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ARTICLE INFO ABSTRACT

Handling editor: Mohammad Bharam Understanding co-occurrences of different taxa is of both fundamental and applied relevance, for example, to
understand ecosystem processes and to design monitoring programs for above- and belowground biodiversity.
Plants and microorganisms form complex, interdependent relationships, which are exposed to and may be
compromised by agricultural management. Here we assessed the effect of grassland management intensities on
bacterial, fungal and plant communities and their associations. We further analyzed the potential of inferring
information from taxa of one community on structural changes of the other communities with the aim of
potentially enhancing the efficiency of biodiversity assessments by finding common indicator taxa. For that,
bacterial, fungal and plant communities as well as environmental factors were assessed in 89 grassland sites of
either extensive type (no fertilization, late and infrequent cuttings) or intensive type (fertilization, early and
frequent cuttings) of management in the Swiss lowlands.

Bacterial, fungal and plant community structures as well as plant indicator values for soil nutrients and
moisture differed between management types. Also, community homogeneity was significantly higher for all
communities in the intensively managed grassland. For bacterial community structures, this was likely related to
a smaller soil pH range in intensively managed grassland, while a lower fungal and plant richness may have
caused more homogenous fungal and plant community structures in intensively managed grassland. Further,
correlation strength among community structures dropped by 25-66 % from extensively to intensively managed
grassland. Finally, indicator analysis suggested that future monitoring programs may use plant taxa to estimate
expected effects on fungal communities and vice versa, but bacterial communities require additional assessment.
Our results revealed a multifaceted and profound effect of management on bacterial, fungal and plant com-
munities, which reinforces the conservation value of extensively managed grassland.
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1. Introduction of 30-50 %. This was accompanied by a shift towards

nutrient-demanding, competitive species and a decrease of

Land-use intensification of grasslands in terms of fertilizer input,
cutting and grazing intensity leads to changes in the above- and
belowground communities which in turn may affect associations be-
tween biotic and abiotic components of the habitat [1]. Between the
1960s and the 2010s, grassland intensification led to a plant species loss
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early-flowering species and insect-pollinated herbs in grasslands of
Northern Germany [2]. Also, fertile permanent grasslands in three
different regions of Switzerland experienced a shift in plant species
composition to species characterized by high competitiveness under
high nutrient conditions, high forage quality and tolerance to mowing
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from the 1970s-2000s [3] These changes are important at a large scale,
as about 34 % of the European Union’s agricultural area is covered by
permanent grassland and may experience intensification [4]. Therefore,
the biodiversity of extensively managed grassland, i.e., unfertilized
grassland with late cuttings, is under threat and a focus on biodiversity
protection strategies is urgently needed.

Land-use intensification affects not only plant communities but
several abiotic and biotic components in above- and belowground
habitats of grassland ecosystems. This was, for instance, revealed in an
assessment of 14 guilds of organisms, which covered primary (e.g.,
protists), secondary (e.g., arthropods) and tertiary (e.g., birds) con-
sumers in the terrestrial food web, primary producers (plants), and de-
composers (e.g., fungi), where guilds were selected based on their
proposed nutrient acquisition strategies, i.e., from slow to fast [5]. In
this study, most guilds along the gradient of slow to fast growers fol-
lowed a gradient from low to high fertilization as well as cutting and
grazing frequency, supporting the hypothesis that extensively managed
grasslands harbor rather slow-growing, while intensively managed
grasslands are dominated by fast-growing organisms [5]. Furthermore,
land-use intensification can lead to more homogenous above- and
belowground communities [6]. This homogenization effect may be due
to the dispersal of a few generalist species and/or the loss of rare and
specialized species [6]. In addition, extensively managed grasslands
may harbor more dissimilar communities because these grasslands are
often situated on less fertile soils or difficult to manage areas creating
habitat conditions for specialized communities [7]. Intensification of
grasslands may have a number of different effects on communities
including direct disturbances such as cutting or grazing, the addition of
nutrients and slowly degrading structures (e.g., pieces of straw) as
habitats, e.g., by the application of organic or inorganic fertilizer [8,9].
Further indirect effects include changes of soil conditions such as pH
[10], and interactions among organisms, e.g., of different trophic levels.

Above- and belowground species communities form intimate re-
lationships [11]. For instance, plants as primary producers sequester
carbon and provide nutrients to soil communities via root exudates or
dead plant material for consumption. Further, plant species provide
habitats and niches for other organisms. In return, soil communities as
decomposers and symbionts provide nutrients to the plants, for instance,
by fixing nitrogen or converting organic matter to plant-available forms
of nitrogen [12]. The symbiotic relationships are manifold and range
from mutualism to parasitism [13]. Studies on the effect of land-use
intensity on above- and belowground communities in grassland sug-
gest that they respond rather differently to the same disturbance, i.e.,
land-use intensity. It has been shown that species richness of above-
ground trophic groups was strongly negatively associated to land-use
intensity in grassland while species richness of belowground trophic
groups was positively or not associated at all [1]. In an experiment with
different mixtures of grasses and legumes, intense mowing affected plant
coverage as well as bumble bee species richness and abundance posi-
tively and earthworm richness and biomass negatively [14]. Also, plant
and soil microbial communities differed in their resistance and resilience
to N fertilization and mowing in Eurasian steppe [15]. Nevertheless,
even if general measures of biodiversity, such as species richness,
abundance and biomass of above- and belowground communities differ
in their response to disturbance, certain components of the communities
might respond in the same way. Then, it would be sufficient to assess
responses of one type or components of one type of community and from
that predict the responses of other communities. This would reduce the
efforts of assessment and monitoring of biodiversity and would facilitate
the search for strategies for protecting biodiversity.

Here we jointly analyze data from two independent grassland studies
in Switzerland, i.e., “BIOINVENT” (BI) [16] and “SOILSERVICEGRASS”
(SSG) [17,18], in which soil bacterial and fungal communities were
assessed across extensively and intensively managed grasslands using
metabarcoding in a comparable manner (see Supplemental file 1). In BI,
bacterial and fungal communities were assessed at sites with different
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grassland management intensities in regions with conditions of higher
or lower potential for plant biomass production [16]. In the study SSG
the effects of management intensities, harvest types, i.e., mostly grazing
or mowing and management practice, i.e., organic vs conventional
farming, on the prokaryotic (bacterial and archaeal) and fungal grass-
land communities were assessed [17]. Plant species and cover were
obtained in both studies in detail but were not yet published (BI) or only
in a summarized manner (SSG). The present study aims at obtaining a
more holistic view by integrating above- and belowground communities
and to better understand how grassland management intensity in-
fluences the relationship of plant communities with soil bacteria and
fungi by combining both studies. Specifically, we hypothesize that:

1) The soil bacterial and fungal as well as plant communities of inten-
sively managed grasslands will be more homogeneous than those of
extensively managed grasslands. In line with this, we postulate that
the correlations between these different community structures
(B-diversity) will be weaker in intensively than in extensively
managed grassland.

2) Specific components of one community (bacterial and fungal
amplicon sequencing variants as well as plant species) will be
correlated with the community structures of the other communities.
The existence of such associations will allow the identification of
suitable indicators among taxa of multiple types of organisms.

2. Material and methods
2.1. Sites and management factors

In total, 89 grassland sites were selected from two studies, i.e.,
“BIOINVENT” (BI), from which 12 extensively and 12 intensively
managed sites in the lowland of Switzerland [16] and “SOILSERVICE-
GRASS” (SSG), from which 35 extensively and 30 intensively managed
sites were chosen [17,18]. From the latter project, only intensively
managed sites which were fertilized with more than 60 kg of available
nitrogen ha~! y~!, were included. Detailed descriptions of the methods
can be found in the respective publications [16-18]. Here, we summa-
rize the main parts of the sampling and analytical procedures, the points
in which the projects differ, and add information that is specific for the
present study only. The sites were spread across the cantons of Solothurn
(only SSG), Aargau, Ziirich and Thurgau (all BI), which are part of the
Swiss Central Plateau and cover an area of 4915 km?. The average parcel
size of permanent grassland in the canton of Solothurn was 0.9 ha in
2023 [19]. All sites were part of farms that were eligible for direct
payments based on the Swiss eco-scheme of ecological focus areas for
which a minimum of 7 % of the agricultural area needs to be dedicated
as ecological focus area (Swiss direct payment regulation SR910.13).
Further, sites were chosen with the aim of including a large gradient of
management intensities and obtaining two groups of sites of equal size
with clearly distinct management intensity. Sites that were managed
according to the Swiss eco-scheme “extensively managed meadows” and
“extensively managed pastures” and thus belonging to the ecological
focus area of the farms (not fertilized and, in the case of meadows,
receiving a late first cut after June 15th) were defined as an extensively
managed grassland, while sites not managed according to these
Eco-schemes and which were fertilized with more than 60 kg of avail-
able nitrogen ha~! y~! were defined as intensively managed grasslands.
The Swiss eco-scheme enabled the inclusion of extensively and inten-
sively managed sites mostly from the same farm unit to avoid potential
bias due to geographic factors such as elevation. Management intensity
was further specified by the level of applied available nitrogen, cutting
frequency, number of grazing days and grazing intensity in livestock
units (LSU) ha™! y_l. This information was retrieved directly from the
farmers via questionnaires and the mean and standard deviation of each
factor are presented in Table S1.
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2.2. Sampling and soil factors

At each site, 16 (BI) or 20 (SSG) soil cores with a diameter of 1.4
(SSG) or 2.5 cm (BI) and 20 cm depth were sampled from an area of 20
m x 20 m and combined. The soil cores were sampled along two straight
lines that formed a cross within the 20 m x 20 m area. Soil samples were
passed through a 2 mm sieve and homogenized. Of the soil and
geographic factors that were assessed in both studies, the following were
measured with compatible methods: total nitrogen by combustion, pH in
water extract, texture as percent clay, sand and silt, and elevation
(Table S1). Organic carbon was unfortunately measured with different
methods; therefore, we were reluctant to include it in a combined
analysis. However, we assessed the difference of organic carbon-to-
nitrogen ratio between management types within each study. For
detailed descriptions of the methods employed see [16-18].

2.3. Plants and plant derived indicator values

All vascular plant species were determined, and their coverages were
estimated in two (SSG) or four (BI) quadrats with a size of 2 m x 2 m
each. The quadrats were situated within the 20 m x 20 m area from
which soil samples were obtained. For both the SSG and BI sites, the
cover was directly noted in steps of one percent. For the sites of BI, two
of the four quadrats were randomly chosen to obtain the same number of
quadrats per site in both studies (same sampling effort).

The overall species richness of both quadrats and the mean value of
the cover were used for further analyses. Habitat preferences of plant
species can be exploited to infer information on soil conditions from the
presence of certain plants [20]. For that, each plant species was evalu-
ated and assigned with indicator values, which were defined by Landolt
et al. for the flora of Switzerland and the Alps [20]. Cover-weighted
plant indicator values for soil nutrients and moisture were obtained
for each quadrat and mean indicator values for soil nutrients (pi-N) and
for soil moisture (pi-M) were calculated (Table S1).

2.4. Bacterial and fungal communities

Metabarcoding of 16S v3-4 and the ITS2 region was used to assess
bacterial and fungal communities. For that, total DNA was extracted
from 0.25 (SSG) or 0.3 g (BI) of mixed and sieved soils using DNeasy
PowerSoil Pro QIAcube Kit (Qiagen, Germany) in the SSG project or a
phenol-chloroform extraction according to the procedure previously
described and modified [21,22] in the BI project. PCR was performed in
quadruplets for each sample, which were then pooled, using the same
primer pair for bacteria (341F and 806R; modified by Frey et al., 2016
[23]). For fungi the primer pair ITS3/ITS4 was used, however, with
slightly different nucleotide variations, i.e., in the SSG project, it con-
tained five more ambiguous positions to potentially increase coverage of
fungal taxa [24] compared to the BI project [25] (Supplemental file 1,
Table S2). Comparison of primer sequences and potential effects on
downstream analyses are discussed in Supplemental file 1. The analysis
led to the conclusion that the data of the two projects are compatible.
PCR libraries were prepared using the Fluidigm Access Array System
(Fluidigm, U.S.A.) and sequenced with a paired end 300 run and the
[lumina MiSeq v3 platform (Illumina Inc., U.S.A.) at the Functional
Genomic Center Zurich (SSG; Switzerland) and the Génome Québec
Innovation Center in Montréal (BI; Canada).

2.5. Bioinformatic analyses

Raw sequences are available at the NCBI SRA archive under the
project number PRINA641340 for BI and in the European Nucleotide
Archive under the accession number PRJEB72428 for SSG. Quality
control of the raw sequences and taxonomic classification was per-
formed using a pipeline mostly based on the software “vsearch” version
2.27.0 [26] and “mothur” version 1.47.0 [27] according to an already
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published pipeline [23,28]. In short, spiked phiX sequences were
removed using “bowtie2” [29]. Primers were removed using “cutadapt”
version 3.5 [30] and these first two step were performed separately for
fungal sequences from BI and SSG with the respective primer sequences.
For all the following steps the sequences of both projects were com-
bined. The software “vsearch” was used to merge paired end sequences,
remove sequences with high error rates and dereplicate sequences prior
to “de-noising” to obtain amplicon sequence variants (ASVs) using the
“unoise” algorithm. Potentially chimeric ASVs and ASVs without
organism-specific patterns were removed using the “uchime3_denovo”
algorithm and “metaxa2” version 2.2.3 for bacterial or “ITSx” version
1.1.3 for fungal ASVs [31,32]. Taxonomic classification was performed
with Bayesian classifier using “mothur” and for bacterial and fungal
ASVs the GTDB ssu release 214 [33] and UNITE version 9.0 databases
[34]. The GTDB was downloaded in March 2024 and the following steps
were used to curate and adapt the database. First, sequences were der-
eplicated by taxonomy in chunks of 50,000 sequences using “MetaCu-
rator” [35]. Afterwards sequences were filtered for 16S signature using
“metaxa2”. The GTDB does not contain sequences of plant organelles, i.
e., chloroplasts and mitochondria, which need to be identified and
excluded from the data. Therefore, sequences of the GDTB that matched
with more than 97 % identity to sequences of plant organelles from the
SILVA database release 138.1 [36] were removed using “vsearch” and
organelle sequences SILVA were then added to the GTDB. Finally, the
database was filtered for sequences between 500 and 2000 nucleotides.
Curation reduced the database from 708,813 to 154,705 sequences.
ASVs that were not classified as bacteria (organelles and archaea), or
fungi (e.g., protists and plants), or were unclassified at the domain-level
for bacteria and at the kingdom-level for fungi were removed. Primary
and secondary fungal traits based on genera were obtained from the
“FungalTraits” database [37].

2.6. Statistical analyses

Statistical analyses were performed in R version 4.2.3 within RStudio
[38]. Bacterial and fungal ASV abundances were subsampled to the
lowest number of sequences of a sample using the function “rrarefy” of
the R-package “vegan” [39] and this process was iterated 100 times
[40]. ASV richness and Bray-Curtis dissimilarities were calculated for
each of the 100 subsampled ASV tables using the functions “specnum-
ber” and “vegdist” (“vegan”) and the median of the 100 iterations was
calculated. Although sequencing depth differed significantly between
the two projects, it did not affect ASV richness confirming the compat-
ibility of the two projects (Supplemental file 1, Fig. S2). For plant
community structures, Bray-Curtis dissimilarities were calculated from
relative coverage. Soil and geographic factors, i.e., pH, total nitrogen,
clay, sand, silt, elevation and pi-N (omitting pi-M because it was strongly
correlated with pi-N, i.e., rho = 0.89 and p-value <0.001) were centered
and scaled before Euclidean distances were calculated. Differences in
community structures and combined environmental factors between
management types were assessed with PERMANOVA using the function
“adonis2” in the R-package “vegan”. Pairwise Pearson correlations be-
tween community structures as well as with Euclidian distance of each
environmental factor were calculated within extensively (47 sites) and
intensively (42 sites) managed grassland using the function “mantel”
(“vegan”). Partial Mantel tests were used to condition for pH using
Euclidian distances of soil pH using “mantel.partial” (“vegan”). P-values
in PERMANOVA and Mantel tests were based on 1000 permutations.
Dispersion of each community and environmental factors was deter-
mined by calculating distances to centroids of each management type
using the function “betadisper” (“vegan”). Differences of distances to
centroids between management types were tested using the function
“permutest” (“vegan”) with 1000 permutations. Unconstrained ordina-
tions were calculated using the function “metaMDS” (“vegan”). Differ-
ences of univariate variables, i.e., richness, soil and geographic factors,
management related variables among factors (management types,
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clusters, which are defined in the text below, and projects) were assessed
using Kruskal-Wallis rank sum test followed by Dunn’s Kruskal-Wallis
Multiple Comparisons (function “dunnTest” in R-package “FSA” [41]).
P-values were adjusted using Benjamini-Hochberg p-value correction
(BH, [42]) with the function “p.adjust”. Hierarchical clustering and
k-means clustering were based on Bray-Curtis dissimilarities and
explained in detail in Supplemental file 2. Indicator species analyses
were performed using the function “multipatt” in the R-package
“indicspecies” [43] using the “Indval.g” statistic and only taxa, i.e.,
bacterial and fungal ASVs as well as genera, plant species and fungal
primary as well as secondary traits, with a value above 0.8 and a sig-
nificant BH-adjusted p-value (p < 0.05) were defined as strong
indicators.

3. Results
3.1. Effect of grassland management on community structures

Bacterial, fungal and plant community structures differed signifi-
cantly between extensive and intensively managed grassland (Fig. 1;
Table 1). The strongest effect of management intensity was observed for
plant community structures (distance between centroids of 0.549; R =
23.7 %), followed by fungi (0.319; 8.5 %) and bacteria (0.199; 4.4 %).
Of the variables directly related to management, available nitrogen from
fertilizer, grazing intensity, and cutting frequency were also signifi-
cantly higher in intensively managed grassland, while number of graz-
ing days did not differ (Fig. S6). The combination of environmental
factors, i.e., soil pH, total nitrogen, silt, clay, elevation and the mean
indicator value for soil nutrients (pi-N), also differed significantly be-
tween the two management types (Table 1). Importantly, this difference
depended strongly on pi-N, because after removing it from the dataset,
no significant difference of the remaining factors between management
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types was observed anymore. The median pi-N was significantly lower
(2.96) in extensively than in intensively managed grassland (3.82),
suggesting higher nutrient content in soils with intensive management
(Fig. S7). Also, the mean indicator value for soil moisture (pi-M), which
was strongly positively correlated with pi-N (rho = 0.89, p < 0.001), was
significantly higher in intensively managed grassland (3.21 versus 2.79).
The difference of community structures between management types
may also be driven by differences in soil organic carbon-to-nitrogen
ratio. We were reluctant to include the factor in the overall analysis,
because organic carbon was measured with different methods in the two
studies. However, separate analyses for each study showed no signifi-
cant difference between management types for BI and very small dif-
ferences for SSG (Fig. S8). Except for pi-N and pi-M, none of the soil and
geographic factors but most of the management related factors differed
between management intensities, suggesting that management intensity
was the main driver of the differences in community structures between
management types (Fig. S7).

We found more homogenous communities in intensively managed
grassland for all three community types (Fig. 1; Table 1). This was
represented by a lower dispersion of the community structure, measured
as the average distance of each community to the centroid of the com-
munity, in intensively compared to extensively managed grassland. The
strongest effect of management was detected for fungi and plants, for
which the dispersion was 16.8 and 15.3 % higher in extensively than in
intensively managed grassland. This was followed by bacteria (9.1 %),
and no significant effect was observed for soil and geographic factors
(Fig. 1; Table 1). Significant PERMANOVA results (Table 1) may origi-
nate from different distances between group centroids or differences in
dispersion. The ordinations clearly reveal distinct communities of
extensively and intensively managed grasslands, that differ in both the
distance between centroids and the dispersion especially for fungal and
plant communities (Fig. 1).
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Fig. 1. Community structures and environmental factors between management types as well as clusters: Non-metric multi-dimensional scaling (NMDS)
ordination displaying bacterial (A), fungal (B), plant (C) community structures as well as soil and geographic factors including pi-N (D) between management types
and clusters. Green shapes and areas represent extensively (unfertilized and late cutting, i.e., first cut after June 15th) and blue shapes and areas intensively (fertilized
and early cutting allowed) managed grassland. Upward triangle, circle, downward triangle represent cluster 1, 2 and 3, respectively. The crossed squares indicate
centroids for each management type and the x display outliers in the cluster analysis. Dotted black lines indicate the area of each cluster’s sites. Ordination stress
values in panel A, B, C and D were 0.10, 0.15, 0.16 and 0.19. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Table 1
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Differences in community structures and dispersion of community structures of bacteria, fungi and plants (Bray-Curtis) as well as distances (Euclidean) based on soil

and geographic factors between extensively and intensively managed grassland.

PERMANOVA PERMDISP
Distance between R? F p- Median distance to Difference in dispersion between extensive F p-
centroids [%] value centroid and intensive [%] value
Extensive Intensive
Bacteria® 0.199 4.4 40 0.003 0.478 0.438 9.1 8.7  0.003
Fungi® 0.319 8.5 8.1 0.001 0.555 0.475 16.8 43.8 0.001
Plants” 0.549 23.7 27.0  0.001 0.511 0.443 15.3 18.7  0.001
Soil & geographic factors 1.705 12.2 12.1 0.001 2.274 2.004 13.5 2.7 0.112
incl. pi-N”
Soil & geographic factors 0.600 1.8 1.6 0.166 2.129 1.982 7.4 0.8 0.376
excl. pi-N”

@ Bray-Curtis dissimilarity.
b Euclidean distance.

Soil pH can influence community structures and, indeed, although
the mean did not differ significantly between the management types, the
pH range was larger for extensively managed grasslands, i.e., 5.2 to 8.0
compared to 6.0 to 8.0 for intensively managed grassland (Fig. S7).
Therefore, we tested whether community structures and homogeneity of
community structures differed among management types with a reduced
dataset of the same pH range, i.e., 6 to 8, for both management types.
This selection resulted in a dataset of 74 sites with 32 extensively and 42
intensively managed grassland sites. Differences of structures of all three
communities between management types were very similar to those
observed in the entire dataset of 89 sites (Table 1 and S4). Also,
dispersion of fungal and plant communities was comparable in both
datasets (Table 1 and S4). In contrast, dispersion of bacterial community
structures did not differ significantly between management types
anymore, when using sites within the same pH range. Therefore, the
larger heterogeneity of bacterial communities in extensively managed
grassland may be attributed to a larger pH range in extensively than in
intensively managed grassland. In addition, one possible reason for an
increased homogeneity in intensively managed grassland is the loss of
taxa. Indeed, fungal ASV and plant species richness were significantly
lower in intensively managed grassland, suggesting that an increased
homogeneity may be connected to a loss of taxa (Fig. 2). In contrast,
bacterial ASV richness was even significantly higher in intensively
managed grassland. In summary, independent of the measured soil and
geographic factors, intensive management led to more homogenous
fungal and plant communities with lower species/ASV richness than

extensively managed grassland. For bacterial communities, the greater
heterogeneity in extensively managed grassland was most likely due to a
larger pH gradient.

3.2. Comparison of communities across and within extensive and
intensive grassland

The assessment of correlations among communities, which could be
interpreted as similar habitat preferences or potential interactions,
revealed that all pairwise correlations of community structures of
different organism types were significant across and within both man-
agement types (Table 2). The strongest correlations were detected be-
tween bacterial and fungal community structures across and within
management types (r between 0.61 and 0.82). Correlations between
community structures of bacteria or fungi with plants yielded a corre-
lation coefficient of 0.27 and 0.53 overall, of 0.38 and 0.53 for exten-
sively but only 0.14 and 0.18 for intensively managed grasslands,
respectively. In other words, a drop of the correlation strength by 25, 62
and 66 % was detected from extensively to intensively managed grass-
land for the correlations between bacterial and fungal, bacterial and
plant as well as fungal and plant community structures, respectively.

After conditioning on soil pH, which was the most influential envi-
ronmental factor (Table S5), correlations between pairwise comparisons
of community types across and within management type were still sig-
nificant and followed similar patterns as without conditioning for pH, i.
e., stronger correlations were found in extensively than in intensively

Bacterial ASV richness Fungal ASV richness Plant species richness
a b b b
L]
| | S
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2 |
o 40
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Fig. 2. ASV and species richness between management types: Richness of bacteria, fungi and plants in extensively (E) or intensively (I) managed grassland. The
bold horizontal line in the boxplot displays the median, the upper/lower limit of the box show the 25th/75th percentile, the smallest/largest values of the whiskers
represent 1.5 x the interquartile range of the 25th/75th percentile and outliers are displayed as dots. Letters indicate significant differences based on a p-value < 0.05

using Kruskal-Wallis rank sum test.
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Table 2

Pairwise correlation between community structures of bacteria, fungi and plants
as well as soil and geographic factors in extensively and intensively managed
grassland (Mantel test with Pearson correlation). Communities were represented
by Bray-Curtis dissimilarities and conditioning on pH was performed with par-
tial Mantel test using Euclidean distances of soil pH.

Management  Types of Conditioned on Mantel BH adjusted p-
organisms soil pH (69] value
Extensive Bacteria & No 0.815 0.001
Fungi
Bacteria & No 0.376 0.001
Plants
Fungi & Plants  No 0.529 0.001
Bacteria & Yes 0.693 0.002
Fungi
Bacteria & Yes 0.230 0.002
Plants
Fungi & Plants ~ Yes 0.454 0.002
Intensive Bacteria & No 0.610 0.002
Fungi
Bacteria & No 0.143 0.003
Plants
Fungi & Plants  No 0.181 0.005
Bacteria & Yes 0.601 0.002
Fungi
Bacteria & Yes 0.090 0.035
Plants
Fungi & Plants ~ Yes 0.157 0.004
All Bacteria & No 0.684 0.001
Fungi
Bacteria & No 0.271 0.001
Plants
Fungi & Plants  No 0.527 0.001
Bacteria & Yes 0.559 0.001
Fungi
Bacteria & Yes 0.211 0.001
Plants
Fungi & Plants ~ Yes 0.513 0.001

managed grasslands (Table 2). The difference in correlation strength
detected in extensively, in comparison to intensively, managed grass-
land was still between 13 and 65 %. In summary, all correlations were
weaker in intensively than in extensively managed grassland and below-
ground communities (bacteria and fungi) were most strongly correlated
with each other, even after taking pH into account. Plant community
structures correlated more with fungal than bacterial community
structures.

3.3. Ecological context of community clusters

Sites with a similar community structure of bacteria, fungi or plants,
were clustered and the ecological context of the resulting community
clusters was assessed to evaluate the communities without preconceived
information, i.e., management types. The clustering results and de-
cisions are described in Supplemental file 2. After removing outliers, i.e.,
clusters that contained only one or two sites, the best fitting number of
clusters was two (bacteria B1-B2) or three (fungi F1-F3 and plants P1-
P3), respectively (Fig. 1). Bacterial clusters contained rather similar
numbers of extensively and intensively managed grasslands (Table S6)
and none of the management related variables differed among bacterial
clusters (Fig. S9). Regarding soil and geographic factors, B1 was char-
acterized by a significantly lower pH and total nitrogen content as well
as higher pi-N and pi-M values compared to B2 (Fig. S10).

Fungal clusters included sites with a large fraction of certain man-
agement intensities, i.e., cluster F1 and F3 contained mostly extensively
managed grassland, whereas cluster F2 was characterized by mostly
intensively managed sites (Table S6). In accordance, applied available
nitrogen, number of grazing days and grazing intensity as well as pi-N
and pi-M were significantly the highest in F2 (Figs. S9 and S10). How-
ever, number of grazing days and grazing intensity was similarly high in

European Journal of Soil Biology 126 (2025) 103754

clusters F1 (mostly extensive) and F2 (mostly intensive). Further, soil pH
displayed an increasing gradient from cluster F1 to F3 and elevation was
significantly lower in F3 than in F1 and F2. The cluster analysis revealed
a cluster of mostly extensive management with higher mean number of
grazing days and grazing intensity as well as lower soil pH at higher
elevations (F1) and cluster of extensive management with the opposite
conditions (F3).

The plant clusters mirrored the management types even more
strongly (Fig. 1). Clusters P1 and P2 consisted mostly of extensively
managed sites, whereas cluster P3 contained intensively managed sites
(Fig. 1, Table S6). Similar to the fungal clusters, plant communities also
displayed clusters with extensively managed grasslands of either low
(P2) or high (P1) pH, whereas P2 had a grazing intensity more similar to
intensively managed grassland (Figs. S9 and S10). Furthermore, cluster
P2 and F1 shared a substantial number of sites, i.e., 55.6 % of the sites of
P2 were also included in F1 and 88.2 % of the sites of F1 were also part of
P2.

In summary, cluster assessment corroborated the importance of soil
factors for bacterial and in addition grassland management for the
fungal and plant communities and revealed that clusters F1 and P2 may
represent clusters of sites with more intensively managed extensive
grasslands with lower soil pH.

3.4. Indicators for community clusters

Indicator species analysis was used to assess how well shifts in below-
ground community structures may be estimated with measures of the
aboveground community and vice versa. For that, the number and
identity of bacterial and fungal ASVs and genera, fungal primary and
secondary traits as well as plant species that indicate a difference in
community structure (represented by different community clusters)
were identified. For the indicator species analyses, only taxa were
included that occurred in at least ten sites of a cluster (Table S7).

The highest number of strong (Indval.g > 0.8) indicators was found
for the fungal clusters (Fig. 3, Table 3). In total, 16.1 % of the bacterial
ASVs, 13.7 % of the bacterial genera and 10.5 % of the plant species
were associated to one or two fungal clusters. The plant species included
the grass Poa trivialis s.1., which was indicative for the combination of F1
and F2, the grass Poa pratensis, which was an indicator for the combi-
nation of F2 and F3 as well as the legume Trifolium pratense s.l. And the
forb Veronica chamaedrys, which were both associated to the combina-
tion of cluster F1 and F3 containing mostly extensively managed
grassland. These plant species represent potential aboveground taxa
indicating different fungal community clusters. There were numerous
bacterial indicator ASVs and genera for all combinations of fungal
clusters, except for F2 and the combination F1 and F3. The latter com-
bination contained sites from both ends of the pH range (Fig. S10B) and
the absence of bacterial indicators for this combination suggested a
specialization of bacterial taxa for either low or high soil pH.

In comparison to the fungal clusters, only few strong indicator taxa
were detected for clusters of bacterial communities, i.e., 3.5 % of the
fungal genera, 3.2 % of the fungal ASVs and none of the plant species
(Fig. 3, Table 3), revealing that no aboveground indicators were found
for bacterial community clusters.

Below-ground indicator taxa were found for all plant clusters and
combinations of plant clusters. They included 12.4 % of the fungal
genera, 6.6 % of the fungal ASVs as well as two primary fungal traits, i.
e., ectomycorrhiza and lichen parasites, which were associated to the
combination of P1 and P2 (both mostly extensively managed), and two
secondary fungal traits, i.e., ericoid mycorrhiza and root endophytes
with dark septate hyphae, which were associated to a combination of P1
and P2 and only P1, respectively. Also, 1.4 % of the bacterial ASVs and
0.2 % of the bacterial genera were associated to plant clusters or cluster
combinations.

Elucidating the strongest associations, the 15 strongest indicator taxa
for clusters of each type of organism were assessed and the index of
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Fig. 3. Indicator taxa for clusters: Number of indicator taxa for bacterial (A), fungal (B) and plant (C) clusters. Clusters are shown as colored squares. Grey disks
represent fungal indicator ASVs, yellow disks bacterial indicator ASVs and green disks plant indicator species. Light grey pentagons represent fungal primary and
secondary traits. Upper and lower number associated to a disk are number and percentage of all taxa that occurred in at least ten sites of a cluster. Radius of the disks
corresponds to the percentages of the taxa included in the indicator species analysis. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

association (Indval.g) ranged between 0.919 and 0.996. All indicators
for bacterial and plant clusters were fungal taxa and all indicators for
fungal clusters were bacterial taxa (Table S8). The strongest indicator
taxa for a bacterial cluster were fASV_193 (best classification to order
Pleosporales), fASV_ 56 (classified as Solicoccozyma terricola) and
fASV_49 (Saitozyma podzolica), which were associated to cluster B1,
which was the cluster with lower pH and total N content and higher pi-N
and pi-M (Table S8). The strongest indicators for fungal clusters were
associated to a combination of F2 and F3 and they were the bacterial
genus Lacipirellula, the bacterial genus V1-33 (order Verrucomicro-
biales) and bASV_479 (classification to order Rhizobiales). For plant
clusters, the strongest indicators were the fungal genera Hygrocybe and
Clavaria, which were associated to the combination of P1 and P2 and
fASV_951 (classified to Cyphellophora livistonae) associated to P1 repre-
senting extensively managed grassland. Interestingly, among the 15
strongest indicators were associations of potentially plant pathogenic

fungi to the combination of P2 (intensively managed grassland) and P3
(extensively managed grassland with elevated grazing intensity and
lower soil pH), i.e., fASV_16 classified as Fusarium graminearum, f{ASV_24
classified as Neoascochyta desmagzieri and fASV_118 classified to the
genus Plectosphaerella. In summary, bacterial and fungal indicators were
found for plant community clusters and for fungal community clusters
plant and bacterial indicators could be used. In contrast, only fungal and
few indicators for bacterial community clusters could be identified.

4. Discussion

The assessment of above- and belowground communities in 89
grassland sites in Switzerland revealed that bacterial, fungal and plant
communities differed between extensively (unfertilized and late cut-
tings) and intensively managed (fertilized, early cuttings) grassland.
These differences were observed in terms of community structure,
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Table 3
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Number of significant and strong indicators (Indval.g statistic > 0.8) associated to bacterial (B1 and B2), fungal (F1 to F3) and plant (P1 to P3) community clusters and
cluster combinations. Taxa for indicator species analyses were selected based on an occurrence in at least 10 sites of a cluster.

Cluster & cluster combination Type of indicator taxa

Bacterial ASVs Bacterial genera Fungal ASVs

Fungal genera Fungal primary traits Fungal secondary traits Plant species

Bl NA NA 48 11 0 0

B2 NA NA 30 3 0 0 0
Total (%) NA NA 78 (3.2) 14 (3.5) 0 0 0
F1 639 28 NA NA NA NA 0
F2 11 1 NA NA NA NA 0
F3 578 15 NA NA NA NA 0
F1 & F2 458 28 NA NA NA NA 1
F2 & F3 594 47 NA NA NA NA 1
F1 & F3 3 1 NA NA NA NA 2
Total (%) 2283 (16.1) 120 (13.7) NA NA NA NA 4 (10.5)
P1 54 6 28 12 0 1 NA
P2 0 0 2 1 0 0 NA
P3 11 2 27 3 0 0 NA
P1&P2 8 1 23 19 2 1 NA
P2&P3 87 12 43 5 0 0 NA
P1&P3 20 6 1 4 0 0 NA
Total (%) 180 (1.4) 21(0.2) 124 (6.6) 44 (12.4) 2 2 NA

community homogeneity, taxon richness and the degree of similarity
between different communities. They were also related to differences in
mean plant indicator values for soil nutrients and moisture as well as
management related variables. Intensive management and changes in
soil nutrient and moisture levels were shown to affect bacterial, fungal
and plant communities in grasslands, for example, bacterial and fungal
communities in the rhizosphere were more strongly affected by abiotic
changes due to land-use intensity than the functional type of the plant
from which they were retrieved [44]. Further, a long-term assessment of
over 50 years of plant communities revealed a decrease in species
richness by 30-50 % mostly due to nutrient input [2]. In a long-term
grassland fertilization experiment with different inorganic fertilizers,
plant and fungal communities were significantly correlated and both
formed distinct communities in treatments including liming or NPK
fertilization, while neither of them correlated with bacterial commu-
nities, which were affected by the treatments with liming or N fertil-
ization [45].

In addition, there was a significant homogenization effect in inten-
sively managed grassland (more similar communities) in all three or-
ganism groups, and this effect was strongest for fungi and plants
followed by bacteria. For bacteria, the difference in community
dispersion between management intensities was most likely related to a
larger soil pH range in extensively (5.2-8) compared to intensively (6-8)
managed grassland, because the differences in dispersion were not sig-
nificant anymore when reducing the dataset to sites with the same pH
range for both management types. The sensitivity of bacterial commu-
nities to soil pH has been observed in numerous studies [e.g., 10, 28].
Similar to the present study, increased community homogenization with
land-use intensification was observed for plant and fungal but not for
bacterial communities in grasslands in Germany [6].

Plant and fungal communities also experienced a loss in plant species
or fungal ASV richness in intensively managed grassland (Fig. 2), which
likely contributed to the homogenization effect, while bacterial ASV
richness was even slightly higher in intensively managed grasslands. The
decrease in fungal and plant richness may be related to the loss of taxa
that are adapted to low nutrients conditions or that are sensitive to
frequent mowing and grazing [46].

Management intensity also affected the associations among plant,
fungal and bacterial community structures. Correlation strength be-
tween pairwise communities was 25-66 % higher in extensively than in
intensively managed grassland and remained high even after correcting
for pH. The reduction in correlation strength from extensively to
intensively managed grassland was more pronounced for the association

between plants and bacteria/fungi than between bacteria and fungi.
This suggests that intensive management weakens associations and po-
tential interactions among communities, especially between above- and
belowground communities. Possibly this is mediated by lower carbon
input from plants and subsequent reduced nutrient transfer among soil
communities in intensively managed grassland [47] as well as weaker
reliance of plants on microbes for nutrients, e.g., nitrogen acquisition
[48,49].

The strongest correlations were observed between bacterial and
fungal community structures which may be due to their shared habitat
of similar scale and/or possibly due to the more similar methodical
approach to measure community composition. However, plant com-
munities correlated more strongly with fungal than with bacterial
community structures. Also, in a long-term grassland fertilization
experiment, plant communities were more strongly correlated with
fungal communities while neither plant and bacterial nor fungal and
bacterial communities were linked [45]. Yet, on a broader scale, i.e., ina
worldwide study on temperate grasslands, communities of plants were
significantly correlated with both fungal and bacterial communities
after controlling for environmental factors [50]. Compared to the
strength of correlations between communities, edaphic, geographic and
management-related factors were less strongly correlated with bacterial,
fungal and plant communities within extensively and intensively
managed grassland, except for soil pH (Table S5). However, even after
conditioning for soil pH, strong and significant correlations among
community structures were observed, suggesting associations among
organisms independent of similar habitat preferences.

Cluster analysis revealed a fungal and a plant cluster (F1 and P2) that
had a substantial number of sites in common, i.e., 55.6 % of the sites of
P2 were part of F1 and 88.2 % of the sites of F1 were part of P2 and
included mostly extensively managed grassland sites, but had a mean
grazing intensity, which was closer to the one of the mostly intensively
managed grassland clusters (F2 and P3). This suggests that plant and
fungal communities reacted differently to grazing intensity alone in
comparison to the combined effect of grazing intensity and fertilizer
application [46]. In addition, cluster analysis confirmed the strong effect
of soil pH and smaller effects of soil nutrients and moisture on bacterial
community structures, the impact of management intensity and soil pH
on plant communities, and the influence of management intensity, pH
and soil nutrients and moisture on fungal communities. The highest
number of bacterial and plant indicator taxa were found for fungal
clusters, suggesting that both bacterial and plant taxa could serve to a
certain extent as proxies for fungal communities. The strongest
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indicators for fungal clusters were the bacterial genera Lacipirellula
(phylum Planctomycetota) and V1-33 (order Verrucomicrobiales), the
bacterial ASV bASV_479 (classification to order Rhizobiales) as well as
the bacterial genera JAMLHNO1 and Skermanella, and all of them were
associated to a combination of the clusters F2 and F3. Strains from both
genera Lacipirellula and Skermanella have been isolated from terrestrial
environments [51,52], but from their taxonomic classification no direct
interaction with fungi can be inferred so far from literature. Of the plant
species associated to fungal clusters, the highly nutrient-demanding
grass species Poa trivialis s.]. Was indicative for the combination of F1
and F2, which were the clusters with intensively managed sites and the
cluster with extensively managed grasslands but higher grazing in-
tensity. The other quite nutrient demanding grass species, Poa pratensis,
was associated to the combination of F2 and F3. Trifolium pratense s.1.
And Veronica chamaedrys, which grow in mesic meadows with low or no
fertilization, were indicators of the combination of cluster F1 and F3,
both with mostly extensively managed grassland sites included. All four
species are widely distributed in Switzerland and the plant indicator
value of soil nutrient content for both Poa species is high (4) while for
T. pratense and V. chamaedrys it is moderate (3) [20]. Potentially these
plant species are candidates for proxies (indicators) for fungal clusters.
However, whether this is a reliable finding requires further verification.
A higher percentage of fungal than bacterial ASVs were associated to
plant clusters and all of the 15 most strongly associated taxa were fungal
ASVs, genera and traits, corroborating our finding at the community
structure level, in which stronger correlations were found for plant and
fungal as compared to plant and bacterial communities. Indicator spe-
cies analysis revealed that the fungal genera Hygrocybe and Clavaria
were indicative for the plant clusters P2 and P3, of which both contained
almost exclusively extensively managed grassland. Six species of the
genus Clavaria are on the list of protected fungal species and severely
endangered in Switzerland [53]. Also, 25 species of the genus Hygrocybe
are on the red list and 12 of them are classified as vulnerable, 7 severely
endangered, 5 potentially endangered and 1 threatened by extinction
[53]. This reveals the importance of extensively managed grasslands for
the protection of biodiversity. Also, there were indicative fungal taxa
that are known for their pathogenicity against plants, for example,
fASV_16 classified as Fusarium graminearum, fASV_24 classified as Neo-
ascochyta desmagzieri (formerly Ascocchyta desmagzieri a pathogen of the
grass Lolium spp.) and fASV_118 classified to the genus Plectosphaerella
[54-56]. They were indicative of the combination of P3 (intensively
managed grassland) and P2 (extensively managed grassland with
elevated grazing intensity and lower soil pH), suggesting a potential
accumulation of pathogens in more intensively managed grassland.
However, amplicon sequencing may not sufficiently resolve taxa at the
strain level at which differences in pathogenicity are often detected.
Therefore, in order to better support the pathogenicity of these taxa,
isolates would be required and tested in bioassays. The fungal trait
ectomycorrhiza was also among the 15 strongest indicators for plant
clusters and was associated to the extensively managed plant clusters,
however at rather low relative abundances (below 3 %) suggesting a
minor role in the fungal grassland communities. Although, ectomycor-
rhiza are generally known to be associated to woody plants and more
abundant in forests than grasslands, they were found in grassland and
negatively correlated to soil nutrients [57]. This may explain their as-
sociation to extensively managed grassland clusters, which contained
lower soil nutrients. Nevertheless, their usefulness as indicators for
clusters of extensively managed grassland remains questionable.

5. Conclusions

Intensive management, which included higher grazing intensity,
higher number of cuts and intensive application of fertilizer had sig-
nificant effects on bacterial, fungal and plant community structures. This
effect was strongest for plant, followed by fungal and bacterial com-
munity structures, suggesting plant communities as the most useful

European Journal of Soil Biology 126 (2025) 103754

management indicators.

A homogenization effect in intensively managed grassland was
observed for all three community types and for fungi and plants it was
probably related to a loss of taxa. In contrast, for bacteria this was most
likely driven mainly by a smaller pH range. Further, a drop in correlation
strength from extensively to intensively managed grassland was
observed for the correlation of all pairs of organism types suggesting
weaker co-occurrence and potentially interactions among them.
Furthermore, we detected endangered fungal species that were associ-
ated to extensively managed grassland. These results reveal the multi-
faceted and profound effect of management and underpin the
conservation value of extensively managed grassland.

Cluster analysis revealed formerly unnoticed patterns, e.g., a cluster
of extensively managed grassland with conditions close to intensively
managed grassland, but low pH, and is therefore a helpful tool in
biodiversity assessments. Indicator species analyses revealed that
certain plant taxa were strongly associated with clusters of fungal
communities, revealing their potential of inferring information from
plant taxa on fungal communities. Yet, this was not possible for bacterial
communities. Conversely, fungal ASVs, genera, primary and secondary
traits as well as bacterial ASVs and genera may also serve as indicators
for plant community clusters. This means that future monitoring could
use fungal components to estimate expected effects on plant commu-
nities and vice versa, but bacterial communities would need to be
assessed in addition, suggesting that not all components of the biodi-
versity need to be assessed but it is important to know which types of
organisms may follow different patterns.

CRediT authorship contribution statement

Johanna Mayerhofer: Writing — original draft, Visualization, Soft-
ware, Investigation, Formal analysis, Data curation. Franziska Richter:
Writing — review & editing, Methodology, Investigation, Data curation,
Conceptualization. Aaron Fox: Writing — review & editing, Methodol-
ogy, Investigation, Data curation, Conceptualization. Franco Widmer:
Writing — review & editing, Supervision, Resources, Project adminis-
tration, Funding acquisition, Conceptualization. Andreas Liischer:
Writing — review & editing, Supervision, Resources, Project adminis-
tration, Funding acquisition, Conceptualization. Valentin Klaus:
Writing — review & editing, Supervision, Resources, Project adminis-
tration, Funding acquisition, Data curation, Conceptualization. Martin
Hartmann: Writing — review & editing, Resources, Project administra-
tion, Funding acquisition.

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 and funding

The BIOINVENT project was funded through the 2015-2016 Bio-
divERsA COFUND call for research proposals, with the national funder
being the Swiss National Science Foundation (SNF, grant 31BD30-
172463).

Regarding the SoilServiceGrass project, we thank Nina Buchmann
and all other team members involved for their help, the farmers for
allowing us to sample their parcels, and the Mercator Foundation
Switzerland as well as the Pancivis Foundation for funding.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ejsobi.2025.103754.


https://doi.org/10.1016/j.ejsobi.2025.103754
https://doi.org/10.1016/j.ejsobi.2025.103754

J. Mayerhofer et al.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

G. Le Provost, J. Thiele, C. Westphal, C. Penone, E. Allan, M. Neyret, F. van der
Plas, M. Ayasse, R.D. Bardgett, K. Birkhofer, S. Boch, M. Bonkowski, F. Buscot,
H. Feldhaar, R. Gaulton, K. Goldmann, M.M. Gossner, V.H. Klaus, T. Kleinebecker,
J. Krauss, S. Renner, P. Scherreiks, J. Sikorski, D. Baulechner, N. Bliithgen,

R. Bolliger, C. Borschig, V. Busch, M. Chisté, A.M. Fiore-Donno, M. Fischer,

H. Arndt, N. Hoelzel, K. John, K. Jung, M. Lange, C. Marzini, J. Overmann,

E. Pasali¢, D.J. Perovi¢, D. Prati, D. Schéfer, I. Schoning, M. Schrumpf,

I. Sonnemann, I. Steffan-Dewenter, M. Tschapka, M. Tiirke, J. Vogt, K. Wehner,
C. Weiner, W. Weisser, K. Wells, M. Werner, V. Wolters, T. Wubet, S. Wurst, A.
S. Zaitsev, P. Manning, Contrasting responses of above- and belowground diversity
to multiple components of land-use intensity, Nat. Commun. 12 (2021) 3918.

K. Wesche, B. Krause, H. Culmsee, C. Leuschner, Fifty years of change in Central
European grassland vegetation: large losses in species richness and animal-
pollinated plants, Biol. Conserv. 150 (2012) 76-85.

M. Peter, P.J. Edwards, P. Jeanneret, D. Kampmann, A. Liischer, Changes over
three decades in the floristic composition of fertile permanent grasslands in the
Swiss alps, Agric. Ecosyst. Environ. 125 (2008) 204-212.

R.L.M. Schils, C. Bufe, C.M. Rhymer, R.M. Francksen, V.H. Klaus, M. Abdalla,

F. Milazzo, E. Lellei-Kovdcs, H.t. Berge, C. Bertora, A. Chodkiewicz, C. Damatirca,
1. Feigenwinter, P. Ferndndez-Rebollo, S. Ghiasi, S. Hejduk, M. Hiron, M. Janicka,
R. Pellaton, K.E. Smith, R. Thorman, T. Vanwalleghem, J. Williams, L. Zavattaro,
J. Kampen, R. Derkx, P. Smith, M.J. Whittingham, N. Buchmann, J.P.N. Price,
Permanent grasslands in Europe: land use change and intensification decrease their
multifunctionality, Agric. Ecosyst. Environ. 330 (2022) 107891.

M. Neyret, G. Le Provost, A.L. Boesing, F.D. Schneider, D. Baulechner, J. Bergmann,
F.T. de Vries, A.M. Fiore-Donno, S. Geisen, K. Goldmann, A. Merges, R.

A. Saifutdinov, N.K. Simons, J.A. Tobias, A.S. Zaitsev, M.M. Gossner, K. Jung,

E. Kandeler, J. Krauss, C. Penone, M. Schloter, S. Schulz, M. Staab, V. Wolters,
A. Apostolakis, K. Birkhofer, S. Boch, R.S. Boeddinghaus, R. Bolliger,

M. Bonkowski, F. Buscot, K. Dumack, M. Fischer, H.Y. Gan, J. Heinze, N. Holzel,
K. John, V.H. Klaus, T. Kleinebecker, S. Marhan, J. Miiller, S.C. Renner, M.C. Rillig,
N.V. Schenk, I. Schoning, M. Schrumpf, S. Seibold, S.A. Socher, E.F. Solly,

M. Teuscher, M. van Kleunen, T. Wubet, P. Manning, A slow-fast trait continuum at
the whole community level in relation to land-use intensification, Nat. Commun.
15 (2024) 1251.

M.M. Gossner, T.M. Lewinsohn, T. Kahl, F. Grassein, S. Boch, D. Prati, K. Birkhofer,
S.C. Renner, J. Sikorski, T. Wubet, H. Arndt, V. Baumgartner, S. Blaser,

N. Bliithgen, C. Borschig, F. Buscot, T. Diekotter, L.R. Jorge, K. Jung, A.C. Keyel, A.-
M. Klein, S. Klemmer, J. Krauss, M. Lange, J. Miiller, J. Overmann, E. Pasali¢,

C. Penone, D.J. Perovi¢, O. Purschke, P. Schall, S.A. Socher, I. Sonnemann,

M. Tschapka, T. Tscharntke, M. Tiirke, P.C. Venter, C.N. Weiner, M. Werner,

V. Wolters, S. Wurst, C. Westphal, M. Fischer, W.W. Weisser, E. Allan, Land-use
intensification causes multitrophic homogenization of grassland communities,
Nature 540 (2016) 266-269.

V.H. Klaus, F. Richter, A. Liischer, N. Buchmann, J.-M. Delore, S. le Clec’h, Organic
farming is more related to topography than to soil characteristics in extensively
and intensively managed grasslands in Switzerland, Agric. Ecosyst. Environ. 376
(2024) 109242.

J.W. Leff, S.E. Jones, S.M. Prober, A. Barberan, E.T. Borer, J.L. Firn, W.S. Harpole,
S.E. Hobbie, K.S. Hofmockel, J.M. Knops, Consistent responses of soil microbial
communities to elevated nutrient inputs in grasslands across the globe, Proc. Natl.
Acad. Sci. 112 (2015) 10967-10972.

J.H. Hawkins, L.H. Zeglin, Microbial dispersal, including bison dung vectored
dispersal, increases soil microbial diversity in a grassland ecosystem, Front.
Microbiol. 13 (2022).

J. Zeng, X. Liu, L. Song, X. Lin, H. Zhang, C. Shen, H. Chu, Nitrogen fertilization
directly affects soil bacterial diversity and indirectly affects bacterial community
composition, Soil Biol. Biochem. 92 (2016) 41-49.

M. Tadrosova, O. Uhlik, J. Suman, What goes underground comes around: the
molecular basis of crosstalk between plants and soil microorganisms, Phytochem.
Rev. (2024).

M. Hartmann, J. Six, Soil structure and microbiome functions in agroecosystems,
Nat. Rev. Earth Environ. 4 (2023) 4-18.

P.-M. Delaux, S. Schornack, Plant evolution driven by interactions with symbiotic
and pathogenic microbes, Science 371 (2021) eaba6605.

T. Hyvonen, E. Huusela, M. Kuussaari, M. Niemi, R. Uusitalo, V. Nuutinen,
Aboveground and belowground biodiversity responses to seed mixtures and
mowing in a long-term set-aside experiment, Agric. Ecosyst. Environ. 322 (2021)
107656.

W. Yang, J. Yang, Y. Fan, Q. Guo, N. Jiang, O.0. Babalola, X. Han, X. Zhang, The
two sides of resistance-resilience relationship in both aboveground and
belowground communities in the Eurasian steppe, New Phytol. 239 (2023)
350-363.

A. Fox, F. Widmer, A. Barreiro, M. Jongen, M. Musyoki, A. Vieira, J. Zimmermann,
C. Cruz, L.-M. Dimitrova-Mértensson, F. Rasche, L. Silva, A. Liischer, Small-scale
agricultural grassland management can affect soil fungal community structure as
much as continental scale geographic patterns, FEMS (Fed. Eur. Microbiol. Soc.)
Microbiol. Ecol. 97 (2021).

F.J.C. Richter, R.F., A. Liischer, N. Buchmann, V. Klaus, M. Hartmann, Interacting
management effects on soil microbial alpha and beta diversity in Swiss agricultural
grassland, Appl. Soil Ecol. 203 (2024).

F.J. Richter, M. Suter, A. Liischer, N. Buchmann, N. El Benni, R. Feola Conz,

M. Hartmann, P. Jan, V.H. Klaus, Effects of management practices on the

10

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

European Journal of Soil Biology 126 (2025) 103754

ecosystem-service multifunctionality of temperate grasslands, Nat. Commun. 15
(2024) 3829.

S. Le Clec’h, R. Finger, N. Buchmann, A.S. Gosal, L. Hortnagl, O. Huguenin-Elie,
P. Jeanneret, A. Liischer, M.K. Schneider, R. Huber, Assessment of spatial
variability of multiple ecosystem services in grasslands of different intensities,

J. Environ. Manag. 251 (2019) 109372.

E. Landolt, B. Baumler, A. Erhardt, O. Hegg, F. Klotzli, W. Lammler, M. Nobis,
K. Rudmann-Maurer, F. Schweingruber, J.-P. Theurillat, Flora Indicativa:
Ecological Indicator Values and Biological Attributes of the Flora of Switzerland
and the Alps, Haupt Verlag, 2010.

M. Hartmann, B. Frey, R. Kélliker, F. Widmer, Semi-automated genetic analyses of
soil microbial communities: comparison of T-RFLP and RISA based on descriptive
and discriminative statistical approaches, J. Microbiol. Methods 61 (2005)
349-360.

H. Biirgmann, M. Pesaro, F. Widmer, J. Zeyer, A strategy for optimizing quality and
quantity of DNA extracted from soil, J. Microbiol. Methods 45 (2001) 7-20.

B. Frey, T. Rime, M. Phillips, B. Stierli, I. Hajdas, F. Widmer, M. Hartmann,
Microbial diversity in European alpine permafrost and active layers, FEMS (Fed.
Eur. Microbiol. Soc.) Microbiol. Ecol. 92 (2016).

L. Tedersoo, B. Lindahl, Fungal identification biases in microbiome projects,
Environ. Microbiol. Rep. 8 (2016) 774-779.

L. Tedersoo, M. Bahram, S. Polme, U. Koljalg, N.S. Yorou, R. Wijesundera, L.

V. Ruiz, A.M. Vasco-Palacios, P.Q. Thu, A. Suija, M.E. Smith, C. Sharp, E. Saluveer,
A. Saitta, M. Rosas, T. Riit, D. Ratkowsky, K. Pritsch, K. Poldmaa, M. Piepenbring,
C. Phosri, M. Peterson, K. Parts, K. Pértel, E. Otsing, E. Nouhra, A.L. Njouonkou, R.
H. Nilsson, L.N. Morgado, J. Mayor, T.W. May, L. Majuakim, D.J. Lodge, S.S. Lee,
K.-H. Larsson, P. Kohout, K. Hosaka, I. Hiiesalu, T.W. Henkel, H. Harend, L.-d. Guo,
A. Greslebin, G. Grelet, J. Geml, G. Gates, W. Dunstan, C. Dunk, R. Drenkhan,

J. Dearnaley, A. De Kesel, T. Dang, X. Chen, F. Buegger, F.Q. Brearley, G. Bonito,
S. Anslan, S. Abell, K. Abarenkov, Global diversity and geography of soil fungi,
Science 346 (2014) 1256688.

T.F. Rognes, T, B. Nichols, C. Quince, F. Mahé, VSEARCH: a versatile open source
tool for metagenomics, PeerJ 4 (2016).

P.D. Schloss, S.L. Westcott, T. Ryabin, J.R. Hall, M. Hartmann, E.B. Hollister, R.
A. Lesniewski, B.B. Oakley, D.H. Parks, C.J. Robinson, Introducing mothur: open-
source, platform-independent, community-supported software for describing and
comparing microbial communities, Appl. Environ. Microbiol. 75 (2009)
7537-7541.

J. Mayerhofer, D. Wachter, P. Calanca, L. Kohli, T. Roth, R.G. Meuli, F. Widmer,
Environmental and anthropogenic factors shape major bacterial community types
across the complex mountain landscape of Switzerland, Front. Microbiol. 12
(2021) 500.

B. Langmead, S.L. Salzberg, Fast gapped-read alignment with Bowtie 2, Nat.
Methods 9 (2012) 357-359.

M. Martin, Cutadapt Removes Adapter Sequences from high-throughput
Sequencing Reads, 17, 2011, p. 3.

J. Bengtsson-Palme, M. Ryberg, M. Hartmann, S. Branco, Z. Wang, A. Godhe, P. De
Wit, M. Sanchez-Garcia, 1. Ebersberger, F. de Sousa, A. Amend, A. Jumpponen,
M. Unterseher, E. Kristiansson, K. Abarenkov, Y.J.K. Bertrand, K. Sanli, K.

M. Eriksson, U. Vik, V. Veldre, R.H. Nilsson, Improved software detection and
extraction of ITS1 and ITS2 from ribosomal ITS sequences of fungi and other
eukaryotes for analysis of environmental sequencing data, Methods Ecol. Evol. 4
(2013) 914-919.

J. Bengtsson-Palme, M. Hartmann, K.M. Eriksson, C. Pal, K. Thorell, D.G.J. Larsson,
R.H. Nilsson, metaxa2: improved identification and taxonomic classification of
small and large subunit rRNA in metagenomic data, Mol. Ecol. Resour. 15 (2015)
1403-1414.

D.H. Parks, M. Chuvochina, C. Rinke, A.J. Mussig, P.-A. Chaumeil, P. Hugenholtz,
GTDB: an ongoing census of bacterial and archaeal diversity through a
phylogenetically consistent, rank normalized and complete genome-based
taxonomy, Nucleic Acids Res. 50 (2021) D785-D794.

K. Abarenkov, R.H. Nilsson, K.-H. Larsson, Andy F.S. Taylor, Tom W. May, T.

G. Fryslev, J. Pawlowska, B. Lindahl, K. Poldmaa, C. Truong, D. Vu, T. Hosoya,
T. Niskanen, T. Piirmann, F. Ivanov, A. Zirk, M. Peterson, Tanya E. Cheeke,

Y. Ishigami, Arnold T. Jansson, Thomas S. Jeppesen, E. Kristiansson, V. Mikryukov,
Joseph T. Miller, R. Oono, Francisco J. Ossandon, J. Paupério, 1. Saar, D. Schigel,
A. Suija, L. Tedersoo, U. Koljalg, The UNITE database for molecular identification
and taxonomic communication of fungi and other eukaryotes: sequences, taxa and
classifications reconsidered, Nucleic Acids Res. 52 (2023) D791-D797.

R.T. Richardson, D.B. Sponsler, H. McMinn-Sauder, R.M. Johnson, MetaCurator: a
hidden markov model-based toolkit for extracting and curating sequences from
taxonomically-informative genetic markers, Methods Ecol. Evol. 11 (2020)
181-186.

C. Quast, E. Pruesse, P. Yilmaz, J. Gerken, T. Schweer, P. Yarza, J. Peplies, F.

O. Glockner, The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools, Nucleic Acids Res. 41 (2012) D590-D596.

S. Polme, K. Abarenkov, R. Henrik Nilsson, B.D. Lindahl, K.E. Clemmensen,

H. Kauserud, N. Nguyen, R. Kjoller, S.T. Bates, P. Baldrian, T.G. Frgslev,

K. Adojaan, A. Vizzini, A. Suija, D. Pfister, H.-O. Baral, H. Jarv, H. Madrid,

J. Nordén, J.-K. Liu, J. Pawlowska, K. Poldmaa, K. Pértel, K. Runnel, K. Hansen, K.-
H. Larsson, K.D. Hyde, M. Sandoval-Denis, M.E. Smith, M. Toome-Heller, N.

N. Wijayawardene, N. Menolli, N.K. Reynolds, R. Drenkhan, S.S.

N. Maharachchikumbura, T.B. Gibertoni, T. Lassge, W. Davis, Y. Tokarev,

A. Corrales, A.M. Soares, A. Agan, A.R. Machado, A. Argiielles-Moyao,

A. Detheridge, A. de Meiras-Ottoni, A. Verbeken, A.K. Dutta, B.-K. Cui, C.

K. Pradeep, C. Marin, D. Stanton, D. Gohar, D.N. Wanasinghe, E. Otsing, F. Aslani,


http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref1
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref2
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref2
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref2
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref3
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref3
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref3
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref4
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref5
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref6
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref7
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref7
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref7
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref7
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref8
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref8
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref8
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref8
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref9
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref9
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref9
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref10
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref10
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref10
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref11
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref11
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref11
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref12
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref12
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref13
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref13
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref14
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref14
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref14
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref14
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref15
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref15
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref15
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref15
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref16
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref16
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref16
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref16
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref16
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref17
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref17
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref17
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref18
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref18
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref18
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref18
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref19
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref19
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref19
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref19
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref20
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref20
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref20
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref20
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref21
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref21
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref21
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref21
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref22
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref22
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref23
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref23
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref23
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref24
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref24
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref25
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref26
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref26
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref27
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref27
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref27
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref27
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref27
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref28
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref28
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref28
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref28
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref29
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref29
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref30
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref30
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref31
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref32
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref32
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref32
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref32
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref33
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref33
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref33
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref33
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref34
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref35
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref35
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref35
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref35
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref36
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref36
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref36
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37

J. Mayerhofer et al.

[38]

[39]

[40]

[41]
[42]
[43]

[44]

[45]

[46]

G.W. Griffith, T.H. Lumbsch, H.-P. Grossart, H. Masigol, 1. Timling, I. Hiiesalu,

J. Oja, J.Y. Kupagme, J. Geml, J. Alvarez-Manjarrez, K. Ilves, K. Loit, K. Adamson,
K. Nara, K. Kiingas, K. Rojas-Jimenez, K. Bitenieks, L. Irinyi, L.G. Nagy,

L. Soonvald, L.-W. Zhou, L. Wagner, M.C. Aime, M. Opik, M.I. Mujica, M. Metsoja,
M. Ryberg, M. Vasar, M. Murata, M.P. Nelsen, M. Cleary, M.C. Samarakoon,

M. Doilom, M. Bahram, N. Hagh-Doust, O. Dulya, P. Johnston, P. Kohout, Q. Chen,
Q. Tian, R. Nandi, R. Amiri, R.H. Perera, R. dos Santos Chikowski, R.L. Mendes-
Alvarenga, R. Garibay-Orijel, R. Gielen, R. Phookamsak, R.S. Jayawardena,

S. Rahimlou, S.C. Karunarathna, S. Tibpromma, S.P. Brown, S.-K. Sepp, S. Mundra,
Z.-H. Luo, T. Bose, T. Vahter, T. Netherway, T. Yang, T. May, T. Varga, W. Li, V.R.
M. Coimbra, V.R.T. de Oliveira, V.X. de Lima, V.S. Mikryukov, Y. Lu, Y. Matsuda,
Y. Miyamoto, U. Koljalg, L. Tedersoo, FungalTraits: a user-friendly traits database
of fungi and fungus-like stramenopiles, Fungal Divers. 105 (2020) 1-16.
R-Core-Team, R, A Language and Environment for Statistical Computing, R
Foundation for Statistical Computing, Vienna, Austria, 2023.

J. Oksanen, G. Simpson, F. Blanchet, R. Kindt, P. Legendre, P. Minchin, R. O’Hara,
P. Solymos, M. Stevens, E. Szoecs, H. Wagner, M. Barbour, M. Bedward, B. Bolker,
D. Borcard, G. Carvalho, M. Chirico, M. De Caceres, S. Durand, H. Evangelista,
R. FitzJohn, M. Friendly, B. Furneaux, G. Hannigan, M. Hill, L. Lahti, D. McGlinn,
M. Ouellette, E. Ribeiro Cunha, T. Smith, A. Stier, C. Ter Braak, J. Weedon, Vegan:
community ecology package, R package version 2.6-4 (2022).

P.D. Schloss, Rarefaction is currently the best approach to control for uneven
sequencing effort in amplicon sequence analyses, mSphere 9 (2024) e00354,
00323.

D.H.D. Ogle, C. Jason, Wheller, A. Powell, Dinno Alexis, FSA: simple fisheries stock
assessment methods, R package (2023).

Y.H. Benjamini, Y, Controlling the false discovery rate: a practical and powerful
approach to multiple testing, J. Roy. Stat. Soc. 57 (1995) 289-300.

M. De Caceres, P. Legendre, Associations between species and groups of sites:
indices and statistical inference, Ecology 90 (2009) 3566-3574.

R. Schops, K. Goldmann, K. Herz, G. Lentendu, I. Schoning, H. Bruelheide,

T. Wubet, F. Buscot, Land-use intensity rather than plant functional identity shapes
bacterial and fungal rhizosphere communities, Front. Microbiol. 9 (2018).

N.A. Cassman, M.F.A. Leite, Y. Pan, M. de Hollander, J.A. van Veen, E.E. Kuramae,
Plant and soil fungal but not soil bacterial communities are linked in long-term
fertilized grassland, Sci. Rep. 6 (2016) 23680.

S.A. Socher, D. Prati, S. Boch, J. Miiller, H. Baumbach, S. Gockel, A. Hemp,

1. Schoning, K. Wells, F. Buscot, E.K.V. Kalko, K.E. Linsenmair, E.-D. Schulze, W.
W. Weisser, M. Fischer, Interacting effects of fertilization, mowing and grazing on

11

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

European Journal of Soil Biology 126 (2025) 103754

plant species diversity of 1500 grasslands in Germany differ between regions, Basic
Appl. Ecol. 14 (2013) 126-136.

M. Chomel, J.M. Lavallee, N. Alvarez-Segura, E.M. Baggs, T. Caruso, F. de Castro,
M.C. Emmerson, M. Magilton, J.M. Rhymes, F.T. de Vries, D. Johnson, R.

D. Bardgett, Intensive grassland management disrupts below-ground multi-trophic
resource transfer in response to drought, Nat. Commun. 13 (2022) 6991.

E.A. Perkowski, J. Terrones, H.L. German, N.G. Smith, Symbiotic nitrogen fixation
reduces belowground biomass carbon costs of nitrogen acquisition under low, but
not high, nitrogen availability, AoB Plants 16 (2024).

A. Antoninka, P.B. Reich, N.C. Johnson, Seven years of carbon dioxide enrichment,
nitrogen fertilization and plant diversity influence arbuscular mycorrhizal fungi in
a grassland ecosystem, New Phytol. 192 (2011) 200-214.

S.M. Prober, J.W. Leff, S.T. Bates, E.T. Borer, J. Firn, W.S. Harpole, E.M. Lind, E.
W. Seabloom, P.B. Adler, J.D. Bakker, Plant diversity predicts beta but not alpha
diversity of soil microbes across grasslands worldwide, Ecol. Lett. 18 (2015) 85-95.
S.N. Dedysh, A.A. Ivanova, Lacipirellulaceae, in: Bergey’s Manual of Systematics of
Archaea and Bacteria, 2021, pp. 1-5.

Q. Guo, Z. Zhou, L. Zhang, C. Zhang, M. Chen, B. Wang, M. Lin, W. Wang,

W. Zhang, X. Li, Skermanella pratensis sp. Nov., isolated from meadow soil, and
emended description of the genus Skermanella, Int. J. Syst. Evol. Microbiol. 70
(2020) 1605-1609.

B.G. Senn-Irlet B, S. Egli, Rote Liste der gefahrdeten Grosspilze der Schweiz, in:
Bundesamt Fiir Umwelt & WSL, 2007, p. 92. Bern & Birmensdorf.

E.M. Del Ponte, G.M. Moreira, T.J. Ward, K. O’Donnell, C.P. Nicolli, F.J. Machado,
M.R. Duffeck, K.S. Alves, D.J. Tessmann, C. Waalwijk, T. van der Lee, H. Zhang, S.
N. Chulze, S.A. Stenglein, D. Pan, S. Vero, L.J. Vaillancourt, D.G. Schmale, P.

D. Esker, A. Moretti, A.F. Logrieco, H.C. Kistler, G.C. Bergstrom, A. Viljoen, L.

J. Rose, G.J. van Coller, T. Lee, Fusarium graminearum species complex: a
bibliographic analysis and web-accessible database for global mapping of species
and trichothecene toxin chemotypes, Phytopathology® 112 (2022) 741-751.

Q. Chen, J.R. Jiang, G.Z. Zhang, L. Cai, P.W. Crous, Resolving the Phoma enigma,
Stud. Mycol. 82 (2015) 137-217.

Z.-Y. Zhang, W.-H. Chen, X. Zou, Y.-F. Han, J.-Z. Huang, Z.-Q. Liang, S.

K. Deshmukh, Phylogeny and taxonomy of two new Plectosphaerella
(Plectosphaerellaceae, Glomerellales) species from China, MycoKeys (2019) 57.
M. Gerz, C.G. Bueno, M. Zobel, M. Moora, Plant community mycorrhization in
temperate forests and grasslands: relations with edaphic properties and plant
diversity, J. Veg. Sci. 27 (2016) 89-99.


http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref37
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref38
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref38
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref39
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref39
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref39
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref39
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref39
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref39
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref40
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref40
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref40
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref41
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref41
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref42
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref42
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref43
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref43
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref44
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref44
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref44
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref45
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref45
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref45
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref46
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref46
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref46
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref46
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref46
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref47
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref47
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref47
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref47
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref48
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref48
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref48
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref49
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref49
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref49
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref50
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref50
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref50
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref51
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref51
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref52
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref52
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref52
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref52
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref53
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref53
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref54
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref55
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref55
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref56
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref56
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref56
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref57
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref57
http://refhub.elsevier.com/S1164-5563(25)00046-9/sref57

	Impact of grassland management intensity on associations between bacterial, fungal and plant communities
	1 Introduction
	2 Material and methods
	2.1 Sites and management factors
	2.2 Sampling and soil factors
	2.3 Plants and plant derived indicator values
	2.4 Bacterial and fungal communities
	2.5 Bioinformatic analyses
	2.6 Statistical analyses

	3 Results
	3.1 Effect of grassland management on community structures
	3.2 Comparison of communities across and within extensive and intensive grassland
	3.3 Ecological context of community clusters
	3.4 Indicators for community clusters

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements and funding
	Appendix A Supplementary data
	References


