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• Climate change alone mostly inﬂuenced
soil and plant properties.
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a b s t r a c t
Montane grasslands in Europe are exposed to increasing temperatures twice as fast as the global average.
Changes in climatic conditions are possibly accompanied by an increase in land use intensity, caused by a prolongation of the vegetation period and the need to improve productivity. Therefore, the investigation of combined
effects of climate change and land use intensity is needed to further implement agricultural management strategies. Here we present results from a study performed in the pre-alpine region of southern Germany, where intact plant-soil mesocosms from grasslands, were translocated along an altitudinal gradient, resulting in an
increase in soil temperature (moderate treatment: +0.5 K; strong treatment: +1.9 K warming) during the experimental period. Additionally, we applied an extensive or intensive agricultural management (two vs. ﬁve
times of mowing and slurry application) on the transplanted mesocosms. After an exposure of one year, we measured plant growth and soil properties and quantiﬁed abundances of soil microorganisms catalyzing key steps in
the nitrogen (N) cycle. Our data indicate, signiﬁcant interactions between climate change and management. For
example, microbial biomass was signiﬁcantly reduced (−47.7% and −49.8% for Cmic and Nmic respectively),
which was further accompanied by lower abundances of N2-ﬁxing bacteria (up to −89,3%), as well as ammonia
oxidizing bacteria (−81.4%) under intensive management, whereas N-mineralizing bacteria increased in abundance (up to +139.8%) under extensive management. Surprisingly, the abundances of denitrifying bacteria as
well as mean N2O emissions were not affected by the treatments. Overall, our data suggest pronounced shifts
in the abundance of microbes driving the N cycle in soil as a result of combined climate change and land use intensiﬁcation already after a short simulation period of one year.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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montane grasslands (Szukics et al., 2019). Thus, increased N inputs
through land use intensiﬁcation result in increased NO−
3 leaching and
higher N2O emission (Bowles et al., 2018; Klaus et al., 2018).
Surprisingly, despite being the rule, not the exception, it is still unclear how combinations of climate change and land use intensiﬁcation
affect montane grassland ecosystems. In the frame of this study, we analyzed combined effects of climate change and management intensiﬁcation on the abundance of microbiota involved in N turnover. The
abundance of microbial functional groups characterizes the potential
of a microbial community for a given transformation processes, which
is further induced in situ depending on the actual environmental conditions. Thus, the genotype of microbiota, which is in the focus of this
study can be considered as a more stable parameter compared to the
microbial phenotype, which is highly ﬂuctuating even during a single
day. To simulate different intensities of climate change (i.e. mean annual
temperature increase) and land use intensities, we transplanted intact
plant-soil mesocosms from high altitude to two lower altitudes
resulting in a temperature increase of 0.5 K and 1.9 K respectively. To account for management effects, the mesocosms underwent either an extensive or intensive agricultural management (two- versus ﬁve times of
mowing and fertilization). We measured different N pools (plant, microbial, soil) and the abundance of microbiota, which catalyze major
steps in the organic and inorganic N cycle including N-mineralization,
N2- ﬁxation, nitriﬁcation and denitriﬁcation to disentangle short-term
effects of climate change and agricultural management after one year
of transplantation on N turnover from a typical montane grassland.
Wiesmeier et al. (2013) demonstrated that SOC and N stocks in
montane grasslands are protected, because of the lower temperature
and the higher humidity of those soils. Thus, we hypothesized, that
(1) already the short-term exposure to simulated climate change increases the abundance of N-mineralizing bacteria, which are able to directly decompose the organic N sources in montane grassland soils.
Plants will beneﬁt from this increased availability of N resulting in
higher plant biomass mostly under extensive management. (2) Under
intensive management the surplus of ammonia as a result of increased
N-mineralization and fertilization will result in higher abundances of nitriﬁers and denitriﬁers together with a reduced abundance of N-ﬁxing
bacteria, triggering high N losses via leaching and gas emissions. (3) Effect sizes are correlated with the intensity of the simulated change in climate conditions.

1. Introduction
Montane grassland soils, which are often rich in organic matter, support a large number of important ecosystem functions including carbon
sequestration and nutrient retention, preservation of biodiversity and
the protection of endangered plant- and animal species (Bardgett and
Caruso, 2020; Wagg et al., 2019; Xiong et al., 2018). Furthermore,
these grasslands are important local recreational areas and play a significant role for the tourism in the particular regions (Jobbágy and Jackson,
2000; Leifeld et al., 2009; Schirpke et al., 2013). However, montane
grasslands are affected by climate change more than grasslands of
other regions. Current regional climate models for the European Alpine
region predict warming to progress as twice as fast as the global average
(Auer et al., 2007; Gobiet et al., 2014). Until the end of this century, this
may result in a loss of permanent snow cover in winter in altitudes of up
to 1000 m and a decrease in precipitation mostly during summer (Etter
et al., 2017; Gobiet et al., 2014; IPCC, 2018). Consequently, the frequency of freezing thawing cycles in winter may increase due to the
loss of the snow cover, followed by prolonged periods of drought during
summer.
It is obvious that these scenarios will have a strong impact on the
ecosystem functions described above. In particular, soil quality will be
strongly affected and shifts in soil respiration and nutrient cycling are
well described (Carey et al., 2016; Dawes et al., 2017; Rogora et al.,
2018; Schindlbacher et al., 2012). Those changes might induce negative
feedback loops for above- (Berauer et al., 2019; Liu et al., 2018) and belowground biota and their activity, even in the short term (Castro et al.,
2010; Maestre et al., 2015; Rogora et al., 2018; Schindlbacher et al.,
2012). Consequences of shifts in climatic conditions on nitrogen
(N) turnover and microorganisms, which catalyze the different transformation reactions, have been well described. Wang et al. (2016) demonstrated that soil N turnover is sensitive to warming (+2 K mean
annual temperature), reduced precipitation (−500 mm mean annual
precipitation) and increased numbers of freeze-thaw cycles. Under
these climate change conditions, high gross N turnover together with
an increase in nitrifying microorganisms has been observed in frozen
soil (Wang et al., 2016), which might be a result of accumulation of dissolved carbon (C) and N substrates together with the microorganisms in
the water ﬁlm (Watanabe et al., 2019). N mineralization, nitriﬁcation
rates and N2O formation increased due to warming (Hart, 2006; Hu
et al., 2017; Larsen et al., 2011; Rustad et al., 2001) and are in addition
affected by interactions of moisture and temperature (Auyeung et al.,
2015; Auyeung et al., 2013; Dannenmann et al., 2016; Larsen et al.,
2011). Therefore, climate change effects may induce N losses as a result
of increased NO−
3 leaching as well as N2O and N2 gas emissions (Kuypers
et al., 2018; Stein and Klotz, 2016; Zistl-Schlingmann et al., 2019) or by
uptake into the plant biomass on the short run. On the long run this
might induce imbalanced nitrogen contents in soils which negatively affect plant growth and crop productivity (LeBauer and Treseder, 2008).
In addition to climate change, montane grasslands are strongly affected by an increase in land use intensity as mainly sites which are easily accessible by farmers are used for husbandry or hay production more
intensely. Land use intensity is negatively correlated to the richness of
microbial communities not only in bulk soil, but also in the rhizosphere
and root interior of typical plants grown in these grasslands
(Estendorfer et al., 2017; Schöps et al., 2018), which can negatively impact plant performance and stress response. In addition, effects on N
turnover in soil have been well documented. It is well accepted that
N2O emissions, which contribute to global warming and ozone depletion can signiﬁcantly increase with intensiﬁed N fertilization
(Ravishankara et al., 2009; Shcherbak et al., 2014). Further, it has been
shown that nitriﬁcation rates and abundance of nitriﬁers increased
with increasing land use intensity in grassland soils in Germany
(Stempfhuber et al., 2014). Similar, the abundance of nitriﬁers was
driven by the management practice trajectories and soil environmental
conditions along an intensity management gradient in European

2. Materials and methods
2.1. Study sites and experimental design
This study was conducted in the montane region in southern
Germany close to Garmisch-Partenkirchen. We used a space-for-time
approach along an altitudinal gradient from Esterberg (47°31′ N,
11°09′ E, 1260 m a.s.l.) via Graswang (47.57°N; 11.03°E, 860 m a.s.l.)
to Fendt (47.83°N; 11.07°E, 600 m a.s.l.) to simulate climate change.
The high elevation site Esterberg is a typical extensively used montane
grassland. The management included one fertilization in spring, one
biomass harvest in July followed by cattle grazing until the end of the
growing season (20 animal per ha−1 during summer). The soil has
been classiﬁed as a Phaeozem (I.W.G. WRB, 2015), which is rich in soil
organic carbon (129.8–188.9 mg g−1). In the top 0–15 cm the soil has
a TN content of 13.8–18.8 mg g−1, resulting in a C:N ratio of 9.4–10.0
(Garcia-Franco et al., 2020). Further the bulk density of the soil is low
(0.5–0.6 g cm−3) and a pH of 6.1 has been measured (Garcia-Franco
et al., 2020; Schlingmann et al., 2020). The soil is characterized by a
30 cm thick Ah horizon, followed by the calcareous parent material.
Mean annual N deposition rates were in the range of about 33 ± 7 kg
N ha−1 year−1 (LfU, 2011).
In July 2016, a total number of 54 intact plant-soil mesocosms (stainless steel cylinders of 17 cm diameter and 25 cm height) were
transplanted. Therefore, stainless steel cylinders were inserted into the
2

D.R. Andrade-Linares, M. Zistl-Schlingmann, B. Foesel et al.

Science of the Total Environment 780 (2021) 146672

of the soil layers (0–5 and 6–15 cm) of the entire mesocosm and the respective gravimetric water content. Stone content was negligible in the
ﬁrst 15 cm of the soil and therefore not included in the calculation. Plant
biomass was dried at 55 °C until constant weight and grinded. Plant N
content (PNC) was assessed using an elemental analyzer (Flash EA,
Thermo Scientiﬁc, USA). The exchange of N2O between soil and atmosphere was measured for 21 sampling dates between April and October
2017. For that purpose, a manual static chamber technique with stainless steel dark chambers directly ﬁtted to the mesocosms was used.
Chamber and gas sampling design, analytics using a gas chromatograph
with an electron capture detector, and ﬂux calculation as well as quality
control procedures are described in detail in Unteregelsbacher et al.
(2013). For N2O ﬂux measurements, we used three replicated
mesocosms for extensive and intensive treatments each at all sites
(overall 18 mesocosms).

soil by hammering at the Esterberg site and excavated. A custom-made
stacking frame protected the vegetation from damage. Details are described by Wang et al. (2016) 18 of the mesocosms were transplanted
from Esterberg to Graswang (in the following referred as to CC1: mild
climate change effects), 18 from Esterberg to Fendt (referred as to
CC2: stronger climate change effects) and 18 served as transplantation
control, which were re-transplanted in Esterberg again (hereafter referred to as CC0). After translocation, the intact plant-soil mesocosms
remained undisturbed for eight months, only one cutting/fertilization
was conducted in October 2016 for all mesocosms. Meteorological
data during the experimental period in 2017 were described by
Schlingmann et al. (2020). During the experimental period, from the
ﬁrst manure application to the second sampling date (see below),
mean air temperature and accumulative precipitation along the altitudinal gradient was 11.2 °C and 890 mm, 11.7 °C and 669 mm, and 13.1 °C
and 546 mm, respectively for CC0, CC1 and CC2.
From mid of March 2017, the mesocosms from all three altitudes
were divided into two groups and treated either intensively or extensively to simulate two agricultural management scenarios. The extensive (Ext) management included two manure applications (each ca.
35 kg N ha−1) and two mowing events per year. The intensive (Int)
management consisted of four to ﬁve manure applications and three
to four mowing events per year. Management was adapted to environmental conditions and phenology of the plants. No mowing and fertilization was conducted in CC0-mesocosms in August, due to insufﬁcient
biomass production. The manure fertilization- and mowing regime is
summarized in Fig. S1.

2.4. DNA extraction
DNA was extracted from ca. 0.5 g fresh weight of soil (Lueders
et al., 2004; Töwe et al., 2011) with the following modiﬁcations:
For microbial cell lysis, 750 μl of NaPO4 buffer (120 mM, pH 8) and
250 μl of TNS (500 mM Tris-HCl, 100 mM NaCl, 10% SDS (wt/vol),
pH 8.0) were added for bead beating a Precellys24 homogenizer
was used (Bertin Technologies, France) once at 5500 ×g for 30 s.
The supernatant was transferred into a 2 ml DNase/RNase free tube
on ice. Puriﬁcation was performed with phenol:chloroform:
isoamylalcohol (25:24:1) pH 8 (AppliChem GmbH, Germany) and a
solution of chloroform:isoamylalcohol (24:1) according to Lueders
et al. (2004). The extracted DNA was dissolved in 50 μl of sterile
diethyl pyrocarbonate (DEPC) water. DNA concentrations were
quantiﬁed by means of a spectrophotometer (Nanodrop, PeqLab,
Germany). DNA quality was estimated by the ratios of absorbance
at 260 nm to 280 nm, and 260 nm to 230 nm. Soil DNA concentrations were in the range of 114 to 679 μg g−1 soil dry weight (sdw).
DNA extracts were stored at −20 °C until further analysis.

2.2. Soil and plant sampling
During the management period 2017, two samplings were performed resulting in a total number of 36 sampled mesocosms. The
ﬁrst sampling (six mesocosms per site) took place in May at the beginning of the growing season when only one mowing and one fertilization
was done for all mesocosms. The second sampling (six mesocosms per
site, three per Int and three per Ext agricultural management) took
place when peak plant biomass was reached. Due to the climatic differences of the sites this was performed in August at CC1 and CC2, and in
September at CC0 (Fig. S1). Soil was sampled from 0 to 5 cm depth
and stored at 4 °C and –80 °C for biochemical and molecular analyses,
respectively. In addition, aboveground biomass was collected from
each mesocosm for measurement of dry weight and nitrogen content.
The most dominant plant species in the sampled mesocosms from all
treatments and sites were the perennial grasses: Festuca pratensis
(Huds.), Agrostis capillaris (L.), Elymus repens (L.), and Anthoxanthum
odoratum (L.); the perennial herbs: Carum carvi (L.), Taraxacum
ofﬁcinale (L.), Ranunculus acris (L.), and Myosotis alpestris (F.W. Schmid)
and the perennial legumes: Trifolium pratense (L.), and T. repens (L.),
which accounted for approximately 8% of the plant community
(Schlingmann et al., 2020).

2.5. Quantitative real-time PCR assay
Total bacterial abundance and the abundance of microbes catalyzing
major steps of the N cycle were quantiﬁed by quantitative Real-Time
PCR (qPCR). The approach used includes the assessment of the different
microbial functional groups using speciﬁc marker genes for key transformation steps. For N-mineralizing bacteria the genes apr (coding for
an alkaline protease) and chiA (coding for a chitinase subunit) were
used. For ammonia oxidizers the bacterial and archaeal amoA gene
(coding for a subunit of the ammonium monooxygenase gene) was selected. For Nitrospira like nitrite oxidizers (NS) a speciﬁc primer
targeting the 16S rRNA gene was used, whereas for Nitrobacter-like nitrite oxidizers (NB) a subunit of the oxidoreductase gene (nxrA) was
used. For denitriﬁers, nitrite reducers were quantiﬁed using the two nitrite reductases nirK and nirS as proxy, N2O reducers were analyzed
based on the N2O reductase gene nosZ. Finally, N2-ﬁxing bacteria were
quantiﬁed based on a subunit of the dinitrogenase reductase gene
(nifH). For the assessment of total bacterial abundance, universal
primers for the 16S rRNA gene were used. Details on the marker genes
and qPCR conditions are described in Table S1. qPCRs were carried out
using 96-well plates (Applied Biosystems, Germany) with SYBR green
as ﬂuorescent dye and performed on a 7300 Real-Time PCR System
(Applied Biosystems, Germany). A pre-experiment was conducted to
determine the optimal DNA dilution to avoid qPCR inhibition due to
co-extracted humic substances, which resulted in an optimal sample dilution of 1:256 (data not shown). Serial plasmid dilutions (101–106
gene copies ml−1) speciﬁc for each gene were used for the determination of standard curves (Table S1). A negative control from the extraction and negative controls (only DEPC water) for qPCR were included
in each 96-well plate. The PCR efﬁciencies of the ampliﬁcations were

2.3. Soil and plant analyses
Triplicate soil samples per mesocosm were used to quantify total
dissolved nitrogen (TDN) comprising dissolved organic and inorganic
N, total dissolved organic carbon (DOC), microbial biomass C (Cmic)
and N (Nmic) using 0.5 M K2SO4 for extraction. Cmic and Nmic were
assessed after chloroform-fumigation extraction of soil extracts
(Brookes et al., 1985) using the efﬁciency coefﬁcient KE (KEC = 0.45
for C and KEN = 0.54 for N; according to Joergensen (1996) and
Joergensen and Mueller (1996), respectively). Furthermore, 5 g soil
were diluted in 20 ml deionized water for pH measurements with a
pH meter after shaking for 30 min. Soil moisture and temperature
were obtained by means of TDR probes (5TM, METER Group,
Germany) attached to a data logger (EM50, METER Group, Munich,
Germany). Bulk density (BD) was calculated based on total fresh weight
3
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calculated as E = −1 + 10(−1/slope) (Töwe et al., 2010) and resulted
in the following values: apr 87% (±2.0), chiA 88% (±0.4), archaeal amoA
84% (±2.5), bacterial amoA 83% (±6.2), NS 80% (±1.2), NB 86% (±6.2),
nirK 89% (±4.3), nirS 86% (±0.8), nosZ 80% (±0.9), nifH 82% (±1.7) and
16S-rRNA 87% (±5.2). The coefﬁcient of determination (R2) of the standard curves was determined to be above 0.99 for each qPCR. The speciﬁcity of the ampliﬁed products was checked by melting curves of the
amplicons and on 2% agarose gels of randomly selected samples.

the packages “FactoMineR” and “factoextra”; for missing values (n =
3) the “imputePCA” function of the “missMDA” package was applied.
In addition, the seasonal effect of climate change CC1 and CC2 was calculated as the relative change (RC) for all response parameters (soil/plant
properties or gene abundances) compared to the respective control CC0
according to Berauer et al. (2019). This RC was calculated as:

2.6. Statistical analyses

In Eq. (1) Sample denotes a single translocated mesocosm and xCC0
the mean of all reinserted mesocosms in CC0.
After checking for normality and homoscedasticity, differences in RC
between elevations and agricultural management were analyzed by
mixed effect models as mentioned before. To test if a RC at a single elevation and management type was signiﬁcantly different from zero, we
used one sample t-test under the null hypothesis μ = 0. All statistical
analyses were conducted using R software version 4.0.2 (R Core Team,
2020).

RC ¼ ððSample−xCC 0 Þ=xCC 0 Þ

All data was checked for normal distribution by applying the
Shapiro-Wilk normality test and linear models “lm”. Homoscedasticity
was tested by Levene's test (Fox, 2016). If data were not normally distributed or with no homogeneous variance, the values were log- or
Box-Cox-transformed (Yeo and Johnson, 2000). The effect of only climate change on gene abundance and soil/plant properties was tested
in spring when management did not yet differ across all mesocosms
(n = 6), while for the summer sampling (n = 3), the effects of climate
change, agricultural management and their interaction on soil/plant
properties and gene abundances were tested, using the R package
“nlme” for mixed effect models (Pinheiro et al., 2019). For the mixed effect models, climate change (CC0, CC1 and CC2) and management (Ext
and Int treatments) were selected as ﬁxed factors, while mesocosms
were considered as random factor. Differences were considered statistically signiﬁcant at p < 0.05. If one of the ﬁxed factors was signiﬁcantly
different, least-squares means for factor combinations were estimated
using the R package “lsmeans” pairwise comparison with emmeans
test (Lenth, 2016). Correlations between soil/plant properties and
gene abundances were calculated by Spearman correlations using the
R package “Hmisc” and “corrplot” separately for Ext and Int agricultural
management. Multiple stepwise regression analysis was performed to
identify the potential drivers of gene abundance for each season, choosing the best model by Akaike's Information Criterion (AIC, both forward
selection and backward elimination) implemented in the R package
“MASS”. In addition, principal component analyses were done using

ð1Þ

3. Results
3.1. Abundance of microbial key players driving N turnover in montane
grassland soils
At the ﬁrst sampling time point in spring, all mesocosms only differed in climate change effects but were managed similarly (Fig. S1).
While already signiﬁcant effects of climate change on most of the measured soil/plant properties were found (Table 1), except for BD and
DOC:TDN ratio in soil, the abundance of microbes catalyzing major
steps in N mineralization, nitriﬁcation, denitriﬁcation were not affected
by the simulated climate change (Table S2; Fig. S2). Only for N2-ﬁxing
bacteria a slight decrease towards CC2 was observed which did not
reach statistical signiﬁcance.
At the second sampling time point in summer, climate change was a
signiﬁcant factor for explaining the variances of N-mineralizing bacteria
(P = 0.02 for apr and P = 0.009 for chiA; Table S2). N-mineralizing

Table 1
Soil physiochemical and plant properties during the short-term exposure to climate change effects (CC) and agricultural management (T) in pre-alpine grasslands. Values are means ±
standard error (n = 3). Signiﬁcant differences (P < 0.05) between CC in the same T (lowercase for extensive and capital letters for intensive) are indicated by different letters. Signiﬁcant
differences (P < 0.05) between T in the same CC are indicated by bold characters.
Season
Management
Climate change
Air temperature
(oC)
Soil temperature
(oC)
Soil moisture
(cm3 cm-3)

Spring
Extensive
CC 1
CC 2
CC0
Mean values from 17th March to sampling date

P < 0.05

4.74 ± 0.41 a

5.87 ± 0.45 a

CC

14.50 ± 0.40 a 16.30 ± 0.43 b 18.15 ± 0.41 c

14.50 ± 0.40 A 16.30 ± 0.43 B 18.15 ± 0.41 C

CC

4.07 ± 0.08 a

7.35 ± 0.09 b 8.96 ± 0.17c

CC

16.2 ± 0.16 a

18.5 ± 0.26 b

19.7 ± 0.08 c

15.9 ± 0.17 A

18.9 ± 0.28 B

20.0± 0.31 C

CC

0.32 ± 0.01 a

0.30 ± 0.01 a

CC

0.36 ± 0.02 b

0.31 ± 0.01 ab 0.27 ± 0.02 a

0.33 ± 0.03 A

0.29 ± 0.03 A

0.32 ± 0.03 A

CC

7.67 ± 0.43 b

0.41 ± 0.02 b

CC

Summer
Extensive
Intensive
CC 1
CC 2
CC0
CC 1
Mean values from 1st June to sampling date

CC0

Measurements from sampling date
TDN
(mg N kg-1 sdw)
DOC
(mg C kg-1 sdw)
DOC:TDN
Bulk density
(g cm-3)
Plant biomass (g)
Biomass N
content (%)
Microbial C
-1
(mg C kg sdw)
Microbial N
(mg N kg-1 sdw)
Cmic:Nmic
pH

42.8 ± 3.3 a

44.7 ± 3.1 a

CC 2

* Factors/
interaction
P < 0.05

Measurements from sampling date

144.0 ± 23.1 b

CC

41.0 ± 3.0 a

165.6 ± 6.4 b

137.3 ± 19.4 b

38.4 ± 1.4 A

140.0 ± 23.7 B 113.5 ± 25.2 B

CC
CC

193.5 ± 13.9 a 232.8 ± 27.5 a 633.1 ± 98.0 b

CC

270.5 ± 6.3 a

328.8 ± 13.6 b 392.0 ± 71.7 ab

259.7 ± 20.0 A 324.2 ± 48.6 A 307.2 ± 58.7 A

4.54 ± 0.14 a

5.14 ± 0.27 a

4.46 ± 0.22 a

NSD

6.68 ± 0.60 c

1.98 ± 0.01 a

2.82 ± 0.17 b

6.75 ± 0.29 C

2.34 ± 0.07 A 2.74 ± 0.08 B

CC, CC*T

0.32 ± 0.02 a

0.30 ± 0.01 a

0.33 ± 0.02 a

NSD

0.31 ± 0.03 a

0.29 ± 0.01 a

0.32 ± 0.02 a

0.32 ± 0.02 A

0.31 ± 0.03 A

NSD

4.69 ± 0.71 a

9.51 ± 0.73 b 10.95 ± 0.93 b

CC

14.05 ± 0.50 b 15.38 ± 1.28 b 8.60 ± 0.40 a

2.52 ± 0.15 b 2.55 ± 0.10 b 1.89 ± 0.09 a

CC

0.93 ± 0.09 a

2.01 ± 0.09 c

1548 ± 68.1 b 1465 ± 52.5 b 1166 ± 52.8 a

CC

3444 ± 39.4 a

3209 ± 286.9 a 3363 ± 179.0 a

262.4 ± 13.1 b 225.1 ± 19.3 b 145.8 ± 13.3 a
5.91 ± 0.09 a

1.77 ± 0.05 b

0.38 ± 0.04 A

12.00 ± 0.40 A 10.15 ± 1.95 A 11.23 ± 3.58 A
0.92 ± 0.02 A

1.40 ± 0.10 C

1.10 ± 0.02 B

4013 ± 367.3 B 3620 ± 341.5 B 2100 ± 245.5 A

CC, T
CC, CC*T
CC*T

CC

463.7 ± 23.2 a 451.2 ± 43.9 a 475.1 ± 13.6 a

637.7 ± 137.1 B 508.9 ± 49.2 B 320.2 ± 26.7 A

CC*T

6.67 ± 0.39 a

8.19 ± 0.58 b

CC

7.47 ± 0.40 a

7.13 ± 0.27 a

7.08 ± 0.31 a

6.60 ± 0.74 A

7.14 ± 0.36 A

6.53 ± 0.24 A

NSD

6.86 ± 0.06 b 7.06 ± 0.05 c

6.39 ± 0.12 a

CC

6.72 ± 0.11 a

6.55 ± 0.16 a

6.68 ± 0.15 a

6.87 ± 0.10 A

6.52 ± 0.39 A

6.70 ± 0.16 A

NSD

TDN: Total dissolved nitrogen. DOC: dissolved organic carbon. NSD: not signiﬁcant difference. * Signiﬁcant ﬁxed factors (CC, T) and their interaction (CC*T) are given after ANOVA of nlme
models. Temperatures and soil moisture are mean values of data recorded from the beginning of the management application in March to the sampling date in Spring, and from June to the
sampling date in summer.
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treatment. Similar observations were made for nitrite reducing bacteria
harboring the nirS gene, where a signiﬁcant difference between CC1 and
CC2 was visible in Int treatment (P = 0.02 for NB and P = 0.01 for nirS).
Comparing CC0 with CC2, signiﬁcant differences were found only under
Int management for nitrous oxide reducing bacteria (nosZ gene; P =
0.008), and N2-ﬁxing bacteria (nifH gene; P = 0.04).
In order to measure the magnitude of the impact of the climate
change effects and agricultural management on the gene abundances
and soil/plant parameters, relative changes (RC) compared to the control (CC0) were calculated for CC1 and CC2 (Berauer et al., 2019) in
spring, and summer for each agricultural management (Fig. 2). Again,
climate change effects were already visible for abiotic soil and plant
properties. TDN was strongly increased when soil mesocosms were
translocated to CC2 conﬁrming the above-described data. The same
was observed for plant biomass, already at CC1, and Cmic:Nmic ratio.
The latter was caused by a stronger drop of Nmic concentrations

bacteria increased at CC2 when an Ext management was applied as compared with the same management at CC0 (P = 0.05 for apr and P = 0.01
for chiA; Fig. 1). Agricultural management alone had no signiﬁcant effect
on the abundance of N mineralizing bacteria, but the interaction of agricultural management and climate change (CC*T) altered the abundance
of N-mineralizing bacteria, particularly those with chitinolytic activity
(chiA; P = 0.03). Speciﬁcally, a signiﬁcantly higher abundance of chiA
was observed under extensive management compared to intensive
management at CC2 (Fig. 1; Table S2). In addition, the abundance of bacterial ammonia oxidizers, but not of their archaeal counterpart, was affected by the interaction of climate change and management (P =
0.003), as only in the Int treatment the gene abundance signiﬁcantly
dropped from CC0 to CC2 (Fig. 1). Additionally, this resulted in signiﬁcantly lower abundance of bacterial ammonia oxidizers in the Int compared the Ext treatment at CC2 (P = 0.03). Also, gene abundance of
nitrite oxidizers (NS and NB) trended to decrease at CC2 in the Int

Fig. 1. Gene abundances per gram of soil dry weight (sdw) in summer for: total (16s rRNA), N2-ﬁxing (nifH) and N mineralizing (apr and chiA) bacteria (a); Nitriﬁers (b): ammonia
oxidizing archaea (archaeal amoA) and bacteria (bacterial amoA), nitrite oxidizing (NS and NB) bacteria; Denitriﬁers (c): nitrite (nirK and nirS) and nitrous oxide reducing (nosZ)
bacteria. The mesocosms at the high-elevation (CC0) were translocated to CC0 (Esterberg, 1260 m a.s.l.), CC1 (Graswang, 860 m a.s.l.) and CC2 (Fend, 600 m a.s.l.) and treated similarly
by an extensive (green) and intensive (brown) agricultural management. Boxplots represent soil gene copy numbers (on a log10 scale), medians (black lines inside the box) and
maximal and minimal values (n = 3). Signiﬁcant differences (P < 0.05) after pairwise comparisons are represented by different letters for each management. Capital letters show
signiﬁcant differences for intensively and lowercase letters for extensively managed mesocosms. * indicates signiﬁcant difference between agricultural management in the same
climate change condition. n.s.d.: not signiﬁcant difference.
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Fig. 2. Relative change (represented in percentage) of gene abundances (a, c) or soil properties (b, d) compared to the respective control at CC0 for spring (a, b; n = 6), and for extensive (Ext)
and intensive (Int) agricultural management in summer (c, d; n = 3). Signiﬁcant differences (P < 0.05) are indicated by different lower case (for Ext) and capital (for Int) letters. *: Mean value
(± standard error) signiﬁcantly different from zero (CC0); i: signiﬁcant interaction between climate change effects and agricultural management (P < 0.05). Gene name description on Fig. 1.
TDN: total dissolve nitrogen; Nmic and Cmic: microbial N and C biomass; DOC: dissolved organic carbon, DOC:TDN: ratio dissolved organic C to total dissolved N.
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compared to Cmic concentrations after the translocation to CC2. The N2O
emissions were characterized by high temporal and spatial variability
(Fig. S3). Mean N2O ﬂuxes until the ﬁrst sampling ranged from 0.02 ±
0.006 to 10.86 ± 3.34 μg N m−2 h−1 for CC0, 2.70 ± 0.87 to 10.33 ±
3.06 μg N m−2 h−1 for CC1 and − 1.31 ± 0.44 to 3.18 ± 0.83 μg N
m−2 h−1 for CC2. Also, the strong resilience of the investigated microbial
key functional groups towards climate change was again visible in
spring (Fig. 2a). Only the abundance of N2-ﬁxing bacteria decreased signiﬁcantly at CC2 (−65 ± 12%). In summer, mainly the signiﬁcantly negative RCs for AOB (−45 ± 15% at CC1 and −81 ± 7.5% at CC2) and
diazotrophs (−69 ± 7.1% at CC1 and −85 ± 4.8% at CC2) indicated
that the application of Int management reduced their abundance at
CC1 and even stronger at CC2 (Fig. 2c). Moreover, at CC2 we observed
an increase of N-mineralizing bacteria (apr) under Ext management
(103 ± 47%), but a negative RC for NB (−35 ± 4.8%). These changes in
the abundance of the microbial key players in N turnover were also observed when abiotic soil properties and analyses of plant biomass were
done. A signiﬁcant reduction of the aboveground biomass (by −40%)
was shown at CC2 under extensive but not under intensive management
(Fig. 2d). Negative RCs were observed for the microbial biomass (−26 ±
0.4% and −42 ± 2.5% respectively for Cmic and Nmic) in the Int managed
mesocosms at CC2 (Fig. 2d). The N2O emissions in summer until the second sampling ranged from −0.70 ± 3.35 to 5.64 ± 1.27 μg N m−2 h−1 for
CC0, −0.03 ± 0.21 to 2.52 ± 2.12 μg N m−2 h−1 for CC1 and −0.06 ± 0.14
to 6.92 ± 5.02 μg N m−2 h−1 for CC2 under Ext management (Fig. S3). For
Int managed mesocosm single ﬂuxes ranged from 0.32 ± 0.36 to 5.31 ±
3.42 μg N m−2 h−1 for CC0, −2.76 ± 3.0 to 2.0 ± 0.72 μg N m−2 h−1 for
CC1 and 0.39 ± 0.37 to 21.15 ± 10.21 μg N m−2 h−1 for CC2.

spring and summer (Fig. 4). In spring, PC1 explained 35.2% of the variance that separated CC2 from CC0 and CC1. CC2 mostly differed in moisture, soil temperature, Cmic:Nmic ratio, TDN concentrations, pH and
plant N content. PC2 explained 22.5% of the variance and separated
CC0 and CC1. The bacterial biomass, as well as the abundance of nitriﬁers
(ammonia oxidizing archaea, and NB) and denitiriﬁers (nirK, nirS and
nosZ) contributed to the separation of the cluster CC1 and CC0
(Fig. 4a). In summer, CC1 and CC2 were clearly separated from CC0 due
to differences mainly in soil temperature, TDN concentration, plant N
content, precipitation, moisture, and soil DOC:TDN ratio. The abundances of N-mineralizing bacteria (chiA), denitriﬁers (nirS and nosZ),
N2-ﬁxing bacteria and ammonia oxidizing bacteria as well as microbial
biomass contributed to the separation not only of CC0 from CC2, but
also of Ext and Int agricultural management at CC2 (Fig. 4b).
To identify dominant environmental controls for N-mineralizing
bacteria, nitriﬁers, denitriﬁers and N2 ﬁxing bacteria, stepwise multiple
regression analyses were conducted at the seasonal scale (Table S4). In
spring, the levels of TDN, plant N content and Cmic were related to the
climate change effects (soil moisture and temperature) and explained
almost 90% of the dynamics of N2-ﬁxing bacteria. In summer, TDN and
Cmic were closer correlated to moisture, BD, pH, and the ratio of DOC:
TDN, which together were driving the abundance of N2-ﬁxing bacteria
but to a lesser extent than in spring (50%). Nevertheless, these factors
had even a stronger explanatory power (77–82%) for the climate change
effects on N-mineralizing bacteria (apr, chiA) and denitriﬁers (nosZ) in
summer (Table S4).

3.2. Correlations between microbes catalyzing N turnover and soil/plant
properties

The montane grassland soil used in this study (Esterberg, 1260 m a.s.l.)
is an extensively managed soil which presents higher concentrations of
SOC and N compared to grassland soils at lower altitudes (Bardgett and
van der Putten, 2014; Garcia-Franco et al., 2020; Wiesmeier et al., 2013).
The translocation of intact plant-soil mesocosms from this highaltitude site to lower altitudes, naturally simulated the effects of climate change with an increase of soil temperature and at the same
time a decrease of precipitation (Gobiet et al., 2014; Schlingmann
et al., 2020). We used these settings to investigate the short-term
impact of climate change combined with the application of an extensive and an intensive agricultural management, on the abundance of
microbiota, which catalyze different steps in N turnover and on a
number of soil and plant parameters as indicators of ecosystem functioning in a mesocosm study.

4. Discussion

Correlation analyses were done in order to determine whether the
changes in the gene abundances were associated with the above observed shifts of abiotic soil and plant properties (Fig. 3). Spearman correlations showed that the abundances of N-mineralizing bacteria (chiA
gene) were positively correlated to Cmic (r = 0.81, P = 0.01) at CC2
when Ext management was performed, while negative correlations
with DOC:TDN ratio (r = 0.87, P = 0.0025) and plant biomass (r =
0.67, P = 0.05) were visible in the same treatment (Fig. 3e; Table S3).
No correlations were detected for the abundance of the alkaline protease gene (apr) under the same scenarios. The abundance of AOB was
positively correlated to TDN (r = 0.83, P = 0.005), while negative correlations were observed to BD (r = −0.87, P = 0.002) and microbial
biomass (r = −0.70, P = 0.036 for Nmic and r = −0.72 and P = 0.030
for Cmic) when climate change effects were not present (at CC0) and
Int management was applied (Fig. 3b; Table S3). The abundance of ammonia oxidizing archaea could not be linked to any of the measured parameters independent of the treatment. The abundance of N2-ﬁxing
bacteria was correlated with plant N content (r = −0.67, P = 0.05 for
Ext management and r = −0.75, P = 0.02 for Int management) and microbial biomass (r = 0.70, P = 0.036 for Nmic and r = 0.78, P = 0.013 for
Cmic for Ext management and r = 0.78, P = 0.012 for Nmic and r = 0.9,
P = 0.0009 for Cmic for Int management) at CC0 only (Fig. 3a and b;
Table S3). Regarding denitriﬁcation, only denitriﬁers harboring the
nosZ gene showed clear correlations to soil/plant properties. These correlations were only observed at CC0 and included plant biomass (r =
0.73, P = 0.02) and DOC:TDN ratio (r = 0.67, P = 0.05) under Ext management. Under Int management these correlations were stronger (r =
0.85, P = 0.004 for plant biomass and r = 0.78, P = 0.01 for C:N ratio)
and additional correlations to microbial biomass (r = 0.67, P = 0.05
for Nmic and r = 0.72, P = 0.030 for Cmic) and PNC were detected (r =
−0.73, P = 0.024; Fig. 3).
A principal component analysis (PCA) integrating all the investigated variables across the climate change gradient and all management
conditions was used to investigate the relationships separately for

4.1. Shifts in TDN and DOC as driver for N2-ﬁxing and N-mineralizing
bacteria
Our results indicate that the short-term exposure to simulated climate change negatively impacts the abundance of free-living N2-ﬁxing
bacteria under intensive management (Figs. 1a and 2c). Although, the
reduction of N2-ﬁxing bacteria as a result of higher fertilization has
been already proven in several studies (Berthrong et al., 2014; Coelho
et al., 2009; Revillini et al., 2019), we observed already a decrease of
the N2-ﬁxing bacteria at CC2 in spring before management intensity increased as indicated by negative RC values (Fig. 2a). This might indicate
that N2-ﬁxing bacteria may respond faster or be less resilient to
warming and reduced precipitation. However, it needs to be noted
that N2 ﬁxation by free living microorganisms might not substantially contribute to total biological N2 ﬁxation in the investigated
grasslands, which is dominated by symbiotic ﬁxation associated to
roots of legumes, which contributes up to 15 kg N ha−1 year−1
(Zistl-Schlingmann et al., 2020). Consequently, a decrease in biological nitrogen ﬁxation by free-living microorganisms in these soils is
not expected to lead to nutritional limitations for plants.
The higher concentrations of TDN in spring under CC 2 could be
explained 1) by the reduction of the snow cover at this altitude
7
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Fig. 3. Spearman correlations (positive: blue and negative: red; P < 0.05) integrating data of gene abundances and soil properties in the translocated mesocosms CC0 (a, b), CC1 (c, d), and
CC2 (e, f) treated by using an extensive (Ext) and intensive (Int) agricultural management (n = 9). The squares shows the relationships between gene abundances (names description on
Fig. 1; Bac: bacterial 16s rRNA) and soil properties (TDN: total dissolve nitrogen; BD: bulk density; PB: plant biomass; PNC: plant N content; Nmic and Cmic: microbial N and C biomass; C:
N: dissolved organic carbon to TDN ratio).

that can lead to more frequently freeze-thaw cycles which physically
disrupts soil aggregates, roots and microorganisms and thus releasing available nutrients into the soil (Budge et al., 2011; GarciaPausas et al., 2017; Guan et al., 2018) and/or 2) by higher mineralization rates due to warming (Song et al., 2017; Wang et al., 2016). Additionally, a signiﬁcant increase in aboveground plant biomass (>2fold) in spring was observed at the lower altitudes (CC1 and CC2). The

increased levels of N availability together with the soil/air temperatures and soil moisture in spring, contributed to a higher plant
growth (Cannone et al., 2008). Similar short-term responses of the
aboveground biomass were observed in previous studies on downslope translocated plant communities or mesocosms without fertilization inputs (Berauer et al., 2019; Wang et al., 2016). Therefore,
plant ﬁtness may be not affected at the short-term which could
8
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Fig. 4. Principal component analysis (PCA) integrating gene abundance and soil/plant properties measured in the translocated mesocosms CC0, CC1 and CC2. PCA was performed for spring
(a; n = 6) and summer (b; n = 3) sampling. Climate change effects (CC) are differentiated by colors (blue: CC0, red: CC1 and black: CC2), while agricultural management by symbol
(triangle for extensive (Ext) and dot for intensive (Int) management). The ellipses display the 95% conﬁdence interval and are drawn around the group mean (indicated by asterisk).
Bac:16S rRNA of total bacteria, nxrA (NB): nitrite oxidizing bacteria, nirS and nirK: nitrite reducing bacteria, AOA: ammonia oxidizing archaea, nosZ: N2O reducing bacteria, AOB:
ammonia oxidizing bacteria and chiA: N mineralizing bacteria. Soil temp.: soil temperature, TDN: total dissolved nitrogen, DOC: dissolved organic carbon, PNC: plant N content, Cmic:
Nmic: microbial C biomass (Cmic) to microbial N biomass (Nmic).

climate change effects in alpine ecosystems reporting increased gross
N-mineralization rates and available N with warming (Dawes et al.,
2017; Wang et al., 2016). Recently, it has been shown that plant N
nutrition in grasslands is largely based on N mineralization rather
than on the use of recently added slurry-N (Schlingmann et al., 2020;
Zistl-Schlingmann et al., 2020). Therefore, the increased N mineralization may further promote productivity especially under extensive management, which however also bears the risk of soil N mining because
plant N outputs exceed fertilizer N inputs that are stabilized in soil
(Schlingmann et al., 2020). Therefore, complex interactions of soil properties and climate change effects might affect key processes in N turnover including N mineralization and denitriﬁcation at the long-term
exposure (Chen et al., 2015; Hammerl et al., 2019; Keil et al., 2015).

contribute to increased input of labile C and N via root exudation
suitable for N mineralization.
However, the abundance of N-mineralizing bacteria (apr and chiA)
was not signiﬁcantly increased in spring compared to CC0 (Fig. 2a;
Table S2). We propose that N-mineralizing bacteria were not promoted,
because TDN and DOC increased to the same extent, as indicated by stable DOC:TDN ratios. The increase of N mineralizing bacteria in summer
at CC2 under extensive management might be the consequence of increasing root exudation and DOC release by plants, which increased
the demand for N subsequently and likely stimulates microbial chitinase
and protease response (Edwards et al., 2006), which was also shown for
other alpine grasslands with low nutrient input (Brankatschk et al.,
2011). Our results are also in line with other studies investigating
9
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intensively between plants and heterotrophic microbes like fungi
and bacteria that usually depend on the supply of available organic
C (Hodge et al., 2000), including those Nitrospira species able to perform complete ammonia oxidation (comammox) (Daims et al.,
2016; Hayatsu et al., 2008). The higher concentrations of TDN that
were found regardless of the management application at CC 1 and
CC 2 compared to CC 0 may indicate a potential mineralization of
soil organic nitrogen (SON). As the abundance of N-mineralizing
bacteria was only promoted by Ext management (Fig. 2c), it is also
possible that saprotrophic fungi with proteolytic and chitinolytic activities (Semchenko et al., 2018) or the symbiosis of arbuscular mycorrhizal fungi and plants are improved. Fungal diversity in general
(Millard and Singh, 2010) but also the diversity of arbuscular mycorrhiza (De Deyn et al., 2011; Urcelay and Díaz, 2003) is positively related to plant diversity and in addition soil fungal community affect
bacterial composition and might increase competition under lower
N availability. Nonetheless, Int management under climate change
may reduce, for instance plant-nitriﬁer competition for NH +
4 ,
which may lead to a potential contribution of N2O emissions by nitriﬁcation (Caranto and Lancaster, 2017). Therefore, the analysis of
15
N-isotope based gross N turnover rates and plant N uptake rates
in alpine grasslands can help to determine which and how N-pool
ﬂuxes are involved in N plant-microbe competition at a longerterm of exposure to climate change and agricultural management
and under which circumstances the detected microbial potentials
are exploited (Dannenmann et al., 2009; Hodge et al., 2000; ZistlSchlingmann et al., 2020).
Nevertheless, signiﬁcant differences between CC1 and CC2 were evident in each season. While according to our hypothesis responses of
TDN, plant biomass, plant N content and Nmic were higher at CC2, the
different management intensity in summer interfered with the climate
change effects and responses differed between CC1 and CC2 for some parameters. (Fig. 2d). For example, TDN and plant N content were higher
at CC1. These higher N concentrations may either promote nitriﬁcation
due to potentially higher NH+
4 concentrations in soil, which could
contribute to N losses by leaching of accumulated NO−
3 or increased
N2O emissions and to changes in overall nutrient turnover (Bowles
et al., 2018; Klaus et al., 2018). In contrast, a higher potential for Nmineralization, reduced bacterial oxidation of ammonia and ﬁxation of
N2, and decreased plant and microbial biomass were observed at CC2,
which may lead to a reduced pool of labile C and N in the long run
(Chen et al., 2015).

4.2. The role of functional redundancy of nitriﬁers for resilience
Against our hypothesis the N input by manure fertilization and
mowing did not increase ammonia-oxidizing bacteria and archaea but
resulted in a contrary response of both functional redundant groups.
Compared to ammonia oxidizing bacteria, ammonia oxidizing archaea
were higher in abundance and were not affected by climate change
and agricultural management in our study, which was also underlined
by stable and low RC values (Fig. 2). This suggests that ammonia oxidizing archaea are more tolerant to climate change and agricultural management. It is known that ammonia oxidizing archaea can tolerate
drought conditions (Gleeson et al., 2010; Hammerl et al., 2019), dominate many ecosystems (Leininger et al., 2006; Schleper, 2010) and use
organic N as nutrient source (Alves et al., 2013; Prosser and Nicol,
2012). In contrast, ammonia oxidizing bacteria dynamics have been
usually related to N mineralization and nitriﬁcation rates (Wang et al.,
2016), and also to fertilizer applications (Stempfhuber et al., 2014;
Szukics et al., 2019). We observed a negative impact of Int management
on ammonia oxidizing bacteria abundance in summer which was obvious by the negative RC values and might be related to the marginal
higher bulk density (BD) found in Int managed mesocosms that could
lead to a reduction of the O2 availability which limit the oxidation of ammonia by ammonia oxidizing bacteria (Hooper et al., 1997). Hampered
nutrient transport because of low soil moisture (Niboyet et al., 2011;
Stark and Firestone, 1995), which is most likely at CC2 during summer,
could additionally impact ammonia oxidizing bacteria. As the abundance of N-mineralizing bacteria increased in summer a reduction of
the AOB abundance under warming and Int management involved the
risk of increased ammonia (NH3) accumulation and volatilization. In
this regard, the calculation of fertilizer N losses in these grasslands indicated that NH3 accounted for 6.9% of the N losses, while N2 production
accounted for 31–42% (Zistl-Schlingmann et al., 2019). Moreover, a
high abundance and activity of arbuscular mycorrhizal fungi can be expected in those grasslands, which may be able to successfully compete
with slow-growing nitriﬁers for NH+
4 and thus prevent its accumulation
(Storer et al., 2018; Veresoglou et al., 2012).
Compared to CC0 NB was only lower in Ext management in summer
(Fig. 2c), suggesting that NB can be inﬂuenced not only by N-inputs
(Han et al., 2018; Han et al., 2017) but also by seasonal dynamics (Bell
et al., 2010; Hammerl et al., 2019). In contrast, NS was not signiﬁcantly
affected by climate change and agricultural management (Figs. 1b, 2). A
stronger decrease of nitrite oxidizers at CC2 in the long-run may lead to
high levels of NO−
2 in soil and consequently to the potential increase of
N2O emission (Caranto and Lancaster, 2017). A situation that could be
critical, considering that the nosZ abundance tended to be reduced
under the same condition in summer. However, after short-term exposure, no signiﬁcant increase of N2O emissions induced by climate
change and Int management has been observed, though in tendency
slightly higher mean emission rates were observed under Int management. The average N2O emissions found in this study (Fig. S3) were
still on a low level and comparable to those reported previously for
translocation experiments from CC1 to CC2 (Unteregelsbacher et al.,
2013), which might be explained by: 1) strong spatio-temporal
variations, and 2) higher N2 emissions than N2O emissions (ZistlSchlingmann et al., 2019), which were correlated to high nosZ expression rates previously (Chen et al., 2015). As both the abundance of
both nosZ and nirS decreased (Fig. 1), the production and reduction of
N2O might remain on a stable level.
N uptake by microbes and plants clearly differed between seasons
and across elevations. While microbial biomass (Nmic and Cmic) was
signiﬁcantly higher in summer as compared to spring, the N content
in plants showed the opposite trend. This could indicate that competitions for substrate between nitrifying microbes and plants may
occur under these conditions due to the stimulated plant growth,
soil moisture, temperature and therefore potential higher DOC
availability (Jaeger et al., 1999). This competition may occur most

5. Conclusion
This study represents a ﬁrst step in integrating potential short-term
responses of microbial functions to changes in soil and plant properties
as impacted by climate change and agricultural management in montane grasslands. Our data demonstrates a strong interaction of climate
change and management intensity on the abundance of microbiota catalyzing key steps of the N-cycle and related N-pools in soil after a shortterm exposure. It is an open question if the observed resilience of the
functional groups of soil microbiota under investigation towards the climate change treatments can be also observed in the long run. Despite it
is an open question how the investigated systems will develop on the
long-run, shifts in the short-term are of signiﬁcant importance as they
might determine the long-term development according to classical ecological theories (Pickett and White, 1985).
The high elevation site Esterberg is a typical extensively used montane grassland. The management included one fertilization in spring,
one biomass harvest in July followed by cattle grazing until the end of
the growing season (20 animal per ha-1 during summer). Thus based
on the extensive management, the soil at this side harbors a high diversity of microbiota (data not shown). All investigated functional groups
show a high degree of functional redundancy and thus a stable pattern
on the overall abundance after a short-term exposure might be a result
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of shifts in the diversity of each functional group. The differing response
pattern of ammonia oxidizing bacteria and archaea is a good indication
for this. Taking this issue of functional redundancy into account it becomes obvious that future studies should also consider the role of
fungi in such systems. Partly our data already emphasizes that fungi
may play an important role mostly the role of arbuscular mycorrhizal
fungi in taking up mineral N as indicated already partly by our data
would be important to understand in more detail.
Based on the fact that interacting effects of management intensity
and climate change where already visible after a one year's period of
transplantation, there is a strong need to consider mitigation strategies
to avoid negative feedback loops between above- and belowground
biota. Therefore, agricultural management strategies need to consider:
1) preventing the mining of soil organic nitrogen, 2) maintaining the
balance of C and N stoichiometry, which can affect microbial C and N
biomass, 3) a reduction of potential N losses after manure application
by considering local weather events and 4) stabilization of plant productivity and diversity, as a reduction of those negatively impacts
below-ground diversity and functioning.
Our study focused on the microbial N turnover potential as an indicator for ecosystem functioning and resilience, However, it remains unclear under which conditions this potential is recalled. Thus, follow up
studies are needed, which combine in situ ﬂuxes and gene expression
pattern of the microbiome to identify the trigger for the actual N turnover processes under climate change and different management intensity in this fragile ecosystem. However, such an experiment requires a
different design, because of the high ﬂuctuations in gene expression
and emission rates like more spatially resolved replicates taken in
higher frequency or related to speciﬁc fertilization or weather events.
Additionally, the interplay of fungi and bacteria should be further investigated in future studies as they are competing for the same resources
and niches.

Alves, R.J., Wanek, W., Zappe, A., Richter, A., Svenning, M.M., Schleper, C., et al., 2013. Nitriﬁcation rates in Arctic soils are associated with functionally distinct populations of
ammonia-oxidizing archaea. ISME J. 7, 1620–1631. https://doi.org/10.1038/
ismej.2013.35.
Auer, I., Böhm, R., Jurkovic, A., Lipa, W., Orlik, A., Potzmann, R., et al., 2007. HISTALP—Historical Instrumental Climatological Surface Time Series of the Greater Alpine Region.
vol. 27, pp. 17–46. https://doi.org/10.1002/joc.1377.
Auyeung, D.S.N., Suseela, V., Dukes, J.S., 2013. Warming and drought reduce temperature
sensitivity of nitrogen transformations. Glob. Chang. Biol. 19, 662–676. https://doi.
org/10.1111/gcb.12063.
Auyeung, D.S.N., Martiny, J.B.H., Dukes, J.S., 2015. Nitriﬁcation kinetics and ammoniaoxidizing community respond to warming and altered precipitation. Ecosphere 6,
art83. https://doi.org/10.1890/es14-00481.1.
Bardgett, R.D., Caruso, T., 2020. Soil microbial community responses to climate extremes:
resistance, resilience and transitions to alternative states. Phil. Trans. R. Soc. B 375,
20190112. https://doi.org/10.1098/rstb.2019.0112.
Bardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem functioning. Nature 515, 505. https://doi.org/10.1038/nature13855.
Bell, T.H., Klironomos, J.N., Henry, H.A.L., 2010. Seasonal responses of extracellular enzyme
activity and microbial biomass to warming and nitrogen addition. Soil Sci. Soc. Am. J.
74, 820–828. https://doi.org/10.2136/sssaj2009.0036.
Berauer, B.J., Wilfahrt, P.A., Arﬁn-Khan, M.A.S., Eibes, P., Von Heßberg, A., Ingrisch, J., et al.,
2019. Low resistance of montane and alpine grasslands to abrupt changes in temperature and precipitation regimes. Arct. Antarct. Alp. 51, 215–231. https://doi.org/
10.1080/15230430.2019.1618116.
Berthrong, S.T., Yeager, C.M., Gallegos-Graves, L., Steven, B., Eichorst, S.A., Jackson, R.B., et
al., 2014. Nitrogen fertilization has a stronger effect on soil nitrogen-ﬁxing bacterial
communities than elevated atmospheric CO2. Appl. Environ. Microbiol. 80,
3103–3112. https://doi.org/10.1128/AEM.04034-13.
Bowles, T.M., Atallah, S.S., Campbell, E.E., Gaudin, A.C.M., Wieder, W.R., Grandy, A.S., 2018.
Addressing agricultural nitrogen losses in a changing climate. Nat. Sustain. 1,
399–408. https://doi.org/10.1038/s41893-018-0106-0.
Brankatschk, R., Töwe, S., Kleineidam, K., Schloter, M., Zeyer, J., 2011. Abundances and potential activities of nitrogen cycling microbial communities along a chronosequence
of a glacier foreﬁeld. ISME J. 5, 1025–1037. https://doi.org/10.1038/ismej.2010.184.
Brookes, P.C., Landman, A., Pruden, G., Jenkinson, D.S., 1985. Chloroform fumigation and
the release of soil nitrogen: a rapid direct extraction method to measure microbial
biomass nitrogen in soil. Soil Biol. Biochem. 17, 837–842. https://doi.org/10.1016/
0038-0717(85)90144-0.
Budge, K., Leifeld, J., Hiltbrunner, E., Fuhrer, J., 2011. Alpine grassland soils contain large
proportion of labile carbon but indicate long turnover times. Biogeosciences 8,
1911–1923. https://doi.org/10.5194/bg-8-1911-2011.
Cannone, N., Diolaiuti, G., Guglielmin, M., Smiraglia, C., 2008. Accelerating climate change
impacts on alpine glacier foreﬁeld ecosystems in the European Alps. Ecol. Appl. 18,
637–648. https://doi.org/10.1890/07-1188.1.
Caranto, J.D., Lancaster, K.M., 2017. Nitric oxide is an obligate bacterial nitriﬁcation intermediate produced by hydroxylamine oxidoreductase. PNAS 114, 8217–8222. https://
doi.org/10.1073/pnas.1704504114.
Carey, J.C., Tang, J., Templer, P.H., Kroeger, K.D., Crowther, T.W., Burton, A.J., et al., 2016.
Temperature response of soil respiration largely unaltered with experimental
warming. PNAS 113, 13797–13802. https://doi.org/10.1073/pnas.1605365113.
Castro, H.F., Classen, A.T., Austin, E.E., Norby, R.J., Schadt, C.W., 2010. Soil microbial community responses to multiple experimental climate change drivers. Appl. Environ.
Microbiol. 76, 999–1007. https://doi.org/10.1128/aem.02874-09.
Chen, Z., Wang, C., Gschwendtner, S., Willibald, G., Unteregelsbacher, S., Lu, H., et al., 2015.
Relationships between denitriﬁcation gene expression, dissimilatory nitrate reduction to ammonium and nitrous oxide and dinitrogen production in montane grassland soils. Soil Biol. Biochem. 87, 67–77. https://doi.org/10.1016/j.soilbio.2015.03.030.
Coelho, M.R.R., Marriel, I.E., Jenkins, S.N., Lanyon, C.V., Seldin, L., O’Donnell, A.G., 2009. Molecular detection and quantiﬁcation of nifH gene sequences in the rhizosphere of sorghum (Sorghum bicolor) sown with two levels of nitrogen fertilizer. Appl. Soil Ecol.
42, 48–53. https://doi.org/10.1016/j.apsoil.2009.01.010.
Daims, H., Lücker, S., Wagner, M., 2016. A new perspective on microbes formerly known
as nitrite-oxidizing bacteria. Trends Microbiol. 24, 699–712. https://doi.org/10.1016/j.
tim.2016.05.004.
Dannenmann, M., Simon, J., Gasche, R., Holst, J., Naumann, P.S., Kögel-Knabner, I., et al.,
2009. Tree girdling provides insight on the role of labile carbon in nitrogen
partitioning between soil microorganisms and adult European beech. Soil Biol.
Biochem. 41, 1622–1631. https://doi.org/10.1016/j.soilbio.2009.04.024.
Dannenmann, M., Bimüller, C., Gschwendtner, S., Leberecht, M., Tejedor, J., Bilela, S., et al.,
2016. Climate change impairs nitrogen cycling in European beech forests. PLoS One
11, e0158823. https://doi.org/10.1371/journal.pone.0158823.
Dawes, M.A., Schleppi, P., Hättenschwiler, S., Rixen, C., Hagedorn, F., 2017. Soil warming
opens the nitrogen cycle at the alpine treeline. Glob. Chang. Biol. 23, 421–434.
https://doi.org/10.1111/gcb.13365.
De Deyn, G.B., Quirk, H., Bardgett, R.D., 2011. Plant species richness, identity and productivity differentially inﬂuence key groups of microbes in grassland soils of contrasting
fertility. Biol. Lett. 7, 75–78. https://doi.org/10.1098/rsbl.2010.0575.
Edwards, K.A., McCulloch, J., Peter Kershaw, G., Jefferies, R.L., 2006. Soil microbial and nutrient dynamics in a wet Arctic sedge meadow in late winter and early spring. Soil
Biol. Biochem. 38, 2843–2851. https://doi.org/10.1016/j.soilbio.2006.04.042.
Estendorfer, J., Stempfhuber, B., Haury, P., Vestergaard, G., Rillig, M.C., Joshi, J., et al., 2017.
The Inﬂuence of land use intensity on the plant-associated microbiome of Dactylis
glomerata L. Front. Plant Sci. 8. https://doi.org/10.3389/fpls.2017.00930.

Funding
This work was part of the SUSALPS (Sustainable use of alpine and
pre-alpine grassland soils in a changing climate) project (grant number
031B0516D), which was funded by the Federal Ministry of Education
and Research (BMBF), Germany in frame of the BonaRes initiative. Further funding was obtained from the Helmholtz-BMBF TERENO initiative.
CRediT authorship contribution statement
Diana Andrade-Linares: Experimental work, results preparation and
analysis, writing - original draft preparation, writing review & editing.
Marcus Zistl-Schlingmann: Experimental work & reviewing draft. Baerbel
Foesel: Experimental work & reviewing draft. Michael Dannenmann:
Conceptualization, reviewing & editing. Stefanie Schulz: reviewing &
writing draft. Michael Schloter: Conceptualization, reviewing, writing &
editing.
Declaration of competing interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
We thank the student Daniela Rezehaczek and the technician Cornelia
Galonska for helping in laboratory work.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.146672.
11

D.R. Andrade-Linares, M. Zistl-Schlingmann, B. Foesel et al.

Science of the Total Environment 780 (2021) 146672
LeBauer, D.S., Treseder, K.K., 2008. Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed. Ecology 89, 371–379. https://doi.org/
10.1890/06-2057.1.
Leifeld, J., Zimmermann, M., Fuhrer, J., Conen, F., 2009. Storage and turnover of carbon in
grassland soils along an elevation gradient in the Swiss Alps. Glob. Chang. Biol. 15,
668–679. https://doi.org/10.1111/j.1365-2486.2008.01782.x.
Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., et al., 2006. Archaea predominate among ammonia-oxidizing prokaryotes in soils. Nature 442, 806–809.
https://doi.org/10.1038/nature04983.
Lenth, R.V., 2016. Least-squares means: the R package lsmeans. J. Stat. Softw. 69, 1–33.
https://doi.org/10.18637/jss.v069.i01.
LfU, 2011. Ergebnisse der Stickstoff-Deposition aus dem Niederschlagsmessnetz des
LfU (Teil Immissionsökologie) imVergleich mit UBA-Modelldaten zur
StickstoffVorbelastung. Bayerisches Landesamt für Umwelt (LfU) https://www.
lfu.bayern.de/luft/schadstoffe_luft/eutrophierungversauerung/uba_daten/doc/
infoblatt_16_n_depo_lfu_uba.pdf.
Liu, H., Mi, Z., Lin, L., Wang, Y., Zhang, Z., Zhang, F., et al., 2018. Shifting plant species composition in response to climate change stabilizes grassland primary production. PNAS
115, 4051–4056. https://doi.org/10.1073/pnas.1700299114.
Lueders, T., Maneﬁeld, M., Friedrich, M.W., 2004. Enhanced sensitivity of DNA- and rRNAbased stable isotope probing by fractionation and quantitative analysis of isopycnic
centrifugation gradients. Environ. Microbiol. 6, 73–78. https://doi.org/10.1046/
j.1462-2920.2003.00536.x.
Maestre, F.T., Delgado-Baquerizo, M., Jeffries, T.C., Eldridge, D.J., Ochoa, V., Gozalo, B., et al.,
2015. Increasing aridity reduces soil microbial diversity and abundance in global drylands. PNAS 112, 15684–15689. https://doi.org/10.1073/pnas.1516684112.
Millard, P., Singh, B.K., 2010. Does grassland vegetation drive soil microbial diversity?
Nutr. Cycl. Agroecosyst. 88, 147–158. https://doi.org/10.1007/s10705-009-9314-3.
Niboyet, A., Le Roux, X., Dijkstra, P., Hungate, B.A., Barthes, L., Blankinship, J.C., et al., 2011.
Testing interactive effects of global environmental changes on soil nitrogen cycling.
Ecosphere 2, art56. https://doi.org/10.1890/es10-00148.1.
Pickett, S.T.A., White, P.S., 1985. The Ecology of Natural Disturbance and Patch Dynamics.
Academic Press, Inc., Publishers.
Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., 2019. nlme: Linear and Nonlinear Mixed Effects Models. R Package Version 3. R Core Team, pp. 1–140. https://CRAN.R-project.
org/package=nlme.
Prosser, J.I., Nicol, G.W., 2012. Archaeal and bacterial ammonia-oxidisers in soil: the quest
for niche specialisation and differentiation. Trends Microbiol. 20, 523–531. https://
doi.org/10.1016/j.tim.2012.08.001.
R Core Team, 2020. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria http://www.R-project.org/.
Ravishankara, A.R., Daniel, J.S., Portmann, R.W., 2009. Nitrous oxide (N2O): the dominant
ozone-depleting substance emitted in the 21st century. Science 326, 123–125.
https://doi.org/10.1126/science.1176985.
Revillini, D., Wilson, G.W.T., Miller, R.M., Lancione, R., Johnson, N.C., 2019. Plant diversity
and fertilizer management shape the belowground microbiome of native grass
bioenergy feedstocks. Front. Plant Sci. 10. https://doi.org/10.3389/fpls.2019.01018.
Rogora, M., Frate, L., Carranza, M.L., Freppaz, M., Stanisci, A., Bertani, I., et al., 2018. Assessment of climate change effects on mountain ecosystems through a cross-site analysis
in the Alps and Apennines. Sci. Total Environ. 624, 1429–1442. https://doi.org/
10.1016/j.scitotenv.2017.12.155.
Rustad, L., Campbell, J., Marion, G., Norby, R., Mitchell, M., Hartley, A., et al., 2001. A metaanalysis of the response of soil respiration, net nitrogen mineralization, and aboveground plant growth to experimental ecosystem warming. Oecologia 126, 543–562.
https://doi.org/10.1007/s004420000544.
Schindlbacher, A., Wunderlich, S., Borken, W., Kitzler, B., Zechmeister-Boltenstern, S.,
Jandl, R., 2012. Soil respiration under climate change: prolonged summer drought
offsets soil warming effects. Glob. Chang. Biol. 18, 2270–2279. https://doi.org/
10.1111/j.1365-2486.2012.02696.x.
Schirpke, U., Leitinger, G., Tasser, E., Schermer, M., Steinbacher, M., Tappeiner, U., 2013.
Multiple ecosystem services of a changing alpine landscape: past, present and future.
Int. J. Biodivers. Sci. Ecosyst. Serv. Manag. 9, 123–135. https://doi.org/10.1080/
21513732.2012.751936.
Schleper, C., 2010. Ammonia oxidation: different niches for bacteria and archaea? ISME J.
4, 1092. https://doi.org/10.1038/ismej.2010.111.
Schlingmann, M., Tobler, U., Berauer, B., Garcia-Franco, N., Wilfahrt, P., Wiesmeier, M., et
al., 2020. Intensive slurry management and climate change promote nitrogen mining
from organic matter-rich montane grassland soils. Plant Soil 456, 81–98. https://doi.
org/10.1007/s11104-020-04697-9.
Schöps, R., Goldmann, K., Herz, K., Lentendu, G., Schöning, I., Bruelheide, H., et al.,
2018. Land-use intensity rather than plant functional identity shapes bacterial
and fungal rhizosphere communities. Front. Microbiol. 9. https://doi.org/
10.3389/fmicb.2018.02711.
Semchenko, M., Leff, J.W., Lozano, Y.M., Saar, S., Davison, J., Wilkinson, A., et al., 2018. Fungal diversity regulates plant-soil feedbacks in temperate grassland. J Science Advances 4, eaau4578. https://doi.org/10.1126/sciadv.aau4578.
Shcherbak, I., Millar, N., Robertson, G.P., 2014. Global metaanalysis of the nonlinear response of soil nitrous oxide (N2O) emissions to fertilizer nitrogen. PNAS 111,
9199–9204. https://doi.org/10.1073/pnas.1322434111.
Song, Y., Zou, Y., Wang, G., Yu, X., 2017. Stimulation of nitrogen turnover due to nutrients
release from aggregates affected by freeze-thaw in wetland soils. Phys. Chem. Earth
97, 3–11. https://doi.org/10.1016/j.pce.2016.12.005.
Stark, J.M., Firestone, M.K., 1995. Mechanisms for soil moisture effects on activity of nitrifying bacteria. Appl. Environ. Microbiol. 61, 218–221. https://aem.asm.org/content/
aem/61/1/218.full.pdf.

Etter, S., Addor, N., Huss, M., Finger, D., 2017. Climate change impacts on future snow, ice
and rain runoff in a Swiss mountain catchment using multi-dataset calibration.
J. Hydrol. Reg. Stud. 13, 222–239. https://doi.org/10.1016/j.ejrh.2017.08.005.
Fox, J., 2016. Applied Regression Analysis and Generalized Linear Models. third edition.
SAGE Publications I (ISBN: 978-1-4522-0566-3).
Garcia-Franco, N., Walter, R., Wiesmeier, M., Hurtarte, L.C.C., Berauer, B.J., Buness, V., et al.,
2020. Biotic and abiotic controls on carbon storage in aggregates in calcareous alpine
and prealpine grassland soils. Biol. Fertil. Soils https://doi.org/10.1007/s00374-02001518-0.
Garcia-Pausas, J., Romanyà, J., Montané, F., Rios, A.I., Taull, M., Rovira, P., et al., 2017. Are
soil carbon stocks in mountain grasslands compromised by land-use changes? In:
Catalan, J., Ninot, J.M., Aniz, M.M. (Eds.), High Mountain Conservation in a Changing
World. Springer International Publishing, Cham, pp. 207–230 (978-3-319-55982-7)
Gleeson, D.B., Müller, C., Banerjee, S., Wai, M., Siciliano, S.D., Murphy, D.V., 2010. Response
of ammonia oxidizing archaea and bacteria to changing water ﬁlled pore space. Soil
Biol. Biochem. 42, 1888–1891. https://doi.org/10.1016/j.soilbio.2010.06.020.
Gobiet, A., Kotlarski, S., Beniston, M., Heinrich, G., Rajczak, J., Stoffel, M., 2014. 21st century
climate change in the European Alps—a review. Sci. Total Environ. 493, 1138–1151.
https://doi.org/10.1016/j.scitotenv.2013.07.050.
Guan, S., An, N., Zong, N., He, Y., Shi, P., Zhang, J., et al., 2018. Climate warming impacts on
soil organic carbon fractions and aggregate stability in a Tibetan alpine meadow. Soil
Biol. Biochem. 116, 224–236. https://doi.org/10.1016/j.soilbio.2017.10.011.
Hammerl, V., Kastl, E.-M., Schloter, M., Kublik, S., Schmidt, H., Welzl, G., et al., 2019. Inﬂuence of rewetting on microbial communities involved in nitriﬁcation and denitriﬁcation in a grassland soil after a prolonged drought period. Sci. Rep. 9, 2280. https://doi.
org/10.1038/s41598-018-38147-5.
Han, S., Luo, X., Liao, H., Nie, H., Chen, W., Huang, Q., 2017. Nitrospira are more sensitive
than Nitrobacter to land management in acid, fertilized soils of a rapeseed-rice rotation ﬁeld trial. Sci. Total Environ. 599–600, 135–144. https://doi.org/10.1016/j.
scitotenv.2017.04.086.
Han, S., Li, X., Luo, X., Wen, S., Chen, W., Huang, Q., 2018. Nitrite-oxidizing bacteria community composition and diversity are inﬂuenced by fertilizer regimes, but are independent of the soil aggregate in acidic subtropical red soil. Front. Microbiol. 9, 885.
https://doi.org/10.3389/fmicb.2018.00885.
Hart, S.C., 2006. Potential impacts of climate change on nitrogen transformations and
greenhouse gas ﬂuxes in forests: a soil transfer study. Glob. Chang. Biol. 12,
1032–1046. https://doi.org/10.1111/j.1365-2486.2006.01159.x.
Hayatsu, M., Tago, K., Saito, M., 2008. Various players in the nitrogen cycle: Diversity and
functions of the microorganisms involved in nitriﬁcation and denitriﬁcation. Soil Sci.
Plant Nutr. 54, 33–45. https://doi.org/10.1111/j.1747-0765.2007.00195.x.
Hodge, A., Robinson, D., Fitter, A., 2000. Are microorganisms more effective than plants at
competing for nitrogen? Trends Plant Sci. 5, 304–308. https://doi.org/10.1016/S13601385(00)01656-3.
Hooper, A.B., Vannelli, T., Bergmann, D.J., Arciero, D.M., 1997. Enzymology of the oxidation
of ammonia to nitrite by bacteria. ALJMAO 71, 59–67. https://doi.org/10.1023/A:
1000133919203.
Hu, Y., Zhang, Z., Wang, Q., Wang, S., Zhang, Z., Wang, Z., et al., 2017. Variations of N2O
ﬂuxes in response to warming and cooling in an alpine meadow on the Tibetan Plateau. Clim. Chang. 143, 129–142. https://doi.org/10.1007/s10584-017-1987-z.
I.W.G. WRB, 2015. World Reference Base for Soil Resources 2014, update 2015: international soil classiﬁcation system for naming soils and creating legends for soil maps.
World Soil Resources Reports. Food and Agriculture Organization of the United Nations , pp. 1–192. http://www.fao.org/3/i3794en/I3794en.pdf.
IPCC, 2018. Global Warming of 1.5°C. An IPCC Special Report on the Impacts of Global
Warming of 1.5°C Above Pre-industrial Levels and Related Global Greenhouse Gas
Emission Pathways, in the Context of Strengthening the Global Response to the
Threat of Climate Change, Sustainable Development, and Efforts to Eradicate Poverty.
The Intergovernmental Panel of Climate Change, p. 562. https://www.ipcc.ch/sr15/
chapter/2-0/.
Jaeger, C.H., Monson, R.K., Fisk, M.C., Schmidt, S.K., 1999. Seasonal partitioning of nitrogen
by plants and soil microorganisms in an alpine ecosystem. Ecology 80, 1883–1891.
https://doi.org/10.1890/0012-9658(1999)080[1883:Sponbp]2.0.Co;2.
Jobbágy, E.G., Jackson, R.B., 2000. The vertical distribution of soil organic carbon and its relation to climate and vegetation. Ecol. Appl. 10, 423–436. https://doi.org/10.1890/
1051-0761(2000)010[0423:Tvdoso]2.0.Co;2.
Joergensen, R.G., 1996. The fumigation-extraction method to estimate soil microbial biomass: calibration of the kEC value. Soil Biol. Biochem. 28, 25–31. https://doi.org/
10.1016/0038-0717(95)00102-6.
Joergensen, R.G., Mueller, T., 1996. The fumigation-extraction method to estimate soil microbial biomass: calibration of the kEN value. Soil Biol. Biochem. 28, 33–37. https://
doi.org/10.1016/0038-0717(95)00101-8.
Keil, D., Niklaus, P.A., von Riedmatten, L.R., Boeddinghaus, R.S., Dormann, C.F., SchererLorenzen, M., et al., 2015. Effects of warming and drought on potential N2O emissions
and denitrifying bacteria abundance in grasslands with different land-use. FEMS
Microbiol. Ecol. 91. https://doi.org/10.1093/femsec/ﬁv066.
Klaus, V.H., Kleinebecker, T., Busch, V., Fischer, M., Hölzel, N., Nowak, S., et al., 2018. Land
use intensity, rather than plant species richness, affects the leaching risk of multiple
nutrients from permanent grasslands. Glob. Chang. Biol. 24, 2828–2840. https://doi.
org/10.1111/gcb.14123.
Kuypers, M.M.M., Marchant, H.K., Kartal, B., 2018. The microbial nitrogen-cycling network. Nat. Rev. Microbiol. 16, 263. https://doi.org/10.1038/nrmicro.2018.9.
Larsen, K.S., Andresen, L.C., Beier, C., Jonasson, S., Albert, K.R., Ambus, P., et al., 2011. Reduced N cycling in response to elevated CO2, warming, and drought in a Danish
heathland: synthesizing results of the CLIMAITE project after two years of treatments.
Glob. Chang. Biol. 17, 1884–1899. https://doi.org/10.1111/j.1365-2486.2010.02351.x.
12

D.R. Andrade-Linares, M. Zistl-Schlingmann, B. Foesel et al.

Science of the Total Environment 780 (2021) 146672
Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E.E., van der Heijden, M.G.A., 2019. Fungalbacterial diversity and microbiome complexity predict ecosystem functioning. Nat.
Commun. 10, 4841. https://doi.org/10.1038/s41467-019-12798-y.
Wang, C., Chen, Z., Unteregelsbacher, S., Lu, H., Gschwendtner, S., Gasche, R., et al., 2016.
Climate change ampliﬁes gross nitrogen turnover in montane grasslands of Central
Europe in both summer and winter seasons. Glob. Chang. Biol. 22, 2963–2978.
https://doi.org/10.1111/gcb.13353.
Watanabe, T., Tateno, R., Imada, S., Fukuzawa, K., Isobe, K., Urakawa, R., et al., 2019.
The effect of a freeze–thaw cycle on dissolved nitrogen dynamics and its relation
to dissolved organic matter and soil microbial biomass in the soil of a northern
hardwood forest. Biogeochemistry 142, 319–338. https://doi.org/10.1007/
s10533-019-00537-w.
Wiesmeier, M., Hübner, R., Barthold, F., Spörlein, P., Geuß, U., Hangen, E., et al., 2013.
Amount, distribution and driving factors of soil organic carbon and nitrogen in cropland and grassland soils of southeast Germany (Bavaria). Agric. Ecosyst. Environ. 176,
39–52. https://doi.org/10.1016/j.agee.2013.05.012.
Xiong, W., Jousset, A., Guo, S., Karlsson, I., Zhao, Q., Wu, H., et al., 2018. Soil protist communities form a dynamic hub in the soil microbiome. ISME J. 12, 634–638. https://doi.
org/10.1038/ismej.2017.171.
Yeo, I.K., Johnson, R.A., 2000. A new family of power transformations to improve normality or symmetry. Biometrika 87, 954–959. https://doi.org/10.1093/biomet/87.4.954.
Zistl-Schlingmann, M., Feng, J., Kiese, R., Stephan, R., Zuazo, P., Willibald, G., et al., 2019.
Dinitrogen emissions: an overlooked key component of the N balance of montane
grasslands. Biogeochemistry 143, 15–30. https://doi.org/10.1007/s10533-01900547-8.
Zistl-Schlingmann, M., Kwatcho Kengdo, S., Kiese, R., Dannenmann, M., 2020. Management intensity controls nitrogen-use-efﬁciency and ﬂows in grasslands—a 15N tracing experiment. Agronomy 10, 606. https://doi.org/10.3390/agronomy10040606.

Stein, L.Y., Klotz, M.G., 2016. The nitrogen cycle. Curr. Biol. 26, R94–R98. https://doi.org/
10.1016/j.cub.2015.12.021.
Stempfhuber, B., Welzl, G., Wubet, T., Schöning, I., Marhan, S., Buscot, F., et al., 2014.
Drivers for ammonia-oxidation along a land-use gradient in grassland soils. Soil
Biol. Biochem. 69, 179–186. https://doi.org/10.1016/j.soilbio.2013.11.007.
Storer, K., Coggan, A., Ineson, P., Hodge, A., 2018. Arbuscular mycorrhizal fungi reduce nitrous oxide emissions from N(2) O hotspots. New Phytol. 220, 1285–1295. https://
doi.org/10.1111/nph.14931.
Szukics, U., Grigulis, K., Legay, N., Kastl, E.-M., Baxendale, C., Bardgett, R.D., et al., 2019.
Management versus site effects on the abundance of nitriﬁers and denitriﬁers in
European mountain grasslands. Sci. Total Environ. 648, 745–753. https://doi.org/
10.1016/j.scitotenv.2018.08.039.
Töwe, S., Albert, A., Kleineidam, K., et al., 2010. Abundance of microbes involved in nitrogen transformation in the rhizosphere of Leucanthemopsis alpina (L.) Heywood
grown in soils from different sites of the Damma glacier foreﬁeld. Microb. Ecol. 60,
762–770. https://doi.org/10.1007/s00248-010-9695-5.
Töwe, S., Wallisch, S., Bannert, A., Fischer, D., Hai, B., Haesler, F., et al., 2011. Improved protocol for the simultaneous extraction and column-based separation of DNA and RNA
from different soils. J. Microbiol. Methods 84, 406–412. https://doi.org/10.1016/j.
mimet.2010.12.028.
Unteregelsbacher, S., Gasche, R., Lipp, L., Sun, W., Kreyling, O., Geitlinger, H., et al., 2013.
Increased methane uptake but unchanged nitrous oxide ﬂux in montane grasslands
under simulated climate change conditions. Eur. J. Soil Sci. 64, 586–596. https://doi.
org/10.1111/ejss.12092.
Urcelay, C., Díaz, S., 2003. The Mycorrhizal Dependence of Subordinates Determines the
Effect of Arbuscular Mycorrhizal Fungi on Plant Diversity. 6, pp. 388–391. https://
doi.org/10.1046/j.1461-0248.2003.00444.x.
Veresoglou, S.D., Chen, B., Rillig, M.C., 2012. Arbuscular mycorrhiza and soil nitrogen cycling. Soil Biol. Biochem. 46, 53–62. https://doi.org/10.1016/j.soilbio.2011.11.018.

13

