial community through changes in pH, litter chemistry, root density, and carbon exudates
[38, 39].

Plant-soil interactions might modulate the effect of drought on the soil microbial communi-
ty [17]. As a consequence the impacts of reduced precipitation may strongly vary among forest
ecosystems, with plant diversity and the composition of the aboveground plant community
[19, 40, 41] and thus with forest management. The allocation of carbon within the plant to be-
lowground compartments is affected by drought and this might result in indirect effects of
plants and plant species on microbial carbon metabolism and drought response strategies
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[42, 43]. Therefore, elucidating the combined effect of precipitation reduction and forest man-
agement on the microbial community in forest soils is the cornerstone of this investigation.

To date, most investigations have focused on extreme drought events often followed by sub-
sequent rewetting [18, 44] and a conceptual understanding of the reaction of soil microbial
communities under reduced soil water availability is beginning to emerge [13]. We follow
Smith [45] in her definition of an extreme climatic event (ECE). An ECE is defined as an epi-
sode or occurrence in which a statistically rare or unusual climatic period alters ecosystem
structure and⁄or function well outside the bounds of what is considered typical or normal vari-
ability. This synthetic definition of an extreme climatic event (ECE) includes ‘extremeness’ in
both the driver and the response. We simulated a statistically rare climate period by reducing
precipitation over six months. This reduction of the precipitation resulted, in only a moderate
soil drought—i.e. a moderate reduction of the soil moisture content—in the forest soils. Cur-
rently, little information is available about responses of microbial communities to such moder-
ate droughts over a growing season, which may occur more frequently in the future, and
consequently this is the focus of our present study.

The aim of our investigation was to assess the response of the soil bacterial community to-
wards precipitation reduction and a combination of reduced precipitation and varying forest
management intensity also inducing changes in the over- and understorey vegetation. In par-
ticular we sought to answer the question: Does the bacterial community have the potential to
withstand the induced drought period of one growing season? The experiment took place in
the three Biodiversity Exploratories [46], a research platform that investigates functional biodi-
versity, providing gradients in soil properties and climatic conditions. We characterized the
total and metabolically active bacterial community by T-RFLP (Terminal Restriction Fragment
Length Polymorphism) analysis and 454 pyrosequencing of the 16S rRNA gene after six
month of precipitation reduction. We assumed that the bacterial community structure varies
across the three exploratories and across the different forest management intensities. More-
over, we hypothesized that a reduced precipitation will also result in changes of the bacterial
community structure and that the specific characteristics of the different exploratories and for-
est management intensity will modify the resistance of bacterial communities to the precipita-
tion reduction treatment.

Materials and Methods

Study sites and experimental design
The study has been carried out at the three regions of the Biodiversity Exploratories: Schorf-
heide-Chorin (S) in the north-east, Hainich Dün (H) in the middle and Schwäbische Alb (A)
in the south-west of Germany. The Biodiversity Exploratories are a large scale biodiversity ex-
perimental platform funded by the German Research Foundation (DFG) with the impact of
management on biodiversity as its focus; www.biodiversity-exploratories.de [46]. Field work
permits were issued by the responsible state environmental offices of Baden-Württemberg,
Thüringen, and Brandenburg (according to § 72 BbgNatSchG). At each exploratory, we select-
ed three forest plots with different management intensity: (1) a plot unmanaged for at least 60
years (bu), dominated by Fagus sylvatica L., the understorey of which represents the potential
natural vegetation, (2) a managed plot (bm), dominated by F. sylvatica and (3) an intensively
managed plot (cm), dominated by conifers; Picea abies at Schwäbische Alb and Hainich or
Pinus sylvestris L. at Schorfheide (Table 1). The soils at the Schorfheide plots range from sandy
loam to pure sand Cambisols, whereas the soils at Hainich plots are loamy to clayey textured
Luvisols and Stagnosols. The soils at the Schwäbische Alb plots are rich in clay and have a
high stone content (Cambisols and Leptosols); BExIS database [47]. At each of the nine plots
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(1000 m2), we randomly established four pairs of subplots. The subplots, each with an area of
3 m x 3 m, were established within the tree interspaces with equal distances to the surrounding
trees. Four of them were equipped with roofs (3 m x 3 m) in January 2012 and four served as
unroofed control subplots (S1 Fig). The distance between control and precipitation manipulat-
ed subplots was 3 m. The roofs were constructed on a 2 m high wood frame fitted with durable
rain gutters (permanent precipitation reduction of 11%), which allow light and airflow penetra-
tion. The captured precipitation water was drained to one side of the roof and channelled out
of the plot. Transparent roof elements (acrylic tiles with an area per tile of 0.52 m2) were
mounted randomly between the rain gutters to reduce precipitation. The position of the tiles
was changed and the total coverage adjusted once per month. Partial covering of the roofs
began on March 1st 2012. The target precipitation reduction at the precipitation manipulation
subplots corresponded to the lower 2.5 percentile of the annual precipitation from the last 40
years (1951–2011) for each exploratory. For the calculations of the precipitation amount of a
drought year we used the precipitation data of climate stations next to our experimental plots
(Schorfheide: DWD (GermanWeather Service) station Angermünde (DWD-ID 00164), Hai-
nich: Erfurt-Bindersleben (DWD-ID 00487), Schwäbische Alb: Münsingen/Apfelstetten
(DWD-ID 03402)). The target values for the reduced annual precipitation were converted to
monthly estimates. To calculate the actual required reduction, the reduced precipitation input
at the precipitation manipulation subplots of the current month was compared with the target
value. If the precipitation input was above or below the target value, the planned reduction and
thus the tile coverage for the next month was chosen higher or lower according to the magni-
tude of deviation. For details of the roof construction and rainfall reductions see Baudis et al.
[48].

Understorey parameters
To assess the effect of understorey parameters on the bacterial community structure and to
clarify if effects of forest management and reduced precipitation on bacterial community were
modulated by the forest understorey, we measured leaf area index, plant species diversity
(Shannon’s diversity index H’) and plant species richness of control and precipitation manipu-
lated subplots after six months of precipitation reduction. For the subplot-specific leaf area
index (LAIsp), we randomly collected field-fresh leaves from all species with a coverage> 5% at
all subplots (about 1 g fresh weight per leaf sample which equals 2–12 leaves/species). We took
digital photos in the field of leaves sorted by species. From the photos, specific leaf area (de-
fined as the area of an average leaf of a given species) was determined using the image analysis
program ImageJ 1.45s [50]. We also took digital photos of four randomly chosen quadratic
areas per subplot (n = 4; total area = 2.45 m2) and counted the total number of leaves of each
species within the known ground‐surface area and we calculated LAIsp from these parameters.
We also used the photos to quantify plant understorey diversity. We calculated the coverage
(%) per species on the digital photos of the 2.45 m2 areas for each treatment to calculate the
Shannon diversity index as described in Krebs [51].

Soil sampling
The soil sampling campaigns took place in September 2012 (after six months of precipitation
reduction). Mixed samples of about 200 g soil were taken from Ah horizons with a soil core
sampler (0–5 cm), from each of the four precipitation manipulation and the corresponding
control subplots. All samples were collected at a distance of 4–6 m from the adjacent tree. For
the analyses of the bacterial community, an aliquot of 5 g per sample was immediately frozen
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and later transported on dry ice to the laboratory and stored there at -80°C. For the analyses of
soil characteristics, the remaining soil samples were air dried and sieved to< 2 mm.

Soil physical-chemical properties
To assess the effect of soil properties on the bacterial community structure and to clarify if ef-
fects of forest management and reduced precipitation on bacterial community were modulated
by soil physical-chemical properties, we determined plot-specific soil conditions. Soil organic
carbon (Corg) and total nitrogen (Nt) contents were determined by combustion using a LECO
C/N analyser (Leco Corporation, St. Joseph, USA) according to DIN ISO 10694 [52]. Soil pH
was measured in a supernatant of a soil suspension using 1:2.5 mixtures of soil and 10 mM
CaCl2. We used soil texture data from the coordinated soil sampling campaign 2011 at the Bio-
diversity Exploratories; BExIS data base [47].

The development of the absolute soil water content of the upper 20 cm during the treatment
and the difference between treatments and controls were calculated using the forest-hydrologi-
cal model LWF- Brook90 [53]. LWF-Brook90 simulates the daily soil water budget as the result
of infiltrating precipitation, water flow through the soil and water loss by evapotranspiration.
LWF-Brook90 follows the approach of Shuttleworth andWallace [54] to partition the total
evapotranspiration into transpiration, soil evaporation, snow evaporation and interception
evaporation. The following input data are required in daily resolution: precipitation, maximum
and minimum air temperature, global radiation, vapour pressure, wind velocity. The necessary
climate data were obtained for the period 2010 to 2013 from near-by stations of the German
weather service (DWD station Angermünde (Schorfheide), Mühlhausen (Hainich), Münsin-
gen- Apfelstetten (Schwäbische Alb)). The soil characteristics at the plots were available from
soil profile descriptions (soil genetic horizons and their soil texture, bulk density, stone con-
tent). The water retention curve and the hydraulic conductivity of the soil horizons were esti-
mated using a pedotransfer function [55]. Important model parameters which describe the
effect of the vegetation on the local water budget were either obtained from field observations
(depth distribution of roots), the BExIS database (id17687 forestEP stand structure and compo-
sition, stand density and tree age), approximated from literature (e.g. annual course of leaf area
index), or set at values following the suggestions of the model developers. For the Pearson
product-moment correlations, which were calculated between the NMS scores and soil water
content, we computed the six month average of the absolute water content values for all
18 subplots.

DNA and RNA extraction
Total DNA and RNA were co-extracted from 0.25 g soil (Ah horizon) following a modified
protocol from Towe et al. [56]. Briefly, mechanical cell lysis using NucleoSpin Bead tubes
(Macherey-Nagel, Germany) and the FastPrep-24 Instrument (MP Biomedicals, Germany;
40 s at 5.5 m s-1) was combined with a phenol-chloroform extraction followed by a purification
using an AllPrep DNA/RNAMini Kit (Qiagen, Germany). The standard protocol was
amended by an on-column DNA digestion step applying RNase-Free DNase Set (Qiagen). The
high content of humic acids of the forest soil required an additional purification of the RNA by
an RNeasy MinElute Cleanup Kit (Qiagen). RNA was checked for contaminating DNA by
PCR amplification with primers 8f and Eub518 targeting the 16S rRNA gene [57] and subse-
quently transcribed with the GoScript Reverse Transcription System (Promega, Germany).
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T-RFLP analysis and amplicon pyrosequencing
T-RFLP (Terminal Restrictions Fragment Length Polymorphism) analysis of the 16S rRNA
gene was applied to analyse the metabolically active (RNA-based) as well as the total soil bacte-
rial communities (DNA-based) from the nine plots with four replicates each for the control
and the precipitation manipulation treatment. T-RFLP analysis was performed from DNA and
cDNA by amplification of 16S rRNA gene fragments using the primers 8f (labelled with
6-FAM) and 926r followed by a digestion of the amplicons with the restriction enzyme HhaI
[21]. Restriction fragments from two independent PCR reactions were pooled, mixed with
0.2μl ROX-labelled MapMarker 1000 (BioVentures, Murfreesboro, USA) and subsequently
separated on an ABI 310 DNA sequencer (Applied Biosystems, Germany).

Based on the results of T-RFLP analysis, a deeper analysis of the metabolically active bacteri-
al community was performed by amplicon pyrosequencing. For this purpose, cDNA samples
were amplified with primers 8f and Eub518 targeting the V1-V3 region of the bacterial 16S
rRNA gene. At their 50 ends, the primers carried either the 454-adaptor A or the 454-adaptor B
with a specific 6–7 nt barcode and a 2 nt linker for each soil sample (S1 Table). The barcodes
differ in at least 2 nt and were selected from those applied by Schloss et al. [58]. Two indepen-
dent PCR reactions were performed using AccuPrime Taq High Fidelity (Invitrogen). Cycling
conditions were an initial denaturation of 1 min at 94°C, followed by 25 cycles of 20 s at 94°C,
30 s at 56°C and 5 min at 72°C. Combined amplicons were purified with the MSB Spin PCRa-
pace kit (Invitek), quantified using a NanoDrop ND1000 spectrophotometer (Thermo Scientif-
ic) and pooled to get a mixed sample with equimolar amounts of all PCR products.
Pyrosequencing was carried out on a GS FLX machine (Roche, Mannheim, Germany) using ti-
tanium reagents (GATC, Konstanz, Germany).

Data processing and statistical analysis
Soil, understorey and diversity parameters of the microbial community were analysed for sig-
nificant differences using a nested design. The differences between the three exploratories, the
three management intensities and the reduced precipitation treatment vs. control were tested
with a linear mixed effects model with exploratory, management and reduced precipitation
treatment as fixed factors and subplot nested in plot as random factors. We consider the differ-
ent management types as true replicates at the region level. Thus, each exploratory had experi-
ments set up in different types of forest. As there were no replicates for the combination of
exploratory and management type, we could not test for the interactions of both these factors.
For the multiple comparisons of means we used the Tukey contrasts and corrected the p values
using the Bonferroni method. The statistical analysis was carried out with R software (R-3.0.2,
The R Foundation for Statistical Computing 2013; packages: lme4; nlme; [59, 60]). Significance
of correlation between understorey parameters, soil physical-chemical properties, bacterial di-
versity parameters and MRPP A values were tested by Kendall's rank-based measure of associa-
tion (R-3.0.2).

Terminal restriction fragments (T-RFs) with a size between 50 and 800 bp were determined
using GeneMapper Software v. 4.0 (Life Technologies, Germany). T-RFLP profiles were stan-
dardized in a similar manner as suggested by Dunbar et al. [61]. The fluorescence of each peak
was adjusted to the smallest profile and only peaks above the threshold of 100 fluorescence
units were considered.

Processing of raw sequences obtained from pyrosequencing was carried out in Mothur v.
1.30.2 [62]. Sequences were optimized by trimming off primer and barcode sequences (primer
differences allowed, 2 bp, barcodes, 1 bp) and removing sequences less than 300 bp and those
with a quality score below 30. To remove potential pyrosequencing noise, reads differing by
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less than 1% of total residues were grouped by single linkage pre-clustering [63]. High-quality
reads were aligned using the SILVA database, and chimeras removed using the Uchime algo-
rithm [64]. After calculation of a distance matrix, operational taxonomic units (OTU) were
generated using a cutoff of 0.03 and 0.10. For phylogenetic identification, the sequences were
compared to the RDP 16S rRNA training set 9 using a confidence threshold of 80%. To equal-
ize the number of sequences per sample, each group of sequences was subsampled to the size of
the smallest group. Sequence flowgrams were deposited in the NCBI Short Read Archive
(SRP040783).

To study shifts of the bacterial community structure a nonmetric multidimensional scaling
(NMS) analysis was applied. The relative proportion of T-RFs and the distribution of OTUs
within each sample determined by pyrosequencing, respectively, was used as input for calculat-
ing NMS by PC-ORD v.6.08 [65]. The presented NMS analyses were performed using Bray-
Curtis distance measure. Stress values were in the range of 7.2 to 11.3 indicating a reliable test
performance. Pearson product-moment correlations were calculated between the NMS scores
and physical-chemical soil properties of samples as well as the aboveground plant community
structure. Parameters showing significant correlation with at least one NMS axis (p< 0.05)
were included as vectors on the ordination plot. To identify significant differences in T-RFLP
profiles as well as the pyrosequencing data between exploratories, plots and reduced precipita-
tion treatment were tested by means of Multi-Response Permutation Procedure (MRPP),
which evaluates the observed against the permuted within-group agreement, applying rank
transformation on proportional T-RF or OTU abundance [66]. MRPP reports a change-cor-
rected index of within-group agreement (A), which increases with decreasing variability within
the test groups as compared to differences between groups.

Results

Precipitation reduction and moderate drought
We simulated a statistically rare climate period by reducing precipitation over six months, re-
sulting in a moderate drought in forest soils. Our precipitation reduction target level of the
2.5% percentile of cumulative annual precipitation corresponds to an average reduction of the
incoming precipitation by 27% at Schorfheide, 33% at Hainich and 26% at the Schwäbische
Alb. Until September 2012, precipitation reduction amounted to 109 mm at Schorfheide ex-
ploratory (reduction of incoming precipitation by 37.3%), 121 mm at Hainich (42.4%) and
126 mm at the Schwäbische Alb (20.9%). As indicated by the forest-hydrological model
LWF-Brook90, the plant-available soil water storage (matric potential range between -63 hPa
and -15,000 hPa) in the top 20 cm of the soil in the precipitation manipulation subplots was re-
duced by 2 to 8% compared with the control plots. The trend of the soil water content during
the precipitation reduction is shown as ratio between manipulated and control subplots in
Fig 1. During the six months of reduced precipitation, the strongest reduction of soil moisture
occurred on the intensively managed pine plot at the Schorfheide exploratory, which is due to
the remarkable stony and sandy soil profile of this plot. Most of the other plots showed uniform
patterns of moderate drought with lowest reduction on the unmanaged plots at the Schorfheide
and Hainich exploratories.

Soil physical-chemical properties and understorey parameters
Soil properties and understorey parameters were analysed to assess if the effect of reduced pre-
cipitation on the bacterial community structure might be modulated or overlaid by other driv-
ers. Soil pH was lowest at the Schorfheide plots (S2 and S4 Tables, significantly different in
comparison to other exploratories). The intensively managed conifer plots in each exploratory
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contained the most acidic soils (S2 Table). The Schwäbische Alb had significant higher Nt val-
ues compared to both other exploratories (S4 Table). Nt was lower at the precipitation manipu-
lation subplots compared to the controls in the managed beech forests. All three soil
parameters (pH, Corg and Nt) showed significant interactions between the management and
the treatment factor, but significant effects of the precipitation reduction as single factor could
not be determined (S4 Table).

The species richness and Shannon’s diversity index of the understorey plant community
were significantly higher at the Schwäbische Alb exploratory compared to the other two
exploratories (Table 1 and S5 Table). Furthermore, the plant species richness was significantly
lower at the unmanaged beech plots than at the other two management intensities. While there
were significant lower LAIsp values at the precipitation manipulation subplots compared to the
controls, no significant differences were found for species richness and understorey diversity
(S5 Table).

Soil bacterial community structure analysed by T-RFLP
T-RFLP analysis of the 16S rRNA gene was applied to analyse the metabolically active as well
as the total soil bacterial communities. Both the active and the total communities (RNA and
DNA-based) displayed complex and reproducible T-RFLP profiles. The number of T-RFs in
the individual profiles ranged from 36–71.

Fig 1. Ratio of the absolute soil water content between reduced precipitation and control subplots.
The absolute water content in the upper 20 cm of the soil was estimated using the forest-hydrological model
LWF- Brook90 for all three exploratories (S = Schorfheide; H = Hainich; A = Schwäbische Alb).

doi:10.1371/journal.pone.0122539.g001
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Total bacterial community. The DNA-based profiles revealed significant variation be-
tween the three exploratories and all studied plots as determined by the means of MRPP test
(mean A = 0.38; p< 0.0001, Fig 2A). The visualization of changes within the bacterial commu-
nity structure using the NMS ordination plot showed a clear separation of the three explora-
tories and a strong plot-specific community structure (Fig 2A). Furthermore, some effects of the
management intensity were obvious. At the Hainich exploratory, the spruce dominated inten-
sively managed plot clustered separately from the beech-dominated plots. The precipitation ma-
nipulation and the control subplots clustered together in most cases. Only two plots displayed a
significant difference between the treatments (Fig 2A and Table 2). At the Schwäbische Alb, the

Fig 2. NMS ordination plots of the bacterial community structure obtained from reduced precipitation
(R) and control (C) subplots. Soil samples were taken from nine plots of the three exploratories in
September 2012. The community structure of the metabolically active (b, c) and the total (a) bacteria were
analysed by T-RFLP (a, b) and tag-pyrosequencing (c). Statistically significant correlations (p< 0.05) of soil
characteristics (Corg: soil organic carbon; Nt: total nitrogen) and understorey parameters (richness: species
richness and H’: Shannon’s diversity index of the understorey plant community) were indicated by arrows.
For plot ID see Table 1.

doi:10.1371/journal.pone.0122539.g002
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highest heterogeneity as well as the highest effect of reduced precipitation was observed in the
spruce plot. The soil characteristics and understorey parameters were found to significantly cor-
relate with the first or second ordinate axis (p< 0.05; Fig 2A). Soil pH and texture mainly corre-
lated with the first axis (mean r2 = 0.63) corresponding to the separation between the
Schorfheide plots on the one hand and the Hainich/ Schwäbische Alb plots on the other. In con-
trast, correlation of Corg and Nt with the second axis (mean r2 = 0.27) matched the differentia-
tion between Hainich and Schwäbische Alb. Species richness and diversity of the understorey
plant community showed a mean r2 of 0.26 to the first axis indicating a weaker but significant
correlation with the main separation of the bacterial community of the exploratories (Fig 2A).

Metabolically active bacterial community. The MRPP test of the RNA-based T-RFLPs
indicated clear differences in the active bacterial community between the Schorfheide and the
Schwäbische Alb (A = 0.34, p< 0.0001; Fig 2B). As demonstrated in the NMS plot, the Hainich
exploratory showed a high level of heterogeneity between the plots and was not clearly separat-
ed from the other two exploratories. The Hainich beech unmanaged plot clustered separately
from the other plots. Interestingly, the three intensively managed plots planted with conifers
clustered adjacent to each other (significant different from managed and unmanaged plots
with a mean A = 0.16, p< 0.0001; MRPP; cf. Fig 2B). As already shown for the DNA-based
profiles, the community structure of the active bacteria was highly plot-specific (mean
A = 0.44, p< 0.0003; MRPP). At six of the nine plots, a significant effect of the reduced precipi-
tation treatment on the RNA-based T-RFLP patterns could be detected. The highest precipita-
tion manipulation effect was observed in the spruce plot at the Schwäbische Alb and in the
beech managed plot at the Schorfheide (Table 2). The effect of soil properties was less pro-
nounced on the active bacterial community compared to the impact on the total community
(DNA-based). Merely, soil pH, silt and sand showed a significant correlation with the first axis.
The understorey diversity parameters displayed a comparable correlation with the first axis
(r2 = 0.28) indicating a significant association of the plant community and the community
structure of the active soil bacteria (Fig 2B).

Table 2. Significance test (MRPP) of the effect of reduced precipitation on the bacterial community structure.

Plot
IDa

Management type Total bacteria(DNA-based
T-RFLP)

Active bacteria(RNA-based
T-RFLP)

Active bacteria (RNA-based
pyrosequencing)

Sbu unmanaged 0.26* 0.21* 0.41**

Sbm managed - 0.33** 0.34**

Scm intensively
managed

- - 0.32**

Hbu unmanaged - 0.19* 0.17*

Hbm managed - 0.22* 0.28**

Hcm intensively
managed

- - 0.26**

Abu unmanaged - 0.22* 0.32*

Abm managed - - 0.18*

Acm intensively
managed

0.30** 0.37** 0.36**

a Pairwise comparison of the control and precipitation manipulated subplots. For plot ID see Table 1;

* p < 0.05,

** p < 0.01

doi:10.1371/journal.pone.0122539.t002
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Metabolically active bacterial community studied by pyrosequencing
Based on the results of the T-RFLP analysis, we studied the metabolically active bacterial com-
munity in more detail to reveal information about the specific changes within the community
as well as to increase resolution of the community analysis. We analysed the 16S rRNA gene
amplicons of the V1-V3 region by tag-pyrosequencing prepared from the RNA that originated
from the nine plots with four replicates each of the control and reduced precipitation treat-
ment. In total, 628,010 non-chimeric, high quality reads with a median sequence length of 460
nucleotides were obtained. All groups of sequences were subsampled to 3,933 reads each,
which was the size of the smallest sample (S1 Table). The sequences were used to form OTUs
at genetic distances of 0.03 and 0.10, corresponding to pairwise similarities of above 97% and
90%, respectively for all of the sequences in an OTU. Total numbers of OTUs in the data set
were 17,447 and 3,563, respectively. Per sample, the number of OTUs ranged from 766 to 1618
and 222 to 576 (Table 3 and S1 Table). Based on OTUs of 97 and 90% similarity, mean Good’s
coverages of 0.82 and 0.95 were achieved, suggesting that the data were not sufficient to capture
the final richness even at a genetic distance of 0.10.

Despite this restriction, OTU richness showed significant differences between the three
exploratories. Moreover, inverse Simpson (1/D) and non-parametric Shannon indexes were
significantly increased at the Schwäbische Alb (Table 3 and S6 Table; based on OTUs of 97%
similarity). Moreover, significant differences could be found between the three management
intensities for Shannon index and OTU richness. Differences in bacterial diversity and OTU
richness between the precipitation manipulation and control subplots could not be determined,
but we detected a significant interaction between the management intensity and the precipita-
tion reduction for the OTU richness (S6 Table). The multiple comparisons indicated that the

Table 3. Coverage and diversity of OTUs for each of the subplots as identified by RNA-based pyrosequencing.

Plot IDa Management type Treatment OTU richness Coverage H Inverse Simpson index (1/D)

Sbu unmanaged Control 905 0.87 5.9 96.2

Roof 1024 0.85 6.13 124.9

Sbm managed Control 1288 0.79 6.47 145.8

Roof 1293 0.8 6.52 155.1

Scm intensively managed Control 856 0.88 5.82 102.6

Roof 779 0.9 5.7 97.4

Hbu unmanaged Control 1448 0.77 6.73 154.2

Roof 1382 0.78 6.6 146.1

Hbm managed Control 1238 0.8 6.21 71.5

Roof 1235 0.8 6.28 85.6

Hcm intensively managed Control 910 0.87 5.86 90.4

Roof 1092 0.84 6.16 112.8

Abu unmanaged Control 1523 0.76 6.88 238.5

Roof 1554 0.75 6.91 262.8

Abm managed Control 1485 0.77 6.89 300.5

Roof 1520 0.77 6.92 283.8

Acm intensively managed Control 1117 0.84 6.23 127.2

Roof 1317 0.8 6.7 226.1

Mean values of the four replicates are provided. The data are based on an OTU distance of 0.03. OTU richness = number of OTUs; H: non-parametric

estimate of the classical Shannon’s diversity index.
a For plot ID see Table 1.

doi:10.1371/journal.pone.0122539.t003
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OTU richness was significantly different for the precipitation reduction subplots compared to
the controls just for the intensively managed conifer plots (Table 3 and S6 Table).

The OTU-based approach was used to calculate NMS using Bray-Curtis dissimilarity which
does not overemphasize the variance of low-abundant OTUs. As a result, the ordination plot
showed a clear differentiation of the community structure between the studied plots (Fig 2C).
In comparison to the T-RFLP analysis, significantly reduced within-plot variability was ob-
served. Apart from that, the pyrosequencing data showed a similar pattern as compared to the
RNA-based T-RFLPs. The Schorfheide plots were distinguished from the other two explora-
tories which was found to be significant after MRPP (mean A = 0.39, p< 0.0001) and the com-
munity structure of all studied plots were significantly different (mean A = 0.45, p< 0.0003).
The intensively managed plot again clustered separately from the beech dominated plots at
Hainich (Fig 2C). As a further effect of management—though less obvious than in the RNA-
based T-RFLP—the three intensively managed conifer plots were grouped together (signifi-
cantly different from managed and unmanaged beech plots with a mean A = 0.16, p< 0.0003,
MRPP). Based on the reduced variability of the subplots, a significant effect of the reduced pre-
cipitation could be revealed for all studied plots (Table 2). Correlations with soil characteristics
and understorey diversity parameters were comparable with the RNA-based T-RFLP as well.
Soil pH and texture showed a mean correlation of r2 = 0.59 with the first ordinate axis, mean r2

of understorey richness and diversity was 0.26. The six month average of the absolute soil
water moisture values did not significantly correlate with any of axes for all three NMS plots
indicating that other (soil) parameters were stronger drivers of the bacterial community
structure.

Analysis of the phylotypes obtained from the pyrosequencing data revealed the presence
of 11–15 phyla per plot with highest number of phyla at the exploratory Schwäbische Alb
(S3 Table). The data revealed a dominance of the phyla Proteobacteria (42.9%), Actinobacteria
(23.7%), Acidobacteria (11.6%) and Planctomycetes (8.1%). Differences in relative abundance
of some groups were visible between the exploratories (a lower abundance of Proteobacteria at
Schorfheide and of Planctomycetes at Hainich as well as a higher abundance of Deltaproteobac-
teria at Schwäbische Alb (Fig 3). Management intensities also influenced the relative abun-
dances of bacterial phyla and proteobacterial classes. So, intensively managed conifer plots
harboured less Deltaproteobacteria and more Acidobacteria whereas managed beech plots
showed a higher abundance of Actinobacteria. A clear plot-specificity of the distribution of
phyla and proteobacterial classes was found for the Hainich beech managed plot, which dif-
fered in the relative proportion of Alphaproteobacteria, Actinobacteria and Planctomycetes
from the other Hainich plots as well as from the Schorfheide and Schwäbische
Alb exploratories.

At the genus level, the number of phylotypes increased with the understorey vegetation di-
versity and understorey species richness (τ = 0.25; p = 0.002; τ = 0.25; p = 0.004, respectively,
S3 Table). These results were in accordance with the significant association of plant community
and bacterial community structure shown in the NMS (see above). We detected significantly
less phylotypes at the Schorfheide exploratory compared to the other exploratories (S3 and S6
Tables). The conifer plots demonstrated at all taxonomic levels fewer phylotype numbers (S3
Table). For the number of phylotypes we found a significant effect of the reduced precipitation
treatment and a significant interaction between the two factors treatment and management.
The multiple comparisons indicated that the precipitation reduction subplots had significantly
more phylotypes at the genus level than the control subplots at the intensively managed plots
(Fig 4 and S6 Table).

As shown in the venn diagrams in Fig 4, the majority of phylotypes found at the unmanaged
beech plots of the three exploratories were also identified at the respective intensively managed
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conifer-planted plots. However, the conifer plots harboured not only considerably less specific
phylotypes but also shared less phylotypes between the control and reduced precipitation sub-
plots, both indicating a lower richness at the genus level (cf. S3 Table). The venn diagrams also
illustrate for the Schorfheide exploratory that there was a considerable number of phylotypes
present only in the precipitation reduction or in the control treatment (Fig 4A). At Hainich
and Schwäbische Alb, similar proportions of control and reduced precipitation specific phylo-
types were observed (Fig 4B and 4C). With the exception of the intensively managed plot at the
Schorfheide exploratory, the precipitation manipulation subplots had more phylotypes at the
genus level than the control subplots (Fig 4).

The identified phylotypes were analysed to reveal taxonomic groups which intensively re-
sponded to the reduced precipitation treatment. Comparison of manipulated and control sub-
plots revealed 12 phylotypes with a relative abundance of more than 1% of the bacterial
community that were increased or decreased by more than 50% due to reduced precipitation
treatment on at least two of the nine studied plots (Fig 5). Four of the affected phylotypes be-
longed to the phylum Actinobacteria; the others were classified as Proteobacteria, Acidobacteria
or Firmicutes. The most impacted groups are within the familyMicromonosporaceae, which in-
creased in relative abundance by up to 300% as a result of precipitation reduction.

In our search for plot-specific characteristics, which might modify the overall resistance of
bacterial communities to reduced precipitation, we correlated the A values of the MRPP (an in-
dicator of the effect strength of the reduced precipitation on the active bacterial community,
Table 2) against ratios between reduced precipitation and control subplots of understorey vege-
tation parameters, physical-chemical soil parameters and soil water content (Table 1, S2 Table

Fig 3. Distribution of bacterial phyla across the different plots and treatments. The main phylum (Proteobacteria) is subdivided in classes. For plot ID
see Table 1, left bar—control, right bar—reduced precipitation subplot.

doi:10.1371/journal.pone.0122539.g003
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and Fig 1). We did not find a significant relationship between changes in these parameters and
the intensity of the shift in the bacterial community structure upon precipitation reduction.

Discussion
We imposed a precipitation reduction—resulting in moderate reduction of soil moisture—on
the forest understorey to investigate putative shifts in total and active bacterial communities.
We carried out the work at three different Biodiversity Exploratories across Germany with
three different plots along a management intensity gradient at each exploratory.

Bacterial community structure of the studied forest soils
Since soil microorganisms are thought to be in large part inactive [67] and DNA can persist in
dead cells and as extracellular DNA in soils [68], DNA based approaches do not necessarily re-
flect the microbial groups currently performing metabolic functions. RNA-based methods
have been increasingly used to analyse metabolically active members of the microbial commu-
nities. The amount of rRNA per cell roughly correlates with the growth activity of bacteria [69]
and allows the detection of living microorganisms constituting most of the metabolic activity.
Though this approach also has pitfalls, such as the extraction of RNA from soil [70], varying ri-
bosome contents per cell and the occurrence of RNA reserves in dormant cells [71, 72], RNA

Fig 4. Differences in the number of phylotypes at the genus level. The bacterial community was
compared between the reduced precipitation (R) and the control (C) subplots of conifer intensive (left) and
beech unmanaged (right) plots. (a—Schorfheide, b—Hainich, c—Schwäbische Alb). For plot ID see Table 1.

doi:10.1371/journal.pone.0122539.g004

Fig 5. Phylotypes with abundance shifts between the reduced precipitation and the control subplots. Shown groups had a relative abundance of
more than 1% of the bacterial community and increased or decreased by more than 50% due to reduced precipitation. For plot ID see Table 1.

doi:10.1371/journal.pone.0122539.g005
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based surveys represent a suitable strategy for focussing on metabolically active
microbial communities.

In this study, the analysis of the active bacterial community by RNA-based pyrosequencing
revealed a dominance of Proteobacteria (mainly Alpha- and Deltaprotebacteria), Actinobac-
teria, Acidobacteria and Planctomycetes across all plots investigated (Fig 3), which is mostly in
agreement with other studies on forest soils [22, 73, 74]. When we compare the community
structure of total bacteria versus active bacteria studied in this paper, Acidobacteria were obvi-
ously less abundant while a higher proportion of Actinobacteria and a significant proportion of
Planctomycetes were observed (Fig 3) [73, 74]. Studies analysing the active bacterial community
(RNA-based) of forest soils are rare. For a Picea abies forest, Baldrian et al. [75] similarly found
an increased proportion of Actinobacteria in the active as compared to the total soil bacterial
community. In grassland soils, a comparison of total and active bacteria demonstrated a dis-
tinct shift from Acidobacteria to Actinobacteria and the occurrence of Planctomycetes within
the active bacteria [16], both supporting our finding.

Exploratory and management effects on the bacterial community
structure
We wanted to examine whether the total and active microbial community structure varies be-
tween the three exploratories due to different soil properties and management intensities. We
found the bacterial community structure was most influenced by soil characteristics (Fig 2).
This was exemplified by the divergence of Schorfheide in community structure from the other
exploratories. The soils here had significantly lower pH values and the textural properties (i.e.,
sand and stone content) were comparatively different from the other two exploratories. The
dominance of pH and soil texture as drivers of the bacterial community structure in forest soils
is an agreement with recent studies [22, 76, 77. Soil texture might regulate bacterial coloniza-
tion and distribution through effects on habitat heterogeneity, competition between bacteria
and fungi and/or protozoan grazing [17, 78, 79].

Beyond these exploratory specific effects, there was an effect of overstorey tree species on
the bacterial dynamics. We found that the active bacterial communities associated with conifer
species (clearly visible in the RNA-based T-RFLPs and with a tendency in the pyrosequencing
data) were more similar to each other across the different exploratories than to the beech man-
aged or unmanaged community within a given exploratory (Fig 2B and 2C). Furthermore,
fewer phylotypes and OTUs as well as the lowest diversity were observed at the intensively
managed conifer plots across all exploratories (Table 3 and S3 Table). We also found a higher
abundance of Acidobacetria and lower abundance of Deltaprotebacteria at these plots (Fig 3).
Our findings extend the results of Nacke et al. [74] who studied the total soil bacterial commu-
nity of the exploratory Schwäbische Alb to the active bacterial community at forests in different
regions across Germany. They concluded for the exploratory Schwäbische Alb that harvesting
type (beech age class forest or unmanaged beech forest) has a minor or no impact on soil bacte-
rial community structure, which was largely driven by tree species. Additionally, we observed
effects of management intensity on the understorey plant community, which correlated well
with impacts on the active bacterial community structure and diversity (Fig 2, Table 3 and S3
Table). Wubet et al. [80] observed that the understorey vegetation affected the soil fungal com-
munity structure, which supports our finding that the bacterial community was indirectly
influenced by the understorey plant community.

The results confirm our primary expectation as we found clear differences in both the total
and active bacterial community structure between the three exploratories. We summarise that
the main drivers for the total and active bacterial community structure were soil pH and
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texture, but overall the effect of soil characteristics on the active bacteria was less pronounced.
Management intensity per se did not affect the bacterial community composition and thus we
have to modify the second part of hypothesis and conclude that the main overstorey tree spe-
cies—and thus the specific forest management favouring conifer replacement—together with
the understorey plant community influences the soil microbial community structure with par-
ticular effects on the active bacteria.

Reduced precipitation effect on bacterial community structure
We hypothesized that reduced precipitation would change the bacterial community. We could
in fact detect effects of precipitation reduction and the concomitant decrease in soil moisture
on the bacterial community structure. The effect was hardly distinguishable in the total bacteri-
al community including the large part of the soil bacteria that are metabolically inactive [17],
but we observed a stronger response to precipitation reduction in active and growing cells. Be-
side the shift found in the OTU-based approach, the reduced precipitation subplots often had
more phylotypes at the genus level as compared to the subplots without precipitation reduction
(Fig 5 and S3 Table). This indicates that some phylotypes might have become more active with
reduced soil water content. Comparable studies also detected significant shifts in total bacterial
community composition, i.e. under long-term drought treatments in a steppe [81], and after
three and ten months of throughfall exclusion in a tropical forest [20]. Consistent to our find-
ings, Barnard et al. [16] found that drought affected the relative abundance of active bacteria at
phylum and class levels, but responses to changes in water availability were relatively small in
most groups of the total (DNA-based) bacteria. In other long-term studies drought effects were
coincident with further changes in soil properties and the bacterial community structure was
potentially more strongly driven by other environmental factors that changed under long-term
drought than by water deficiency directly [81]. In our study, however, soil properties such as
pH, Corg or Nt were not affected by drought and as a consequence we infer that either direct ef-
fects of reduced soil moisture or changes in the plant-microbe interaction upon drought affect-
ed the active bacterial community.

To date, most investigations have focused on extreme drought events often followed by sub-
sequent rewetting [18, 44]. There is, however, little information available on potential changes
in microbial community under moderate and potentially more realistic drought over the grow-
ing season. A roof experiment in a spruce forest with a rainfall reduction for 11 months and a
moderate volumetric water content reduction between 19–27% v/v indicated that drought had
no clear effects on microbial biomass and activity. The authors attributed the high variability of
results to distinct spatial variability of top soil properties as well as the rather low intensity of
the experimental drought [82]. We could also show in our study that such moderate, though
realistic droughts, which are expected to occur more frequently in Central Europe in the future,
did not drastically affect the bacterial community. There were negligible impacts on the total
community composition but more pronounced effects on the metabolically active community.
However, the strength of this effect was rather low especially as compared to the other environ-
mental impacts that control the soil bacterial community.

The search for phylotypes which were especially affected by precipitation reduction revealed
some taxa belonging to Proteobacteria, Acidobacteria, Firmicutes and Actinobacteria (Figs 3
and 5). Bouskill et al. [83] observed an increase in the relative abundance of some members
from the Actinobacteria, Planctomycetes, and Proteobacteria and a decrease in some Acidobac-
teria, Bacteroidetes and Firmicutes under precipitation throughfall exclusion. They concluded
that the bacteria with higher relative abundance could be taxa that exhibit a greater tolerance
towards osmotic stress and potentially a preference for elevated solute concentrations. Our
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results support this general partitioning, as we found that e.g. Bacillales had higher abundances
and Proteobacteria groups showed only a weak response suggesting that in most cases the effect
of precipitation reduction is group-specific far below the phylum level. However, it is notice-
able that the most impacted groups in our study represent filamentous Actinobacteria. Fila-
mentous (mycelium-forming) bacteria use this growth form to facilitate growth and expansion
under conditions of low hydraulic connectivity (drought conditions) in unsaturated soils [84],
which could be an explanation for stimulated growth under the moderate drought conditions
induced here. Barnard et al. [16] also found a relative increase of active Actinobacteria and de-
crease of Acidobacteria with summer drought and concluded that these contrasting drought re-
lated changes in abundance may reflect different bacterial life-strategies. In our study, the
groups sometimes responded with both a decrease or an increase of the relative abundance in
different plots. This could point to differences in the resistance of the community dependent
on the respective plot properties.

Finally we aimed at assessing, which plot specific characteristics as well as forest manage-
ment intensities would affect the overall resistance of the microbial community structure to the
precipitation reduction. We found several parameters (soil characteristics, main overstory tree
species, understorey) that influenced the soil bacterial community. However, all these factors
interact, forming a strong plot-specificity that is clearly indicated by the plot-specific clustering
of the bacterial community structure (Fig 2). Keeping this strong impact in mind, we observed
clear differences of the moderate drought effect for the nine studied plots and thus can confirm
our hypothesis. The highest drought effect was found for the Schorfheide beech unmanaged
plot and the Schwäbische Alb conifer managed plot where not only the active but also the total
community was affected. On the other hand, the bacterial community of some plots, such as
the Schorfheide conifer managed plot, only marginally responded to the precipitation reduc-
tion even though the relative reduction of soil moisture was highest on that plot. The resistance
of soil microbial communities to environmental stressors is not only determined by soil struc-
ture and substrate quality but also modified by the interaction with the vegetation [17]. In the
case of our studied plots we found a differentiated response to the precipitation reduction and
the resulting moderate drought but we were unable to further reveal single parameters modify-
ing this resistance.

Conclusion
Our results show that a rainfall reduction with a return interval of 40 years, which might occur
more frequently in future [1], resulted in significant effects on the active soil bacterial commu-
nity. However, the strength of the effect was rather low, especially in comparison to the strong
evidence that both the different soil characteristics and the overstorey tree species together
with the understorey vegetation, mainly drive the bacterial community structure. The effect of
the moderate drought treatment during six months differed between the studied plots, but we
could not identify specific parameters such as forest management or understorey plant com-
munity, that might modify the resistance of the bacterial community toward the moderate
drought. The fact that a decrease in precipitation started to affect the active but not the total
bacterial community points to an adequate resistance of the soil microbial system during
drought periods occurring within a single growing season.
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