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A B S T R A C T   

Future climate change scenarios predict increases in surface temperature as well as atmospheric CO2 concen-
tration. In this study we simultaneously addressed individual and combined effects of these factors on the soil 
microbial community structure and function. We tested linear as well as non-linear responses in a multifactorial 
climate manipulation experiment. 

After two years of climate change manipulations on a pre-Alpine managed grassland, topsoil samples were 
taken for analysis of functional enzyme activities, as well as microbial community structure. Besides, soil and 
vegetation parameters were measured to allow evaluation of direct and indirect effects. 

Pronounced and statistically significant spatial effects were observed on our field site for some variables. It is 
assumed that the history of site preparation could provide an explanation for the observed differences. Elevation 
of temperature or atmospheric CO2 did not induce strong shifts of soil fungal or bacterial communities. Only the 
inclusion of the spatial effects in the response surface regression model allowed the detection of subtle microbial 
responses to climate change scenarios. Mucor globulifera responded to temperature and CO2 in a pattern similar to 
soil water content. An increase in the relative abundance of coprophilous white rot fungi was observed upon 
warming, and this might be attributed to preferences of macrofauna for warmer plots. Specific extracellular 
enzyme activities were positively correlated with each other, especially within two groups of enzymes, which 
were involved in C-acquisition and in N-mining. The latter group responded positively to elevated CO2 con-
centrations. Chitinolytic activity increased with the relative abundance of the nematophagous and entomopa-
thogenic ascomycete Purpureocillium lilacinum. 

We conclude that the indirect effects of future climate change scenarios prevail over direct effects on soil 
microbial community composition and function. Soil water content, nutrient pools, atmospheric CO2 and plant 
root identity were identified as drivers of the observed changes after removal of unintended spatial effects. 
Application of advanced statistical tools, which take spatial variability into account, was necessary to detect 
these effects. Minor changes in the fungal community occurred already after a short period of climate manip-
ulation. More pronounced effects of elevated atmospheric CO2 concentration and surface warming on soil mi-
crobial community structure and function are expected on the longer-term, but indirect effects will most likely 
remain the dominant drivers.   

1. Introduction 

Global surface temperatures are projected to increase in response to 
rising atmospheric concentrations of CO2 (IPCC, 2014). There is 
considerable evidence that climate change will affect soil microbial 

organisms, the direction and magnitude of the response are, however, 
still uncertain (Castro et al., 2010; Xiao et al., 2018). Soil microbial 
organisms represent the driving force of a large number of ecosystem 
processes (Xiong et al., 2014), some of them being central for the 
response of the ecosystem to climate change (Austin et al., 2009). The 
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primary mechanism by which soil microbial organisms affect carbon (C) 
and nutrient cycling is the production of extracellular enzymes, which 
catalyse degradation, transformation and mineralization of organic 
molecules in soil organic matter (Sinsabaugh, 2010; Kelley et al., 2011; 
Xiao et al., 2018) and alter microbial function, soil quality (Marx et al., 
2001) and ecosystem productivity (Sayer et al., 2013). A major chal-
lenge is to understand the underlying mechanisms of how climate 
change will affect soil and ecosystem function (Gutknecht et al., 2010). 
Temperature cannot only directly influence soil microbial life, but can 
also exert indirect effects through changes in evapotranspiration, plant 
physiology, root exudation and vegetation (Dieleman et al., 2012; Lange 
et al., 2014). An increase in atmospheric CO2 does not directly influence 
soil CO2 since concentrations in soil are orders of magnitude higher than 
concentrations in the air (Kuzyakov et al., 2019). Atmospheric CO2 has, 
however, strong effects on plants, which can translate into changes in 
soil processes (Phillips et al., 2011; Engineer et al., 2016; Piepho et al., 
2017). Generally, it is assumed that direct effects are stronger than in-
direct ones (Kuzyakov et al., 2019). However, this does not always apply 
to soil, since indirect effects, including soil moisture and substrate 
availability, can mask direct effects on soil organisms (Zhou et al., 2008; 
Selsted et al., 2012; de Menezes et al., 2016; Jansen-Willems et al., 2016; 
Brenzinger et al., 2017). Further, microorganisms are unequally 
distributed in a soil system (Mills and Franklin, 2003), and about half of 
the variation in the community could be attributed to the effects of 
habitat and geographical distance (Vos et al., 2013). As it is hardly 
possible to measure all direct and indirect biotic and abiotic variables 
that constitute ‘the environment’, the multiple effects of climate change 
on microbial community structure and function remain obscure. 

Warming (elevated temperature, eT) can stimulate microbial abun-
dance, activity and nutrient cycling if water and nutrient availability are 
not limiting growth (Mosier, 1998; Pilegaard et al., 2006; Castro et al., 
2010). In the long term, adaptations through shifts in the community 
composition are expected. Elevated atmospheric CO2 (eCO2) is well 
known for its variable effects on soil properties and microbes. Few 
studies suggest lower nitrogen (N) availability accompanied with eCO2 
tends to favour fungi over bacteria, due to a more efficient nitrogen 
uptake of fungal hyphae (Janus et al., 2005; Carney et al., 2007). Many 
other studies, however, have found that eCO2 has little or no detectable 
effects on soil microbial community (Grüter et al., 2006; Austin et al., 
2009; de Menezes et al., 2016; Brenzinger et al., 2017). As described by 
Brenzinger et al. (2017) it is likely that altered soil conditions (e.g., soil 
moisture, substrate availability) rather than eCO2 affect the soil micro-
bial community. 

Similarly, effects of eT and eCO2 on soil extracellular enzyme ac-
tivities are mainly mediated through changes in soil moisture and 
nutrient availability, which are transmitted through the vegetation 
cover (Brockett et al., 2012; Henry, 2012; Xiao et al., 2018). If soil 
moisture is not limiting, warming can increase plant-derived substrate C 
input (Baldrian et al., 2013; Meier et al., 2015). Moreover, biomass input 
can also be enhanced by eCO2 (Drissner et al., 2007; de Menezes et al., 
2016; Brenzinger et al., 2017), which in turn increases the substrate 
availability for C and N acquiring enzymes (Meier et al., 2015). 

Previous studies discussed that (i) studying multifactor experiments 
can help optimizing ecosystem models, since climate change factors 
might not be just additive, but also synergistic and antagonistic and (ii) 
effects of warming and eCO2 are typically quantitative in nature 
(Dieleman et al., 2012; Piepho et al., 2017). This is the first study, to our 
knowledge, that addresses simultaneously individual and combined 
climate change factors with varying levels of warming and CO2 fumi-
gation on soil microbial community structure and function. In order to 
master the complexity of the experimental setup, a second-order 
response surface regression approach was used to disentangle quanti-
tative multifactorial manipulation effects. Generally this statistical 
approach is applied in experiments for process optimization in industrial 
branches (Piepho et al., 2017). Actually, response surface regression is 
an attractive approach to optimize statistical power also in ecology. Up 

to now, only few ecosystem experiments have recognized the need to 
account for non-linear responses and these experiments were largely 
limited to single factors. 

The effects of climate change on soil microbial community structure 
and function were investigated by high-throughput sequencing of bac-
terial and fungal phylogenetic markers and by soil extracellular enzyme 
activity measurements. The climate manipulation site ClimGrass is 
installed in a pre-Alpine managed grassland at Gumpenstein, Austria 
(Piepho et al., 2017; Groh et al., 2018; Deltedesco et al., 2019; P€otsch 
et al., 2019). 

2. Material and methods 

2.1. Site description 

The research was conducted at the long-term multifactorial climate 
manipulation experiment “ClimGrass”, established at the Agricultural 
Research and Education Centre (AREC) Raumberg-Gumpenstein in 
Austria as described in Deltedesco et al. (2019). Briefly, the experi-
mental site is located at an altitude of 710 m a.s.l. and the soil is clas-
sified as Cambisol with loamy texture (IUSS Working Group WRB, 
2015). The study year 2016 was characterized by a mean annual air 
temperature of 9.1 �C and mean annual precipitation of 1142.6 mm 
(data from the ZAMG weather station, located at the experimental site). 

The grassland vegetation (nutrient-rich meadow) was established in 
the year 2007. The soil of the experimental site was ploughed up to a 
depth of 0.25 m, totally levelled with a curry-comb and sown with a seed 
mixture for permanent grassland using a seed density of 27 kg ha� 1. This 
mixture contained tall oat-grass (Arrhenatherum elatius L.), Kentucky 
bluegrass (Poa pratensis L.), meadow fescue (Festuca pratensis L.), or-
chard grass (Dactylis glomerata L.), meadow foxtail (Alopecurus pratensis 
L.), red fescue (Festuca rubra L.), perennial ryegrass (Lolium perenne L.), 
Timothy (Phleum pratense L.), golden oat grass (Trisetum flavescens L.), 
white clover (Trifolium repens L.) and bird’s-foot trefoil (Lotus cornicu-
latus L.). In the year 2010 the east part of the experimental site (east, 
plots no. 1–24) and in 2012 the west part (west, plots no. 25–54) was 
equipped with vertically adjustable metal constructions to carry the 
warming and fumigation devices on the plot scale, 16 m2 each (P€otsch 
et al., 2019). For more details about experimental design and plot dis-
tances see Supplementary Fig. S1. 

The experiment was designed by a response surface regression 
approach (Piepho et al., 2017) and treatments were completely ran-
domized. Treatments (Table 1 and Fig. S1) are based on combinations of 
three levels of air temperature (ambient, þ 1.5 �C and þ3 �C) and at-
mospheric CO2 concentrations (ambient, þ 150 ppm, and þ300 ppm). 
The all-out operation (warming and fumigation) of the ClimGrass site 
started in May 2014 after the first harvest. The grassland is harvested 
three times during the growing season from April to the end of October, 
and mineral fertilizer is applied in three batches (total load of 90 kg N 
ha� 1 y� 1, 65 kg P ha� 1 y� 1, 170 kg K ha� 1 y� 1). For more details about 
the treatment realization and experimental set-up see Deltedesco et al. 
(2019). 

Table 1 
A 3 � 3 response surface regression design with treatment-codes (C ¼ atmo-
spheric CO2, T ¼ Temperature) for a total of 27 plots, the number of replicates 
are given in parenthesis (Deltedesco et al., 2019).  

eT (C�) eCO2 (ppm) 
0 150 300 

0 C0T0 (7) C1T0 (3) C2T0 (3) 
1.5 C0T1 (3) C1T1 (2)  
3 C0T2 (3)  C2T2 (6)  
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2.2. Harvest of aboveground biomass and soil sampling 

The total aboveground biomass (TAGB) of the third growth in 2016 
was harvested on the 4th of October using a hedge trimmer. Right after 
harvesting the plots, soil sampling was conducted using a soil auger with 
a 1.9 cm inner diameter and a height of 10 cm. Sampling was repeated 
(min. 5 times plot� 1) on various positions within the treatment area of 
the plots to obtain representative soil samples and to account for in plot 
heterogeneity. The sub-samples were pooled into one soil sample per 
plot and homogenized via sieving (<2 mm). To account for confounding 
influences of roots from different plant species on soil microbial com-
munities, the determination of root identities in soil cores taken for 
microbial community analysis was included. Plant species data were, 
however, not used to deduce influences of climate change scenarios on 
vegetation composition. During the sieving procedure, root biomass was 
separated and washed immediately. Aliquots (2 g) of sieved soil were 
suspended in extraction buffer (provided in the RNA PowerSoil® MO 
BIO kit) to minimize nucleic acid degradation. Remaining soil and root 
samples were placed in plastic bags and stored at 4 �C for further 
processing. 

2.3. Laboratory analysis 

Soil moisture content was determined by oven drying for 24 h at 105 
�C. Soil pH was determined in 0.01 M CaCl2 according to Horn et al. 
(2010). Soil organic carbon (SOC) and Ntot were determined according 
to €ONORM L1095. Chloroform fumigation extraction (CFE) was applied 
as described by Schinner et al. (1996) to determine extractable organic 
carbon (EOC), microbial biomass carbon (MBC), extractable total ni-
trogen (ETN) and dissolved organic nitrogen (DON). Therefore, fumi-
gated and non-fumigated samples were measured with an automated 
TOC/TN analyzer (TOC-V CPHE200V, linked with a TN-unit TNM� 1 

220 V, Shimadzu Corporation, Kyoto, Japan) according to Ferretti et al. 
(2018). Ammonium (NH4þ) was determined by Berthelot reaction as 
described in Schinner et al. (1996) and nitrate (NO3-) was measured 
according to Hood-Nowotny et al. (2010). SOC and Ntot were deter-
mined from separate soil cores collected at the same time for laboratory 
trace gas flux experiments. Values are means from duplicate de-
terminations from each of two separate soil cores, i.e. from four mea-
surements (Deltedesco et al., 2019). The dry weight of TAGB was 
determined by drying the samples first at a temperature of 55 �C for 48 h 
in a drying cabinet and then using the Brabender-technique (105 �C, 4 h) 
according to VDLUFA (1976). All data were calculated on soil dry matter 
basis (DM). 

Soil DNA was extracted using a commercial kit (RNA PowerSoil® MO 
BIO) with minor modifications. In brief, to extract DNA, after removal of 
RNA from the column 2 ml of washing Buffer (Buffer QC, Qiagen) was 
added to wash residual debris and inhibiting substances. By using 100 μl 
of elution buffer (Buffer QF, Qiagen), pure DNA could be eluted. Washed 
roots were lyophilized at - 50 �C and ground to a fine powder (Retsch 
MM200, Germany) for homogenization. Root DNA was extracted from 
0.1 g of the lyophilized powder with the Qiagen DNeasy Plant Mini Kit 
according to the manufacturer’s instruction. The fungal ITS2-region was 
amplified from soil DNA with primer pair ITSMix/ITS4Mix, which was 
originally described by Tedersoo et al. (2014) and modified by Keib-
linger et al. (2018), to obtain good coverage of the total fungal com-
munity (Tedersoo et al., 2015). The bacterial 16S V3–V4 region was 
amplified by primer pair Illumina_16S_341F/Illumina_16S_805R ac-
cording to Klindworth et al. (2013). Library preparation for Illumina 
MiSeq Sequencing followed the protocols as described in Keiblinger 
et al. (2018) for fungal communities and in Leitner et al. (2017) for 
bacterial communities from soil samples. Plant community composition 
from root samples was determined by amplification of the plant 
ITS2-region with primer pair ITSS2F_NeXTf(TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAGATGCGATACTTGGTGTGAAT) and ITSS3R_-
NeXTr (GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACGCT 

TCTCCAGACTACAAT) (adapted from Chen et al., 2010). Indexed sam-
ples were pooled and purified with the PureLink PCR Purification Kit 
using Binding Buffer High-Cuttoff B3 (Thermo Fischer Scientific). 
Pooled and purified samples were sent to the sequencing core facility at 
the Vienna Biocenter (VBCF-NGS, Vienna, Austria). 

The potential hydrolytic enzyme activity of cellobiohydrolase (CBH), 
acid phosphatase (PHO), β-1,4-glucosidase (BGL), ß-N-acetylglucosa-
minidase (NAG) and leucine aminopeptidase (LAP) was measured on a 
spectrophotometer (PerkinElmer® type 2300 EnSpire™) at an emission 
wavelength of 450 nm and an extinction wavelength of 364 nm ac-
cording to Ameur et al. (2018). To determine potential oxidative ac-
tivities, i.e., phenoloxidase activity (PHE) and peroxidase activity (PER), 
L-3,4-dihydroxyphenylalanine (L-DOPA; CAS. No. 59-92-7) served as 
substrate, and the absorbance was measured at 450 nm on a plate reader 
(PerkinElmer® type 2300 EnSpire) according to Ameur et al. (2018). 
Briefly, 1 g of soil was homogenized in 100 ml 100 mM sodium acetate 
buffer (pH 6.5), 200 μl of the homogenate and 50 μl fluorogenic sub-
strate was added into black microplates. The absolute hydrolytic and 
oxidative enzyme activities were calculated based on previous literature 
(German et al., 2011). The aminohydrolase activity (urease, URE) was 
measured according to Sinsabaugh et al. (2000) with minor modifica-
tions. An amount of 1 ml soil homogenate (as described above) was 
pipetted into two 1.5 ml Eppendorf tubes (Eppendorf, Hamburg, Ger-
many), respectively. One of the tubes received urea (20 mM) as sub-
strate. After incubation at 20 �C and 18 h tubes were centrifuged for 5 
min at 5000 rpm. Supernatants were transferred into microplates to 
measure the background ammonium concentration from samples 
without urea; while the formation of NH4

þ from samples after the addi-
tion of urea was determined to calculate potential amidohydrolase ac-
tivity (Shand et al., 2008). The absolute urease activity was calculated 
according to Sinsabaugh et al. (2000). All extracellular enzyme activities 
(EAA) are expressed in μmol μg� 1 h� 1 DM. The specific enzyme activities 
(sEAA) were calculated by dividing total enzyme activities by the MBC 
determined by CFE in order to normalize activity to the size of the MBC. 
These data are shown in μmol μg� 1 MBC h� 1 DM. 

2.4. Sequencing data processing 

Raw data quality was checked in FastQC and reads were screened for 
PhiX contamination using Bowtie 2.2.6 (Langmead and Salzberg, 2012). 
A Bayesian clustering for error correction was applied (Nikolenko et al., 
2013; Schirmer et al., 2015) before merging the PE reads using PEAR 
0.9.8 (p < 0.001) (Zhang et al., 2013). Forward and reverse primers 
were then stripped from merged reads employing Cutadapt 1.8.3 
(Martin, 2011) and quality filtering performed in VSEARCH v.2.8.5 
(maximum expected error ¼ 0.5) (Rognes et al., 2016). METAXA2 v.2.2 
was used to extract SSU ribosomal reads and to verify the 16S rRNA 
V5–V7 region of the sequences (Bengtsson-Palme et al., 2015). Simi-
larly, ITSx v.1.1 was used to target the extraction of the ITS2 region from 
both fungal and plant amplicon-related ITS sequences (Bengtsson-Palme 
et al., 2013). Targeted reads were labelled according to the sample name 
of origin and combined in QIIME 1.9.1 (Caporaso et al., 2010). Se-
quences were dereplicated, sorted and clustered at 97% of similarity 
using VSEARCH. Chimeras were checked adopting a de-novo-based 
approach, as a routine of the above-mentioned tool. An optimal global 
alignment was applied afterward in VSEARCH and a BIOM table 
generated. Taxonomy assignment was performed employing the naïve 
Bayesian RDP classifier v2.10 (Wang et al., 2007) in QIIME using SILVA 
release 132 (Quast et al., 2013) and UNITE 8.0 (Nilsson et al., 2018) as 
reference databases for archaeal/bacterial and fungal sequences, 
respectively. A dedicated ITS-based database for plant taxonomic 
assignment was built after retrieving nucleotide sequences from Gen-
Bank using the NCBI’s E-utilities tools and the entrez_qiime python 
utility (https://github.com/bakerccm/entrez_qiime/blob/master/e 
ntrez_qiime.py). Fungal OTUs (FOTUs) were additionally mapped to 
ecological guilds based on available scientific literature. At low 
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resolution, FOTUs were grouped into saprotrophic (SAP), symbiotic 
(SYM) and potentially plant pathogenic (PAT) fungi (see LS1 in sheet 
“FOTU” Supplementary Information). Especially OTUs, which could not 
be correctly classified at the genus level, could often not be categorized 
and were thus not assigned (NA) to any group. For a better resolution of 
ecological guilds, FOTUs were further divided into a total of 18 different 
groups (see LS2 in sheet “FOTU” Supplementary Information and the 
explanations of the abbreviations in a separate sheet). 

2.5. Nucleotide sequence accession number 

Sequence data are available at NCBI database under BioProject 
number PRJNA542595, BioSamples SAMN11774061-SAMN11774087 
and GenBank accession numbers KCZZ01000001-KCZZ01000529 for 
bacterial OTUs (BOTUs), MK951058-MK951645 for fungal OTUs 
(FOTUs) and MK950948-MK951003 for plant OTUs (POTUs). Taxo-
nomic affiliation and relative abundances of BOTUs, FOTUs and POTUs 
are summarized in the Supplementary Information. 

2.6. Statistical analysis 

Analysis of the experiment was done using linear mixed models. 
Treatment effects were modelled using linear and quadratic polynomial 
regression terms for both quantitative treatment factors, as well as their 
interaction. This model represents a response surface. The main 
advantage over simple analysis of variance, followed by mean com-
parisons, is to facilitate interpolation between observed treatment levels 
and drawing up graphs of the response function in two or three- 
dimensional plots (Box and Draper, 2007; Piepho and Edmondson, 
2018). A further advantage is that treatment effects can be modelled 
more parsimoniously, i.e. using fewer parameters than when treatment 
means are compared, thus providing a more efficient analysis. Response 
surface regression is a popular and well established methodology in 
many fields, including engineering, but as yet is not as often used as it 
could in soil ecology. A separate intercept was fitted for the east (plots 
1–24) and west (plots 24–54) part of the ClimGrass site, in order to 
account for spatial effects, along with a second-order response surface 
regression model. An anisotropic power model for residual error was 
fitted to spatial row and column coordinates (expressed in meters). In 
addition, an independent random plot error was fitted to allow for a 
nugget effect. Type I significance tests were done using the second-order 
Kenward-Roger method (Kenward and Roger, 2009). First, the 
second-order terms of the response-surface were inspected, and the 
model was reduced for non-significant terms (α ¼ 5 %). At this stage, 
significance tests for the first-order (linear) terms were disregarded. 
Next, if all second-order terms were non-significant, the first-order terms 
were also inspected, and only the significant ones were kept in the 
model. When reducing the model, the marginality principle was 
observed (Piepho and Edmondson, 2018). When the interaction term of 
both covariates was significant, the two linear main effects were kept. 
The fitted model was used to obtain predicted values for all treatments. 
These were corrected for the east-versus-west contrast to obtain a 
smooth surface, averaging the east and west halves of the field. The 
fitted predictions were graphed as contour plots using the GLM pro-
cedure. All analyses were done using the MIXED procedure of SAS. 

Two indices for β-diversity, Morisita-Horn (MH) and Bray-Curtis 
(BC) (Jost et al., 2010), were calculated with the software EstimateS, 
v.9.1 (Colwell, 2013) for fungal and bacterial communities. MH is the 
β-diversity counterpart of Simpson’s Index for α-diversity and is there-
fore mainly determined by dominant species (Jost et al., 2010). The 
Bray-Curtis Distance (BC), on the other hand, is less dependent on 
dominant species. Regression analyses for correlation of β-diversity to 
geographic distance were conducted with Daniel’s XL Toolbox add-in for 
Excel, v.7.3.4 (Kraus, 2014). NMDS-plots were calculated in R (R Core 
Team, 2015) with the package ‘vegan’ (Oksanen et al., 2018) from 
BC-distances of the fungal and bacterial communities, respectively. 

3. Results 

3.1. General soil parameters and total aboveground biomass 

Statistically significant field-scale spatial effects, which were inde-
pendent of the increase in temperature or CO2, were observed for soil 
microbial biomass carbon (MBC) and soil organic carbon (SOC). Cor-
relation between the two variables was weak and statistically not sig-
nificant (Table S7). The spatial effects were mainly caused by differences 
between the east part (left, plots 1–24) and the west part (right, plots 
25–54) of the ClimGrass site (Deltedesco et al., 2019; Fig. S1). MBC 
increased from 161.6 � 37.2 μg g� 1 in the east part to 205.6 � 75.2 μg 
g� 1 in the west part and SOC increased from 2.65 � 0.12 % in the east 
part to 2.79 � 0.14 % in the west part (Fig. 1). Differences between the 
north part (front) and the south part (back) were less pronounced. 
Standard physical and chemical soil parameters including pH-value, 
total nitrogen (Ntot) and C:N-ratio were not significantly different be-
tween the east and the west part. All values are given in the Supple-
mentary Information. Results from Wald-type F-test and parameter 
estimates are summarized in Supplementary Tables (Table S1 and 
Table S2). To account for the spatial effect, separate intercepts for the 
east and west part of the experimental field and an anisotropic power 
model were included in the response surface regression (see above 
section 2.6). 

By this approach, treatment effects could be observed for soil water 
content (WC) and extractable total nitrogen (ETN). The WC and ETN 
ranged from 19.28 to 26.66 % and 36.08 and 56.81 μg g� 1, respectively. 
Both increased with elevated CO2 and decreased with elevated tem-
perature (Fig. 2). All other measured soil parameters showed only weak 
or no treatment effects (Table S1 and Table S2). Total aboveground 
biomass (TAGB) ranged from 1532 to 3963 kg DM ha� 1 and showed an 
opposite trend to WC and ETN, as it increased with elevated temperature 
but decreased with elevated CO2 (Fig. 3). 

3.2. Soil microbial communities 

The soil fungal communities at the ClimGrass site were dominated by 
Ascomycota, followed by Basidiomycota, Mortierellomycota, Mucor-
omycota, Chytridiomycota, and Glomeromycota. The most abundant 
orders were Hypocreales, Mortierellales, Tremellales, Chaetosphaeriales 
and Mucorales (Fig. 4, left panel). FOTU_1 (Purpureocillium lilacinum) 
was the most prevalent FOTU over the whole ClimGrass site with an 
average abundance of 10.1 % explaining the dominance of the order 
Hypocreales. The majority of the soil fungi could be classified as sap-
rotrophic, while on average less than 15 % are potentially plant path-
ogenic. Only a small fraction – approx. 2 % – was symbiotic and this 
group consists mainly of Glomeromycota. A substantial fraction could, 
however, not be classified into any ecological group as many FOTUs 
could only be categorized into higher taxonomic groups like order or 
class. 

Soil bacterial communities were dominated by the phyla Proteo-
bacteria, Verrucomicrobia, Actinobacteria and Acidobacteria (Fig. 4, 
right panel). BOTU_1 (Spartobacteria) was the most abundant BOTU 
over the whole ClimGrass site with an average abundance of 6.4 %. 

Two different indices of β-diversity were calculated for the microbial 
communities, the Morisita-Horn (MH) and the Bray-Curtis Index (BC). 
Both indices were higher for the fungal community than the bacterial 
community and BC was higher than MH (Fig. 5). This difference was 
more pronounced for bacteria. β-diversity of the fungal community 
increased significantly with the distance between the plots (Fig. 5A). 
Differences in abundance were observed for selected fungal groups, 
especially for dominant groups such as Purpureocillium lilacinum and 
Fusarium spp. between the east part (plots 1–24) and the west part (plots 
25–54) of the ClimGrass site: Potentially plant pathogenic fungi 
(including Fusarium spp.) and coprophilous fungi were more prevalent 
in the right part, saprotrophic fungi were more prevalent in the east part 
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(Table S3). 
Correlations between certain plant roots and selected FOTUs were 

identified. The basidiomycetous yeast Solicoccozyma terricola (FOTU_17) 
increased in abundance with Arrhenatherum elatius (POTU_2 and 
POTU_54) (Fig. S3). Additionally, a relatively high abundance of roots 
from common sorrel (Rumex acetosa) was found in the sample from plot 
23 (C1T0), which was mirrored by the dominance of Mucor hiemalis 
(FOTU_2) in the same sample. Mucor hiemalis (FOTU_2) had relative 
abundances of max. 12.5 % on all other plots but accounted for 38.2 % of 
the total community on plot 23. 

The BC for bacterial community showed a weak but statistically 
significant increase with geographic distance, while no significant 
change of MH was observed (Fig. 5B). The same as for FOTUs, selected 
BOTUs showed a significant difference in abundance between the east 
part and the west part of the ClimGrass site (Table S3). Besides, plot 35 
(C2T2) strongly deviated from all other plots due to an unusually high 
abundance of 16.3 % for Providencia sp. (BOTU_58), which was on most 
other plots well below 1 %. Community distances to plot 35 are high-
lighted in Fig. 5B. 

With standard statistical procedures, only weak treatment effects 
could be detected for the microbial communities. In NMDS plots, climate 

change scenarios with elevated CO2 and/or temperature did not sepa-
rate fungal or bacterial communities from the controls (Fig. S2). Inclu-
sion of spatial effects into response surface modelling allowed, however, 
the identification of fungal taxa with a treatment-dependent distribu-
tion. Coprophilous white rot fungi, which mainly consisted of Copri-
nopsis cordispora (FOTU_141) and Sphaerobolus stellatus (FOTU_158), 
increased in abundance upon eT but were not affected by eCO2 (r2 ¼

0.508) (Fig. 6). Mortierella globulifera (FOTU_43) responded to both 
environmental changes, resulting in a reduction of abundance with 
elevated temperature and an increase with eCO2. An increase in both 
climate change factors counterbalanced each other with little effect on 
the relative abundance of FOTU_43 (Fig. 7). Due to the similarity to the 
distribution pattern of WC and ETN (Fig. 2), the relative abundance of 
FOTU_43 was correlated with both. A significant positive correlation 
was found for the abundance of FOTU_43 and WC (r2 ¼ 0.280; Fig. S4) 
but not for ETN. 

Responses of bacterial taxa to climate change scenarios were weaker 
and only affected BOTUs with a maximal abundance below 1 %. 

Fig. 1. Microbial biomass C (MBC, μg g¡1, left panel) and soil organic carbon (SOC, %, right panel). East (plots 1–24) and west part (plots 25–54) of the 
ClimGrass site are shown separately, the p-values indicate significant differences in Wald Type t-test. 

Fig. 2. Contour plots for soil water content (WC, %, left panel) and extractable total nitrogen (ETN, μg g¡1, right panel). Elevated temperature in �C (eT) and 
CO2 in ppm (eCO2) above ambient are indicated. Treatment combinations, from which data were available for modelling, are indicated by circles. Amounts of WC 
and ETN increase from blue to red. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Enzyme activity 

All specific extracellular enzyme activities (sEEA) were positively 
correlated to each other and responded negatively to soil NH4–N con-
tent, although not all correlations were statistically significant. Highly 
significant correlations were observed within two groups of sEEA 
(Table S7). Group 1 consisted of sCBH, sBGL, sNAG, sLAP and sPHO, 
enzymes which are mostly involved in breakdown of polymers for C- 
supply. Group 2 consisted of sNAG, sLAP, sURE, sPHE, sPER and sPHO, 
enzymes which are mostly involved in acquisition of N from organic 
compounds and in the breakdown of recalcitrant compounds like lignin. 
The decrease in activity with increasing NH4–N was especially pro-
nounced for sLAP and for sPHO (Table S7). The activity of sNAG showed 
a good correlation with the relative abundance of the nematophagous 
and entomopathogenic fungus Purpureocillium lilacinum (FOTU_1) (r2 ¼

0.501; Fig. S5). 
Spatial effects, caused by the east part (plots 1–24) and the west part 

(plots 25–54) could be observed for a set of absolute and specific EEA 
(absolute: NAG and CBH, specific: sLAP and sPHE; Table S5). The 
updated response surface regression model (see above in section 2.6) 
allowed to detect treatment effects on some specific EEA. Enzymes 
involved in N-cycling – sLAP and sURE – and in breakdown of lignin – 
sPER and sPHE – responded negatively to an increase in atmospheric 
CO2. Only PHE showed additional interaction with temperature. NAG, 
which is also involved in the acquisition of organically bound N, showed 
no treatment effect. sCBH decreased weakly with eCO2 and showed an 
increase with warming (Fig. 8). 

Fig. 3. Contour plot for total aboveground biomass (TAGB, kg dry matter 
ha¡1). Elevated temperature in �C (eT) and CO2 in ppm (eCO2) above ambient 
are indicated. Treatment combinations, from which data were available for 
modelling, are indicated by circles. TAGB increases from blue to red. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. Fungal (left panel) and bacterial (right panel) community structure at the ClimGrass experimental field in October 2016. Data from 27 plots were 
combined, OTUs were clustered at the appropriate level, and taxa with abundances below 1% were grouped. Fungi were grouped at the ordinal level. Ascomycota: 
blue; Basidiomycota: red; Mortierellomycota and Mucoromycota: grey; Glomeromycota: green; Chytridiomycota: gold; Fungi i. s.: violet. Bacteria were mainly 
grouped at the class level. Proteobacteria: red; PVC and FCB group: green; Terrabacteria: blue; Acidobacteria: purple; other bacteria: grey. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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4. Discussion 

Statistically significant spatial effects, which were independent of 
climate change manipulations, were observed for certain measured pa-
rameters in this study at the ClimGrass site in Gumpenstein. MBC, SOC, 
several dominant fungal taxa, some bacterial taxa and selected EEA 
showed uneven distribution between the west and east parts of the 
experimental field, i.e. at an intermediate scale between 5 and 70 m 
(Fig. 1, Table S1, Table S2 and Table S5). Large-scale spatial variability 
of microbial communities is mainly driven by differences in soil prop-
erties, topography and vegetation. At the other end of the scale, factors 
like soil aggregates, plant debris and roots can influence composition of 
the microbial community and the associated processes. Effects of indi-
vidual plants and plant communities as well as from burrowing animals 
were suggested to affect soil microbial communities at the intermediate 
scale (Ettema and Wardle, 2002). Apart from MBC and SOC, no spatial 
patterns were observed for general soil parameters and for plant biomass 
(Table S1). The two halves of the experimental field have been prepared 
for site construction and installations in different years. The east part 
was equipped with the experimental infrastructure in 2010, and the west 
part was added in 2012. However, vegetation establishment (2007) and 
the start of climate change manipulations (May 2014 after the first 

harvest) was the same for the whole field. It is thus assumed that 
currently unknown legacy effects from historical site management are 
the basis for the observed spatial effects. 

4.1. General soil parameters and total aboveground biomass 

The imbalance between the two halves of the field were integrated 
into the response surface regression models (Piepho et al., 2017) and 
consequently improved the elucidation of treatment effects on soil, plant 
and microbial variables. By this approach it was possible to detect 
pronounced changes in soil water content (WC), extractable total ni-
trogen (ETN) and total aboveground biomass (TAGB) upon eCO2 and eT 
(Figs. 2 and 3). WC followed the previously observed pattern, where 
sustained warming treatment increases evapotranspiration and de-
creases therefore WC, while higher CO2 levels reduce stomatal aperture 
and abundance and consequently transpiration, which leads to higher 
WC (Morgan et al., 2004, 2011; Engineer et al., 2016). Response of ETN 
to climate change scenarios was similar to WC, a correlation between the 
two could be detected (Table S7). TAGB, on the other hand, showed an 
opposite trend at the ClimGrass site: a reduction upon eCO2 and an in-
crease upon eT (Fig. 3). This is in contrast to most studies, which 
describe a positive effect of eCO2 on plant biomass through varying 

Fig. 5. β-Diversity of fungal (A) and bacterial (B) communities at the ClimGrass experimental field in October 2016. Two indices of β-diversity – Bray-Curtis 
(BC) and Morisita-Horn (MH) – were plotted against geographic distance between plots. Filled circles for the fungal community highlight distances to plot 23. The 
sample from plot 23 showed strong differences in the plant root composition (high levels of Rumex acetosa L.) and the fungal community (dominance of FOTU_2 – 
Mucor hiemalis). Similarly, distances to plot 35 are highlighted for bacterial communities by filled circles, as this plot is characterized by an exceptionally high 
abundance of BOTU_58 (Providencia sp.). 
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combinations of direct effects on photosynthesis and indirect effects on 
WC (Zak et al., 2000; Morgan et al., 2004; Kuzyakov et al., 2019). 
Warming, on the other hand, often has a negative impact on plant 
biomass production through enhancement of water deficiency (De 
Boeck et al., 2008). We assume that in the investigated Alpine grassland 
with moderate temperatures during the summer and an annual precip-
itation of over 1000 mm, water is not a limiting factor. In this envi-
ronment an increase in eT can therefore exert a direct positive effect on 
TAGB production. A CO2-induced increase in WC, on the other hand, has 
no positive effect on plant growth. Reduction of stomatal aperture and 
abundance and reduced transpiration can limit mineral nutrient uptake 
from the soil as reflected by an increase in ETN with higher WC. 
Available data of plant species from root sequencing do not indicate 
strong effects from climate change scenarios on species composition in 
2016, but roots from a soil core with a diameter of 1.9 cm may not 
provide a representative picture of the plant species composition at the 
plot scale. Effects of climate change drivers on plant species composition 
and physiology are still under investigation and were not the focus of our 
study, which targeted effects on soil microbial community structure and 
function. 

4.2. Soil microbial communities 

The bacterial communities (Fig. 4, right panel) in the grassland soils 
from the ClimGrass site were dominated by the phyla Proteobacteria, 
Acidobacteria, Actinobacteria and Verrucomicrobia i.e., taxa which are 
frequently found in agricultural and grassland soils (Bergmann et al., 
2011; Hartmann et al., 2015). Domination of the fungal communities 
(Fig. 4, left panel) by Ascomycota as seen in the ClimGrass site is also a 
commonly observed feature in agricultural and grassland soils (Klaubauf 
et al., 2010; Hartmann et al., 2015; Moll et al., 2016). Plant root asso-
ciated fungi from Glomeromycota, which can form arbuscular mycor-
rhiza, and from the Sebacinales, which interact with roots in highly 
diverse manners (forming distinct mycorrhizae and endophytic in-
teractions; Weiss et al., 2016), were only of minor abundance. The 
percentage of Glomeromycota was, however, in a similar range as found 
in a global study for grasslands and shrublands: 1.4 % (Tedersoo et al., 
2015) vs. 1.8 % on average at the ClimGrass site. The strong dominance 
of Purpureocillium lilacinum, on the other hand, has not been previously 
observed in soils. P. lilacinum is a nematophagous and entomopatho-
genic fungus, which has been isolated from decaying vegetation, insects, 
nematodes and soil (Domsch et al., 1993; Luangsa-Ard et al., 2011). 

For the bacterial communities, a low β-diversity and consequently 
minor spatial effects were observed (Fig. 5B). The fungal community, on 
the other hand, exhibited a high β-diversity with distinct spatial effects 
(Fig. 5A). In addition, several bacterial and fungal OTUs showed highly 
uneven distribution over the ClimGrass site with pronounced differences 
between the east and west part of the experimental site (see above). 
Plant identity and diversity can additionally modulate soil microbial 
communities via root characteristics (Huang et al., 2014; Lange et al., 
2014). In autumn 2016, when soil samples for microbial community 
analyses were collected, no significant effects of almost 2 years of 
climate change manipulation on aboveground plant community 
composition were observed (P€otsch, unpublished). Single soil cores were 
generally found to be dominated by roots from a single plant species, 
which was in nearly all cases either of the grasses Dactylis glomerata, 
Arrhenatherum elatius and Poa trivialis. The basidiomycetous yeast Sol-
icoccozyma terricola (FOTU_17) increased in abundance with oat-grass 
(Arrhenatherum elatius; POTU_2 and POTU_54) (Fig. S3). Plot 23 
(C1T0) additionally showed a relatively high abundance of roots from 
common sorrel - Rumex acetosa L. (Polygonaceae), and contained an 
unusually high abundance of Mucor hiemalis (FOTU_2; Fig. 5). It is 
therefore assumed that plant identity shapes the soil microbial com-
munities – especial the fungal communities – at the ClimGrass site at 
scales below the plot level. 

Generally, future climate change factors had no strong effect on the 

Fig. 6. Contour plot for abundance distribution of coprophilous white rot 
fungi. Relative abundances of FOTUs categorized as coprophilous white rot 
fungi were square root transformed and corrected for unequal distribution 
between the east and west halves of the experimental field. Elevated temper-
ature in �C (eT) and CO2 in ppm (eCO2) above ambient are indicated. Treatment 
combinations, from which data were available for modelling, are indicated by 
circles. Relative abundance increases from blue to red. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 7. Response of FOTU_43 (Mortierella globulifera) to environmental 
factors. Relative abundances of FOTU_43 were log transformed and corrected 
for unequal distribution between the east and west halves of the experimental 
field. Elevated temperature in �C (eT) and CO2 in ppm (eCO2) above ambient 
are indicated. Treatment combinations, from which data were available for 
modelling, are indicated by circles. Relative abundance increases from blue to 
red. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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entire microbial community (Fig. S2), only a few fungal taxa showed a 
response to treatments (Table S4). Previous studies discussed mostly 
microbial community structure at the phylum level (Austin et al., 2009; 
Castro et al., 2010; Oliverio et al., 2017) or the OTU levels of bacterial 
community structure (Lesaulnier et al., 2008; de Menezes et al., 2016). 
In the latter case, experiments were focused on the individual effect of 
eCO2. At the ClimGrass site Mortierella globulifera (FOTU_43) responded 
to both, eCO2 and eT (Fig. 7), in a pattern similar to soil WC (Fig. 2). It is 
likely that the soil WC was the main driver for the observed effect, since 
the relative abundance of FOTU_43 and the WC correlated positively. 
Furthermore, coprophilous white rot fungi were found to respond 
positively to eT (Fig. 6). Higher soil perforation with numerous holes at 
warming plots, as observed during soil sampling, may hint to a 

preference of burrowing macrofauna (e.g., field mice, moles, voles) for 
eT, which in turn might have led to the increase in abundance of cop-
rophilic white rot fungi. In agreement with this hypothesis is the high 
abundacnes of Providencia sp., a bacterium commonly found in the in-
testines of several animals (e.g. The NIH HMP Working Group et al., 
2009), which was found in plot 35, a warming treatment elevated by þ
3 �C (Fig. 5). Addition of herbivore dung to soil was previously shown to 
increase coprophilous fungal populations (Hartmann et al., 2015) and 
animal responses to climate change scenarios in experimental fields (e. 
g., to eT: gastropods, insects; to eCO2: herbivores) is a widely observed 
phenomenon (Moise and Henry, 2010). Highly uneven distributions of 
individual animals are directly related to the experimental settings with 
pronounced temperature differences at small scales. These effects can, 

Fig. 8. Contour plots for specific EEA (A) sLAP, (B) sURE, (C) sPER and (D) sPHE to environmental factors (μmol μg¡1 MBC h¡1). Data were corrected for 
unequal distribution between the east and west halves of the experimental field. Elevated temperature in �C (eT) and CO2 in ppm (eCO2) above ambient are indicated. 
Treatment combinations, from which data were available for modelling, are indicated by circles. Specific activities increase from blue to red. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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however, not generally be translated to warming at the global scale. 

4.3. Enzyme activity 

Besides the taxonomy based functional categorization of the micro-
bial communities into saprotrophic, symbiotic, potentially plant path-
ogenic and white rot fungi, extracellular enzyme activities (EEA) were 
measured as proxies for selected microbial processes. Determination of 
specific EAA (sEAA) by normalization to MBC as suggested by Sinsa-
baugh et al. (2008) could remove some of the spatial effects. In our 
study, MBC was preferred over SOC as a reference, as EAA and MBC 
were determined from the same soil cores, while SOC was determined 
from separate soil cores. The remaining spatial effects in sEAA were 
accounted for by the improved response surface regression model. 
Coregulation of enzymes involved in the breakdown of organic matter 
for C-acquisition, i.e. for sCBH, sBGL, sNAG and sLAP was observed. 
Similarly, coregulation of enzymes involved in N-acquisition from 
organic matter, i.e. sNAG, sLAP, sURE, and of ligninolytic enzymes sPHE 
and sPER was observed. sPHO activity was related to both, and all 
together showed a negative response to soil NH4–N, albeit to varying 
degrees (Table S7). It is therefore concluded that sEAA in general, and 
more specifically for the breakdown of organic N-compounds and 
recalcitrant lignin, are induced upon N-limitation (Leatham and Kirk, 
1983). With the exception of sNAG, N-cycling and ligninolytic enzymes 
responded negatively to eCO2. An additional effect of temperature was 
observed for sPHE (Fig. 8). As CO2 has been recently shown to have no 
strong direct effect on EAA (Xiao et al., 2018), indirect effects, such as 
described in the “resource allocation theory” are more likely (Henry, 
2012; Xiao et al., 2018). ETN increased with eCO2 at the experimental 
site and can probably partially explain the observed effects on EAAs. The 
increased ETN concentration in soil seemed to be related to the reduced 
aboveground biomass. More N remains in the soil and, hence, less N 
acquiring enzymes have to be produced to cover the N requirement for 
microorganisms. A significant correlation of EEA with ETN was, how-
ever, only found for sPHE and sLAP (see Table S7). 

sNAG, which is not only involved in N-cycling but also in C-cycling, 
showed no response to eCO2. Instead, sNAG was correlated positively 
with the relative abundance of the nematophagous and entomopatho-
genic fungus P. lilacinum (FOTU_1; Fig. S5). NAG, the extracellular 
chitinase, is involved in the degradation of chitinous polymers found in 
the exoskeleton of arthropods, in nematode egg shells and in fungal cell 
walls (Merzendorfer and Zimoch, 2003). There is extensive evidence 
that parasitic nematophagous fungi produce extracellular hydrolytic 
enzymes such as proteases, collagenase, and chitinase (Khan et al., 2003; 
Yang et al., 2007). It would be interesting to relate these results to soil 
mesofauna at the ClimGrass site in future investigations. 

5. Conclusion 

Climate change scenarios with stepwise increases in atmospheric 
CO2 and surface temperature had only minor effects on soil microbial 
community composition and function after two years of operation. Site 
specific spatial effects strongly influenced several soil and microbial 
parameters. Inclusion of these imbalances into the response surface 
model allowed the detection of subtle changes in the fungal population 
and in sEAA after only two years of warming and CO2 fumigation. It is, 
however, advised for future climate manipulation field experiments to 
collect soil, plant, animal and microbial parameters after site prepara-
tion but before start of the treatment implementation to detect and to 
correct for field-scale spatial imbalances. At the ClimGrass site future 
climate change scenarios mainly induced changes in WC, ETN and 
TAGB. Changes in soil microbial community composition and func-
tioning could be related to CO2, WC, NH4–N, plant root identity and 
assumed presence of animals, while eT only had minor effects. As it is 
not expected that an increase in atmospheric CO2 directly influences 
CO2 levels in soil (Kuzyakov et al., 2019), it is concluded that indirect 

effects of future climate change scenarios are of higher importance for 
soil microbial community composition and functioning than direct ef-
fects. Furthermore, it is highly desirable to also collect data on fauna, to 
better understand the observed phenomena. The behaviour of animals 
including soil inhabiting insects and mammals is certainly influenced by 
climate manipulations. 
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