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Abstract
Diversification of agricultural practices, including changes in crop rotation, intercropping or cover cropping, influence the 
soil microbiome. Here the impact of tillage and crop diversification on the soil microbiome is reported, being one of the 
few boreal studies. The field experiment consisted of four treatments with four replications all having a short cereal rotation 
practice namely an oat (Avena sativa) – spring barley (Hordeum vulgare) – wheat (Triticum aestivum) rotation for the past 
10 years until spring 2018. During that period two of the treatments were conventionally tilled with moldboard ploughing 
whereas the other two were no-tillage treatments. From the growing season 2018 until fall 2020 the main crop in all treat-
ments was spring barley. The first conventional tillage treatment was diversified with English ryegrass (Lolium perenne) as 
an undersown cover crop for the next three growing seasons. The first no-tillage treatment continued with spring barley only. 
The second conventional tillage and no-tillage treatment had winter rapeseed in rotation in 2019. Bulk soils were sampled 
in May 2018 before diversification and then in October 2018, 2019, and 2020. The results showed a clear effect of tillage 
on the beta-diversity of the soil microbiome and an increase in fungal richness. Barley monoculture interrupted with winter 
rapeseed resulted in a minor change of the fungal and bacterial community composition. Other fungal and bacterial alpha 
diversity measures did not react to tillage or diversification nor did the gene copy abundances involved in the N cycle. In 
conclusion tillage had a profound effect on the soil microbiome hindering impact of the diversification.
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Introduction

Diversification of agricultural practices has the goal to 
increase the resilience of crop systems and improve soil 
health (Hertel et al. 2021). This can be achieved by diversi-
fying the crop rotation and through intercropping or cover 

cropping. Cover cropping is especially important to mitigate 
soil erosion in boreal regions where soil is left bare during 
the fall and winter season (Lizarazo et al. 2020). Diversi-
fying the plant cover leads to diversification of litter and 
root exudates both having the possibility to diversify the soil 
microbiome (Griffiths et al. 2022). A diversified microbiome 
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can lead to improved ecosystem services, like suppression 
of pathogens (Wang et al. 2022), improved harvest yields 
(Stefan et al. 2021; Tosi et al. 2022), soil aggregation, water 
retention, decomposition of plant matter and nutrient cycling 
(Cappelli et al. 2022) or increased nutrient input through N 
fixation in the case of legume cultivation (Mbuthia et al. 
2015; Ai et al. 2018).

Also improved C sequestration into the soil is linked 
to a change in the soil microbiome where especially the 
increase in mass and species diversity of soil fungi seems to 
be important in this process (Yang et al. 2022). It has been 
shown that microbial-derived soil organic matter (SOM) 
is stable (Kallenbach et al. 2016) and for instance soybean 
(Glycine max) intercropping into sugarcane (Saccharum sp) 
monocultures was effective in this respect (Chen et al. 2023). 
The soil microbiome also contributes indirectly to soil C 
stabilization by enhancing soil aggregate formation (Oades 
1993; Rillig et al. 2015). Thus, it is important to document 
the impacts of different diversification trials on the soil 
microbiome. As stated by Khmelevtsova et al. (2022) the 
number of soil microbial taxa is huge, but the “ideal” com-
position of the community is unknown.

Nitrogen is a critical and essential nutrient for plants 
ensuring crop growth (Hirsch and Mauchline 2015). 
Microbes conduct the whole nitrogen cycle including atmos-
pheric  N2 fixation, nitrification and finally denitrification 
where nitrate is reduced to  N2 again to complete the cycle, 
or partially reduced to generate nitrous oxide. Most often, 
however, mineral N fertilizers have replaced the microbial 
processes to increase crop yields and to replenish the N 
removed from the fields at harvest. Excessive use of mineral 
fertilizers can lead to negative phenomena such as increased 
N leaching leading to pollution of water bodies. Diversifica-
tion of crop rotations can be based on the exploitation of  N2 
fixing symbiotic rhizobia in leguminous plants or by promot-
ing microbial mineralization to release ammonia or nitrate 
from organic material such as from green manure. The use 
of crops in diversification that have symbiotic arbuscular 
mycorrhizal fungi (AMF) can promote the transfer of N from 
soil organic matter (SOM) (Leigh et al. 2009), nitrate, and 
ammonia (Fellbaum et al. 2012). Diversification trials hav-
ing conventional mineral N fertilization produced a positive 
impact on the soil microbiome by increasing richness, diver-
sity, and promoting a more elaborated network structure (Liu 
et al. 2023). Changes in soil microbiomes are most likely 
reflected on the efficiency of N fertilization. Therefore, it is 
relevant to link the impact of agricultural practices also to 
microbial processes related to the N cycle.

Agricultural practices performed before and during 
agricultural diversification can have an impact on the on 
the reaction of the soil microbiome upon diversification 
measures. One practice commonly used in agriculture is 
soil tillage which is to be compared to no-till practices. A 

meta-analysis has shown that no-tillage had different effects 
on bacterial and fungal community diversity; increasing 
soil bacterial diversity, with no significant change to fungal 
diversity when compared to tilled systems (Li et al. 2020). 
Therefore, diversification of tilled and no-tilled agricultural 
systems can have a different outcome on the soil microbi-
ome (Kim et al. 2020) but information concerning the boreal 
agricultural environment does not exist.

Here we report on a boreal field study where after 
10 years of short cereal rotation (oat/barley/wheat) with 
and without tillage has been diversified over three years by 
cover cropping or introduction of new crops in the rotation 
sequence. The soil microbiome, fungi and bacteria, has been 
analyzed before diversification and thereafter for the follow-
ing three falls to document a) the impact of tilling and b) the 
impact of diversification. We hypothesize that 1) tilling has 
an impact on the soil microbiome, 2) it is stronger than the 
impact of diversification and 3) diversification changes the 
soil microbiome and increases bacterial and fungal alpha-
diversity. We used amplicon sequencing to study the soil 
microbiome (fungi and bacteria) and qPCR to measure the 
abundance of amoA, narG and nirK genes and the potential 
nitrification to document their activity in the N cycle under 
the treatments.

Material and methods

Site treatments and sampling

The Kotkanoja long-term field trial locates in Jokioinen 
southern Finland (N 60° 82’, E 23° 51’). According to the 
World Reference Base for Soil Resources (WRB) the soil 
type is Protovertic Luvisol. Sand, silt, and clay contents of 
the soil were 4.7%, 30.5% and 64.8%, respectively.

The experimental field consists of four treatments 
(Table  1) each having four study plots of a size of 
33 m × 33 m, respectively. Two of the treatments (A and 
C) were conventionally tilled (CT; moldboard ploughing 
to a depth of 20 cm) whereas the other two treatments (B 
and D) were no-till (NT) treatments. All four treatments 
had the same short cereal monoculture rotation practice 
namely an oat (Avena sativa) – spring barley (Hordeum vul-
gare) – wheat (Triticum aestivum) rotation for the preceding 
10 years prior to this study, 2008—2018. Thereafter, from 
the growing season 2018 until fall 2020, the treatments, 
except B, were diversified, and all started with spring bar-
ley as the main crop. Treatment A continued with the CT 
treatment having spring barley and English ryegrass (Lolium 
perenne) as an under sown cover (or catch) crop for the 
next three growing seasons. Treatment B continued as NT 
with spring barley only, thus being a cereal monoculture. 
Treatment C continued as CT with a spring barley—winter 
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rapeseed (Brassica napus)—spring barley rotation and treat-
ment D continued as NT with the same rotation as treatment 
C but received a one-time moldboard ploughing in 2018 to 
relieve the problems related to phosphorus accumulation in 
the top layer of the soil. The farming practices, including 
fertilization, are presented in Table 1.

Soil sampling was conducted in May 2018 before diver-
sification and spring barley sowing and in each October 
2018–2020 after harvesting. The May 2018 sampling ena-
bling a comparison of 10 years CT vs NT practice on the 
measured variables whereas the October sampling repre-
sented diversification. The winter rapeseed was sown in 
August 2018 into tilled soil and harvested in September 
2019. According to the instructions of the “Diverfarming” 
project each study plot bulk soil sample was composed of a 
minimum of nine subsamples taken approximately from a 1 
 m2 area and between 5 to 10 cm depth except for the chemi-
cal analysis where the 0–10 cm depth was used. In addition, 
on each sampling occasion, one of the study plots of each 
treatment was randomly chosen and sampled twice. This 

bulk soil of pseudo-replication was sampled from the whole 
study plot area. This was performed due to the “Diverfarm-
ing” project handbook guidance to have the treatment rep-
lication of n = 5. The samples were cleaned from possible 
litter, roots, and stones, sieved (2 mm) and mixed well before 
being stored in -20 °C for DNA extraction or air drying for 
soil analysis.

Soil analysis

The C (TOC) and N contents were measured with a LECO 
TruMac CN Carbon/Nitrogen Determinator (LECO cor-
poration, USA) as described by the manufacturer and the 
results were used to calculate the C/N ratio. Sum of base 
cations (Bs), cation exchange capacity (CEC), electrical 
conductivity (EC) and pH were calculated using a standard 
soil fertility analysis (SFS EN ISO/IEC 17025:2005 FINAS 
T096) provided by a commercial service (Eurofins agro test-
ing Finland ltd, Finland) according to accredited standard 
methodology. The soil dry mass (dm) was analyzed with 

Table 1  Farming practices of the field experiment having the A-D treatments

1 CT conventional tillage, NT no-till, CC catch crop; 2oat (Avena sativa) – spring barley (Hordeum vulgare) – wheat (Triticum aestivum) rotation; 
3Yara Mila Y3 (NPK = 90–12-31 kg  ha−1  yr−1); 4Yara Mila Y3 (NPK = 50–14-29 kg  ha−1); 5Yara Bela Suomensalpietari (110 kg N  ha−1)
Sowing density of barley was 229 kg  ha-1 in 2018, 185 kg  ha−1 in 2019 and 269 kg  ha−1 in 2020. Sowing density of ryegrass (Lolium perenne) 
was 10 kg  ha−1 in all years and that of rapeseed (Brassica napus) 4.2 kg  ha−1

Year Date A B C D

2008–2018 CT1 NT1 CT1 NT1

Spring  cereals2 Spring  cereals2 Spring  cereals2 Spring  cereals2

2018 CT +  CC1 NT CT + summer ploughing NT + summer ploughing
23.5 Sowing Barley + ryegrass Sowing Barley Sowing Barley Sowing Barley

 +  fertilisation3  +  fertilisation3  +  fertilisation3  +  fertilisation3

17.-18.7 - -  Barley to silage + ploughing Barley to silage + ploughing
 + Sowing +  fertilising4, winter 

rapeseed
 + Sowing +  fertilising4, winter 

rapeseed
4.9 Harvesting Harvesting - -

19.10 Ploughing - - -
2019 CT + CC NT CT NT

3.5 - - Fertilising5, winter rapeseed Fertilising5, winter rapeseed
10.5 Sowing Barley + ryegrass - - -

 +  fertilisation3

20.5 - Sowing Barley - -
 +  fertilisation3 - -

22.8 - - Harvesting Harvesting
18.9 Harvesting Harvesting - -
30.10 Ploughing - Ploughing -

2020 CT + CC NT CT NT
1.6 Sowing Barley + ryegrass Sowing Barley Sowing Barley Sowing Barley

 +  fertilisation3  +  fertilisation3  +  fertilisation3  +  fertilisation3

18.9 Harvesting Harvesting Harvesting Harvesting
27.10 Ploughing - Ploughing -
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thermogravimetric analyzer (TGA701, LECO corporation, 
USA).

Potential nitrification (PN) was measured using a micro-
scale method as described by Hoffmann et al. (2007; ISO 
15685 (2012)). Nitrite production was measured by reading 
the absorbance at 540 nm with a CLARIOstar Plus plate 
reader (BMG LABTECH, Germany). According to test runs 
the optimum concentration of sodium chlorate in the analy-
sis was 15 mmol  L−1.

DNA extraction

At each of the four sampling times soil DNA was extracted 
according to DNeasy PowerSoil Kit (Qiagen, Germany) 
with some modifications to the standard protocol. Modi-
fications for the experienced user protocol steps were: (1) 
0.5 g soil sample and initial mixing in horizontally placed 
tubes for 30 min. (5) the tubes were centrifuged for 2 min at 
16,100 × g. (7 and 10) the tubes were incubated for 15 min 
at 4 °C. (8 and 11) the tubes were centrifuged for 2 min 
at 16,100 × g. (16) the tubes we centrifuged for 5 min at 
16,100 × g. (20) the tubes were centrifuged for 3 min at 
16,100 × g. The quality of extracted DNA was analyzed 
by calculating A260/A280 and A260/A230 ratios with the 
NanoDrop One (ThermoFrisher Scientific, USA). Minimum 
quality values of DNA accepted for downstream processes 
were 1.8 and 1.9, respectively. The concentration of DNA 
was measured with a Qubit (ThermoFisher Scientific, USA) 
fluorometer.

Quantitative PCR (qPCR)

qPCR was used to quantify the gene abundancy of ammo-
nia mono-oxygenase (bacterial amoA), nitrate reduc-
tase (narG), and nitrite reductase (nirK) using primers 
described in Rotthauwe et al. (1997), Bru et al. (2007), and 
Henry et al. (2004), respectively. Thermal cycling condi-
tions were as reported in the original papers except for 
the following modifications. Initial denaturation step was 
95 °C for 2 min for all genes. The thermal conditions for 
a total of 40 cycles in amoA were as follows: denaturation 
95 °C for 15 s, annealing at 58 °C for 30 s and extension 
72 °C for 45 s. Fluorescence for analysis was collected at 
the end of each extension step. Genes were amplified in 
Rotor-Gene 6000 (Corbett Research ltd., Australia) qPCR 
machine in 20 µL reactions containing 10 ng of total DNA 
(5 µL), 1 × QuantiNova SYBR Green (Qiagen, Germany), 
and 0.375 µM of forward and reverse primers. Standards 
for absolute quantification (approx.  107 to  102 copies/reac-
tion) were cloned from PCR products into topGEM®-T 
Easy vector system as described by the manufacturer 
(Promega Corp., USA). Cloned plasmids were purified 
with QIAprep Spin Miniprep Kit (Qiagen, Germany) as 

described by the manufacturer. One empty cloning-vector 
was purified to be used as spiked exogenous DNA for 
inhibition tests for each soil sample DNA (10 ng). Inhibi-
tion tests were performed similarly as qPCR-reactions for 
amoA described above with following modifications: for-
ward primer (SP6; ATT TAG GTG ACA CTA TAG ), reverse 
primer (T7; TAA TAC GAC TCA CTA TAG GG), amplifica-
tion template  104 copies per reaction of empty cloning 
vector, annealing at 50 °C for 30 s and extension 72 °C for 
60 s. The control reaction in an inhibition test was a spiked 
sample without soil DNA. All qPCR-reactions were run 
at least in duplicate. The equations for the qPCR standard 
curves and reactions efficiencies were y = -3.54x + 35.881 
(efficiency = 0.92;  R2 = 0.99923), y = -3.898x + 40.732 
(efficiency = 0.81;  R2 0.99964), and y = -3.418x + 33.5 
(efficiency = 0.91;  R2 = 0.99837), respectively, for amoA, 
narG, and nirK genes. All standard curves showed a linear 
response from approximately  102 to  107 copies per reac-
tion. No inhibition (not shown) was observed in samples 
spiked with empty cloning vector and subsequent ampli-
fication with SP6 and T7 primers compared control reac-
tions without soil DNA.

PCR and sequencing

The bacterial community was determined through the 
next-generation-sequencing of bacterial 16S hypervari-
able regions using the Ion Torrent™ Personal Genome 
Machine™ (PGM, London, UK) System. Bacterial 16S 
regions were amplified using an Ion 16S™ Metagenomics 
Kit (Thermo Fisher Scientific, Waltham, MA, USA) with 
two different degenerate primer sets to amplify regions 
V2–4–8 and V3–6, V7–9. The amplified 16S amplicons 
were then processed using an Ion Xpress™ Plus Fragment 
Library Kit in combination with an Ion Xpress™ Barcode 
Adapter 1–96 Kit (Thermo Fisher Scientific, Waltham, MA, 
USA).

All the purification processes between incubation and the 
amplification reactions of library preparation were processed 
using DynaMag™-2 magnetic racks (Thermo Fisher Scien-
tific, Waltham, MA, USA) and an AMPure XP Purification 
Kit (Beckman Coulter, Brea, CA, USA). Library preparation 
and barcoding were followed by the determination of the 
size and concentration of the final libraries using an Agilent 
2100 Bioanalyzer system and the Agilent High Sensitivity 
DNA kit (Agilent, Santa Clara, CA). Sequencing templates 
were prepared using an Ion One Touch 2 System and an Ion 
PGM™ Hi-Q™ View OT2 Kit (Thermo Fisher Scientific, 
Waltham, MA, USA). The sequencing reaction was per-
formed using Ion Torrent PGM (Thermo Fisher Scientific, 
Waltham, MA, USA) with an Ion PGMTM Hi-QTM View 
Sequencing Kit (Thermo Fisher Scientific, Waltham, MA, 
USA).
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Sequencing libraries for fungal ITS1 were prepared 
using a modified version of the method proposed by Smith 
and Peay (2014). Sequencing libraries were generated by 
PCR amplification using locus specific primers (ITS1f-
ITS2) tailed with the Illumina adapters. The reverse prim-
ers were barcoded to allow multiplexing using the 12-base 
Golay barcodes (Caporaso et al. 2012). PCR amplification 
was performed in a final volume of 30 µl containing 3 µl 
of buffer 10X, 0.7 µl of each primer (10 mM), 0.9 µl of 
50 mM MgSO4, 0.6 µl of 10 mM dNTP and 0.12 µl of Inv-
itrogen Platinum Taq DNA polymerase High Fidelity (Cat 
N° 11,304–011). The thermal cycling conditions used for the 
PCR were: initial denaturation at 95 °C for 3 min followed 
by 35 cycles of denaturation at 95 °C for 45 s, annealing at 
50 °C for 1 min and extension at 72 °C for 1 min terminating 
with a final extension at 72 °C for 10 min. Before sequenc-
ing, amplicon libraries were mixed with 10% PhiX control 
library to increase the sequences diversity. Fungal libraries 
were sequenced on the Illumina MiSeq platform generating 
300 bp paired end reads.

Sequencing and data processing

For bacterial raw sequences, barcodes, adaptors, and prim-
ers were trimmed by BaseCaller application. First, the raw 
sequences were denoised with ACACIA (Bragg et al. 2012), 
and imported to Quantitative Insights into Microbial Ecol-
ogy 2 (QIIME2) v2019.1.0 (Bolyen et  al. 2019). Then, 
imported sequences were denoised using the DADA2 algo-
rithm with the sequences truncated with a Q > 25 (Callahan 
et al. 2016) on average. The sequences were clustering into 
Operational Taxonomic Units (OTUs) based on 97% simi-
larity with the SILVA reference database using VSEARCH 
(Rognes et al. 2016). Low-confident OTUs were removed, 
and the sequences were classified using “classify-consensus-
vsearch” command with SILVA 132 database. The average 
number of bacterial 16S rRNA raw reads in the sample 
library (n = 80) was 56 004 (SD = 31 556). After trimming 
and assembly filtering, removal of singletons (n = 1) and dis-
carding of OTUs without bacterial matches there were a total 
of 3 499 156 sequences left (43 739 in average, SD = 23 993) 
with 8542 bacterial OTUs for analyses.

Raw fungal reads were filtered using Trimmomatic 
(Bolger et al. 2014) to remove adapters and low-quality 
reads using a quality cutoff of 20 in a 20 bp sliding win-
dows. Paired end reads were merged using Pear (Zhang 
et al. 2014). Sequences were generated using the QIIME2 
DADA2 plugin (Callahan et al. 2016), where sequences were 
clustered into OTUs based on a 97% sequence similarity 
using QIIME2 vsearch cluster-features-open-reference tool 
(Rognes et al. 2016). Taxonomy was assigned using the 
UNITE database version 8.2, dynamic (Abarenkov et al. 
2020). The average amount of fungal ITS1 raw reads in the 

sample library (n = 74) was 122 896 (SD = 51 312). After 
the trimming and assembly filtering, removal of singletons 
(n = 1) and discarding of OTUs without fungal matches 
there were a total of 6 220 525 sequences (84 061 in aver-
age, SD = 39 407) left with 1797 fungal OTUs for analyses. 
With FUNGuild the major functional groups, symbiotic 
(SYM), saprotrophic (SAP) and pathogenic (PAT) fungi 
were obtained from the OTU data using the FUNGuild.py 
script (Nguyen et al. 2016) and investigated further.

Raw sequence data is deposited to the European Nucle-
otide Archive (ENA) database under the project name 
“CS12 Diverfarming project” with the accession number 
PRJEB60421 for 16S rRNA and ITS1 data.

Community and statistical analyses

All results except OTUs are reported per soil dry mass (dm) 
either in g or kg. The R-studio version 1.4.1106 (RStudio 
Team 2022) including the R version 4.2.1 (R Core Team 
2022) were used for visualization and analyses of OTU data. 
Alpha-diversity measures as three Hill’s numbers; Q0 for 
species richness, Q1 the exponential of Shannon’s entropy 
index, and Q2 for the inverse of Simpson’s concentration 
index, were obtained from the bacterial and fungal OTU data 
with package ‘hillR’ (Chao et al. 2014). For beta-diversity 
analyses both bacterial and fungal OTU data were normal-
ized using the geometric mean of pairwise ratios (GMPR) 
method (Chen et al. 2018) to diminish the effect of vari-
able sample library sizes and to increase the resolution for 
zero-inflated data. Beta-diversity was investigated by using 
nonmetric multidimensional scaling (NMDS) with stable 
solution from random starts, axis scaling and species scores 
with function metaMDS and fitted environmental variables 
(Table S1) with function envfit from ‘vegan’ package 2.6–4 
(Oksanen et al. 2022) by using Bray–Curtis dissimilarity 
index. A permutational multivariate analysis of variance 
(PERMANOVA) using Bray–Curtis distance matrices with 
function adonis2 from ‘vegan’ package was executed to test 
the effect of treatment and sampling time and their interac-
tion on the fungal and bacterial OTU composition.

To identify OTUs that were significantly differen-
tially abundant between different treatments, we con-
ducted a differential abundance analysis (DAA) using the 
‘ancombc’ function of the ANCOM-BC R package (Lin 
and Peddada 2020). The analysis was conducted at the 
OTU level using the default settings except for the follow-
ing: zero_cut = 0.75, lib_cut = 1000, struc_zero = TRUE, 
conserve = TRUE. Results are investigated as paired com-
parisons between treatments and treatment groupings. Sig-
nificance is determined at the P < 0.05 level for fungi and 
at the P < 0.0001 level for bacteria. The tillage effect was 
tested by combining the May 2018 treatment A and C data 
which was then compared to the combined treatment B and 
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D OTU data. The impact of winter rapeseed was evaluated 
by comparing the October 2019 data between treatment 
grouping A and B against the treatment grouping C and 
D. Also, within treatment October 2018 vs October 2020 
comparisons were made to identify individual prolifera-
tion of each diversification. The proportions (%) of shared 
and unique OTUs between treatments from different data 
sets were visualized with Venn diagrammes by applying 
script ps_venn.R (Russel 2021) from the phyloseq object 
and package eulerr (Micallef and Rodgers 2014; Wilkin-
son 2012).

Generalized linear mixed models (GLMM) were used 
to analyze the microbial diversity (Hill’s numbers), fun-
gal guilds, gene abundance (qPCR) and potential nitrifica-
tion data by utilizing the GLIMMIX procedure of the SAS 
Enterprise Guide 7.15 (SAS Institute Inc., Cary, NC, USA). 
Also, the physicochemical data of Table S1 was analyzed 
with the same model structure. The categorical variables of 
treatment (A-D) and sampling time (May 2018, Oct 2018, 
Oct 2019, and Oct 2020), and their interaction was used as 
fixed effects. Due to skewed distributions, the assumption 
of gamma (with a log link) and lognormal (with an identity 
link) distributions were used. Each row of the field design 
was used as a block, and thus both managements, CT and 
NT, had two plots per row. The effect of management (CT 
and NT) was not included in the model because the treat-
ments (A-D) did not occur in both management plots, but 
the comparison of managements was made using the esti-
mated means of the treatments in CT and NT plots (AC 
vs. BD).

All models were estimated by using the residual pseudo-
likelihood (REPL) estimation method, for the models with 
the assumptions of gamma distribution, and the residual 
maximum likelihood (REML) estimation method for oth-
ers. Degrees of freedom were calculated using the Ken-
ward–Roger method. Pairwise comparisons of the estimated 
means were analyzed using the Tukey’s method with a sig-
nificance level of α = 0.05. The comparison of managements 
was coded separately by using the method of Westfall (West-
fall 1997). Finally, the normality of the model residuals was 
confirmed through using several residual plots.

Results

Soil physicochemical data

Table S1 presents the analyzed physicochemical soil data. 
From the measured variables the only which was signifi-
cantly (p = 0.034) different due to tillage was the electrical 
conductivity (EC) which showed lower estimated means for 
the CT (A, C) than for the NT (B, D) treatments (statistical 
result data not shown) in May 2018. The modelling showed 
casual significant (p < 0.05) differences between treatments 
for pH, EC, C/N and Bs at different sampling times but no 
interpretable trend could be identified due to diversification 
(data not shown).

Effect of tillage and crop rotation on microbial 
community

NMDS (Fig. 1) and PERMANOVA (Table 2) revealed that 
tillage practices affected the fungal community composition 
after 10 years of short cereal rotation. Samplings performed 
in May 2018 showed differences in fungal community 
between CT (A and C treatments) and NT (B and D treat-
ments). This difference between CT and NT was persistent 
over the whole study period including the diversification 
trials. Within the CT treatment the different diversification 
treatments between treatments A and C induced a difference 
in the fungal community in October 2019 but this reversed 
by October 2020. Within the NT treatments the fungal 
community was similar in May 2018 and October 2020. In 
October 2018 and 2019 the community differed reflecting 
the one-time moldboard ploughing and the diversification 
performed to NT treatment D. PERMANOVA indicated 
significant differences between the treatments having the 
different tillage and diversification treatments and sampling 
times but no interaction between these two factors (Table 2). 
The treatment explained 16% and the sampling time 9.5% 
of the variation. Like the fungi, the bacterial community 
also reacted to the tillage (Fig. 2). In the NMDS analysis 
the CT grouped separately from the NT in May 2018. The 
one-time moldboard ploughing in the D treatment in summer 

Table 2  Results of 
PERMANOVA analysis to 
test the effect of treatment 
and sampling time and their 
interactions on fungal and 
bacterial OTU composition

Differences are considered significant if p ≤ 0.05

Fungi Bacteria
Variable F R2 P F R2 P

Treatment 4.8900 0.1609 0.001 3.3767 0.0988 0.001
Sampling 2.9203 0.0961 0.001 6.5791 0.1925 0.001
Treatment & 

Sampling
1.0797 0.1066 0.315 1.0768 0.0945 0.161

Residuals 0.6363 0.6143
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2018 induced a change in bacterial community composi-
tion which led to the D treatment community resembling 
more the A and C treatment CT communities in the NMDS 
analysis in October 2018. From October 2019 onwards the D 
treatment bacterial community overlapped with the C treat-
ment community. Still the general separation between CT 
and NT treatments stayed but was not as strong as in May 
2018. PERMANOVA (Table 2) indicated significant differ-
ences between the treatments having the different tillage and 
diversification treatments and sampling times but no inter-
action between these two factors. The treatment explained 

9.9% and the sampling time 19% of the variation. The soil 
physico-chemical data of Table S1 fitting the fungal and 
bacterial community composition were different for the two 
domains and changed with the sampling occasion (Figs. 1 
and 2). The diversification effect of winter rapeseed on the 
fungal community is correlated with an increase in soil elec-
tric conductivity (Fig. 1c). The tillage effect on the bacterial 
community is correlated with pH and Bs (Fig. 2a).

We identified fungal and bacterial OTUs which were 
differently abundant between two groups. The first group 
was formed from the May 2018 data to compare CT (A, 

Fig. 1  Non-metric multidimensional scaling (NMDS) plot show-
ing the composition the fungal ITS derived OTUs obtained from 
the different treatments (A, B, C, D) at different sampling times a) 
May 2018, b) October 2018, c) October 2019 and d) October 2020. 
Ellipses show the confidence intervals of the mean according to sepa-

rations by treatments. Arrows show environmental variables from 
Table S1 that fit the x–y data of the NMDS significantly (P < 0.05). 
TOC, total organic C; Nt, total N; Bs, base cations; pH, soil pH; EC, 
electric conductivity
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C treatments) and NT (B, D treatments) and the second 
group was formed of the October 2019 data combining AB 
and CD treatments to elucidate the winter rapeseed effect 
(Table S2). The DAA on the fungal Phylum level for the CT 
and NT treatments highlighted 7 OTUs (3 Ascomycota, 2 
unknown, 1 Basidiomycota and 1 Mortierellomycota) and 
4 OTUs (3 Ascomycota and 1 Glomeromycota) which were 
differentially abundant in the CT and NT treatments, respec-
tively. On the genus level, many of these OTUs remained 
unidentified but from those which could be identified the 
CT treatment had differentially abundant OTUs that were 

representatives of one Mortierella (SAP), and one Gemini-
basidium (SAP). Identified differentially abundant OTUs for 
the NT treatment at the genus level included only 1 Peziza 
(SAP-SYM). Additionally, there was 1 SYM OTU belonging 
to the Glomeraceae Family. The AB group in October 2019 
was characterized by 4 OTUs including 2 Ascomycota, 1 
Basidiomycota and 1 unknown Phylum. None of them were 
identified to the genus level or to any functional guild. The 
CD grouping was characterized by 10 fungal OTUs includ-
ing on the Phylum level 4 Ascomycota, 3 Basidiomycota, 
and 1 of each Glomeromycota (SYM), Olpidiomycota and 

Fig. 2  Non-metric multidimensional scaling (NMDS) plot showing 
the composition of the bacterial 16S rRNA derived OTUs obtained 
from the different treatments (A, B, C, D) at different sampling times 
a) May 2018, b) October 2018, c) October 2019 and d) October 
2020. Ellipses show the confidence intervals of the mean according to 

separations by treatments. Arrows show environmental variables from 
Table S1 that fit the x–y data of the NMDS significantly (P < 0.05). 
TOC, total organic C; Nt, total N; Bs, base cations; pH, soil pH; EC, 
electric conductivity; CN; ratio of C and N
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Blastocladiomycota. To the genus level we could identify 
Pseudoheletium, Olphidium (PAT), Naganishia (PAT) and 
Amaurodon (SYM). 1 OTU belonging to the Serendipitaceae 
Family belonged to the fungal guild of SYM.

For bacteria (Table S3) the observed differentially abun-
dant OTUs were identified on the Phylum level. 3 (1 Aci-
dobacteria, 1 Actinobacteria and 1 Bacteroidetes) and 9 
OTUs (4 Proteobacteria, 2 Chloroflexi, 1 Acidobacteria, 1 
Actinobacteria and 1 Rokubacteria (NC-10)) characterized 
the tillage (CT) versus no-till (NT) practice in the May 2018 
soils, respectively. Nocardioides and Flavisolibacter were 
the OTUs identified to the genus level in the CT group. In 
the NT group Candidatus Genus Koribacter, Aquicella and 
Geobacter were the ones identified to the genus level. There 
were no differentially abundant bacterial OTUs character-
izing the AB vs CD grouping in October 2019.

The Venn analysis of the May 2018 data showed that the 
CT and NT treatments shared 40% of their fungal OTUs but 
both groups had a large percentage, ca 30% of unique OTUs 
only found in the CT or NT treatments, respectively (Fig. 3). 
A similar partitioning of shared and non-shared OTUs for the 
CT and NT treatment was also seen for the bacterial OTUs 
(Fig. 4). The Venn analysis performed to the individual diver-
sification treatments was elucidated by comparing the October 

samplings picturing the succession within the treatments over 
three seasons. This showed an increase in the non-shared 
fungal OTUs following diversification. Treatment A (barley/
ryegrass diversification) and B (barley monoculture continued 
under NT) had the highest values of non-shared fungal OTUs 
in Oct 2020 and treatment C (barley winter rapeseed barley 
rotation) and D (barley winter rapeseed barley rotation with 
one-time tillage in summer 2018) in Oct 2019 (Fig. 3). The 
bacterial Venn analysis (Fig. 4) also showed an increasing 
trend of non-shared OTUs being at the beginning in October 
2018 between 8–15% and at the end in October 2020 between 
31–38% for the treatments A – D. The Venn analysis of the 
October 2019 data combining AB and CD treatments to eluci-
date the winter rapeseed effect showed 45 and 46% of shared 
fungal and bacterial OTUs, respectively whereas the winter 
rapeseed diversification had 33 and 28% unique fungal and 
bacterial OTUs, respectively (Figs. 3 and 4).

Effect of tillage and diversification on microbial 
diversity

According to the GLMMs (Table  3; Tables  S4 and 
S5; Table S6 for CT vs NT results) the 10-year tillage 

Fig. 3  Fungal ITS Venn diagrams including comparison of CT vs NT from May 2018, and A, B, C, D treatments from all three October sam-
pling times (Oct 2018—Oct 2020), and combined treatments AB vs CD from October 2019
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managements did not influence the fungal or bacterial 
alpha-diversity measures HillQ0, HillQ1 and HillQ2 
(Figs.  S1 and S2) except for the ITS HillQ0 measure 
(Table S6). The diversification treatments as the main factor 
had no significant effect on the fungal and bacterial diver-
sity measures whereas time was always significant showing 
an in- or decrease of the measures at the different sampling 

times. Also, the treatment x time interaction was signifi-
cant for all ITS HillQs and for instance in October 2018 
treatment D was different from treatment A and treatment 
B for HillQ0 (Table S4; Fig. S1). HillQ1 and Q2 diversity 
measures showed different behavior with time but mostly 
the interaction term was significant due to different CT or 
NT treatment result differences at different sampling times. 

Table 3  The results of fixed effects for the fungal (ITS) or bacterial 
(16S) alpha-diversity measures HillQ0 (species richness), HillQ1, 
HillQ2; qPCR of genes involved in the N cycle (amoA, nirK, narG); 

the potential nitrification (PN) rate and the fungal guilds (SYM, SAP, 
PAT). Generalized linear mixed models (GLMM) was used for statis-
tical analysis

Degrees of freedom were calculated using the Kenward-Roger method, and the statistically significant effects p < 0.05 were bolded

Response variable Effect F-testdf p-value

ITSHillQ0 Treatment F3,13.5 = 1.07 0.394
Time F3,10.6 = 7.50 0.006
Treatment × Time F9,12.7 = 5.95 0.025

ITSHillQ1 Treatment F3,9.0 = 0.25 0.857
Time F3,34.0 = 10.71 0.000
Treatment × Time F9,34.0 = 3.42 0.004

ITSHillQ2 Treatment F3,12.2 = 0.09 0.963
Time F3,23.8 = 3.34 0.036
Treatment × Time F9,25.4 = 3.24 0.009

16SHillQ0 Treatment F3,48 = 0.39 0.757
Time F3,48 = 7.78 0.002
Treatment × Time F9,48.0 = 1.16 0.343

16SHillQ1 Treatment F3,48.0 = 0.61 0.612
Time F3,19.2 = 9.65 0.000
Treatment × Time F9,48 = 1.33 0.247

16SHillQ2 Treatment F3,5.4 = 0.52 0.684
Time F3,8.1 = 11.01 0.003
Treatment × Time F9,48.0 = 1.69 0.118

amoA Treatment F3,12 = 2.24 0.137
Time F3,36 = 3.63 0.022
Treatment × Time F9,36 = 3.46 0.004

nirK Treatment F3,11.6 = 3.05 0.072
Time F3,11.1 = 25.47 0.000
Treatment × Time F9,25.2 = 17.02 0.000

narG Treatment F3,12.0 = 0.49 0.697
Time F3,23.9 = 5.91 0.004
Treatment × Time F9,26.0 = 59.82 0.000

PN Treatment F3,14.0 = 11.50 0.001
Time F3,33.7 = 14.84 0.000
Treatment × Time F9,35.0 = 2.50 0.025

SYM Treatment F3,8.8 = 2.16 0.164
Time F3,9.1 = 5.19 0.023
Treatment × Time F9,26.7 = 1.42 0.231

SAP Treatment F3,20.4 = 1.00 0.411
Time F3,22.2 = 1.02 0.402
Treatment × Time F9,28.5 = 2.46 0.033

PAT Treatment F3,43.1 = 18.91 0.000
Time F3,43.1 = 37.81 0.000
Treatment × Time F9,43.1 = 4.15 0.001
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These are not under research since the tillage effect was 
elucidated from the May 2018 data.

Effect of tillage and diversification on fungal 
functionality

The three functional fungal guilds, saprotrophs (SAP), symbio-
trophs (SYM) and pathotrophs (PAT) constituted 3%, 2% and 
0.1% of all reads, respectively. GLMM identified that the rela-
tive proportion of SYM (consisting of 84% of arbuscular myc-
orrhizal fungi, AMF, reads), SAP and PAT fungi did not react 
to tillage (Table S6) and the proportion of SYM and SAP fungi 
did not react to the diversification treatments, but due to inter-
action with time this was investigated more closely (Tables 3 
and S5). The proportion of SYM fungi increased over time 
with the highest modelled values for the treatments having 
winter rapeseed in the rotation and treatment C being different 
from treatment B in October 2019 and 2020 (p < 0.08). The 
proportion of SAP fungi did not react to time but had signifi-
cant time x treatment interactions and the D treatment differed 
from the A (p < 0.06) and B (p < 0.05) treatment in October 
2018. The proportion of PAT fungi reacted significantly to 
the diversification being higher in the treatments C and D in 
October 2019 when these plots were under winter rapeseed 
(Tables 3 and S5). The modelled values decreased in October 
2020, but treatment D was still significantly different (p < 0.05) 
from treatment B like in October 2018.

Effect of tillage and diversification on the N cycle

The qPCR abuncances of amoA (involved in ammonia oxida-
tion), narG (involved in denitrification), and nirK (involved 
in denitrification) did not react to the 10 years of tillage 
treatments (Table S6). Also, the diversification treatment 
had no influence on the results (Tables 3 and S5). However, 
differences were found between sampling times and for gene 
levels within sampling times and for nirK a nearly signifi-
cant (p = 0.072) diversification effect was noted. The treat-
ments C and D having the winter rapeseed diversification 
differed from the A and B treatments in October 2019 and 
D also in 2020 which was also seen in the significant time 
and treatment and time interaction (Table 3). The winter 
rapeseed diversification treatments (C and D) showed higher 
nirK qPCR abundances in October 2020 when all were culti-
vated with barley but lower values in October 2019 when the 
plots were cultivated with winter rapeseed (Table S5). The 
D treatment had higher amoA values in October 2018 and 
2019 but decreased towards the mean of the other treatments 
in October 2020 (Table S5).

Tillage had no effect on the potential nitrification (PN) 
rate whereas (Table S6) diversification with winter rape-
seed increased the rate significantly (Tables 3 and S5). In 
treatment D the rate increased over the three sampling times 

between October 2018 and 2020 irrespective of the one-
time tillage performed and in treatment C the rate increased 
between October 2019 and 2020. Also, the diversification 
with ryegrass (treatment A) increased the potential nitrifica-
tion with time from October 2019 onwards. With the cereal 
monoculture, (treatment B), the potential nitrification first 
increased until October 2019 and then decreased. Treatment 
and time interaction was significant and in October 2019 and 
2020 the D treatment differed (in 2019 D vs B p < 0.09; the 
rest p < 0.05) from all the others.

Discussion

The NMDS performed to the fungal OTU data shows that 
the tillage treatment is stronger than the diversification 
treatment (Fig. 1). This becomes apparent within the CT 
treatments where the A treatment was diversified with 
barley together with a cover crop, ryegrass, for three 
years and the C treatment with a spring barley—winter 
rapeseed—spring barley rotation thus interrupting in both 
cases the short rotation based on cereals carried out for 
the past 10 years. In the October 2019 sampling the A and 
C treatments had different fungal communities. This was 
probably induced by the winter rapeseed of the rotation of 
the C treatment, since when both were under barley (Oct 
2018 and 2020) they clustered together even though one 
of them, the A treatment, had the ryegrass diversification 
treatment. Still the CT treatments were separated from the 
NT treatments, and the diversification could not overcome 
this. The argument, that tillage induces a more distinct 
change to the fungal community than diversification is also 
undermined with the NMDS data from the NT treatment 
where the D treatment, which had a single moldboard 
ploughing in summer 2018, separated from the B treatment 
in October 2018 when both were under barley (Fig. 1). This 
difference remained in October 2019 when the D treatment 
was under winter rapeseed diversification but merged in 
October 2020. Thus, within both CT and NT treatments 
the winter rapeseed diversification induced a community 
change. This diversification treatment did not overcome 
the tillage treatment shown by the fact that the C and D 
treatments having the same rotation did never cluster 
together. Therefore, the first hypothesis (Hypothesis 1) 
is supported i.e., that tillage has a profound effect on the 
soil microbiome as also the second one (Hypothesis 2) 
that tillage has a stronger impact on the soil microbiome 
than our diversification since this trend is also seen with 
the bacterial OTU data (Fig. 2). Also, the Venn analysis 
(Figs. 3 and 4) underlined that the tillage had a profound 
effect on the fungal and bacterial community since only 
40% of the OTUs were shared between the till and no-till 
treatments, respectively.
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As has previously been shown, conventional tillage changes 
the microbial community composition (Sharma-Poudyal 
et al. 2017; Rincon-Florez et al. 2020; Wipf et al. 2021; 
Hartmann and Six 2023; Khmelevtsova et al. 2022; Mackay 
et al. 2023). The differences are mainly attributed to the fact 
that tillage introduces fresh organic matter into the deeper 
soil which impacts the community (Naylor et al. 2022). In 
the case of Fungi and Actinobacteria also the tillage induced 
hyphal dis-rupture affects the community composition. But 
also, other tillage induced soil impacts are attributed to affect 
the microbial community composition like disruption of soil 
aggregates, compactness of soil, and reduction in spaces 
between soil particles, which lead to alteration in movements 
of water and gas into the soil, and thus, eventually affect the 
soil as a habitat for living organisms (Mangalassery et al. 
2015). As such our 10 years lasting experiment comparing CT 
and NT effects on the microbiome under cereal crop rotation 
confirms existing knowledge (Gupta et al. 2022). The reaction 
of the soil microbiome to tillage seems to be quite sensitive 
since even single tillage events have been reported to affect 
the soil bacterial community (Kraut-Cohen et al. 2020). This 
was also seen in our study.

We accept with caution Hypothesis 3—diversification 
changes the soil microbiome and increases bacterial and 

fungal alpha-diversity. None of the fungal and bacterial alpha-
diversity measures reacted to the model main factors tillage 
or diversification except that in May 2018 the 10-year tillage 
had significantly increased ITS HillQ0 values (Table S6). 
But a time x treatment interaction, being related only to the 
diversification treatment at different times, exists for the fungal 
species richness (HillQ0) but is not very interpretive showing 
an effect of winter rapeseed cultivation (only treatment D) 
being higher in October 2018. As treatment C did not show 
the same response and the timeframe was not 2019 where 
cultivation with winter rapeseed could theoretically have an 
effect, we do not consider this a diversification phenomenon. 
But the winter rapeseed diversification shows changes in the 
fungal and bacterial community composition which leads to 
accepting the hypothesis. One can argue if the microbiome 
change in October 2019 of the D treatment is due to the one-
time tillage performed in 2018 or due to the diversification. 
A one-time tillage effect on the soil microbiome has been 
reported to last for one (Liu et al. 2016) or one to three years 
following tillage (Wortmann et al. 2008). This effect is seen 
in our NMDS analysis in October 2018. But as also the C 
treatment microbiome reacted to the same diversification; we 
argue that the changes in 2019 are winter rapeseed induced. 
Wooliver et al. (2022) discusses the role of microbial diversity 

Fig. 4  Bacterial 16S rRNA Venn diagrams including comparisons of CT vs NT from May 2018, and A, B, C, D treatments from all three Octo-
ber sampling times (Oct 2018—Oct 2020), and combined treatments AB vs CD from October 2019
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and community composition in relation to diversification and 
concludes that the effect is more to be seen on the community 
composition as also our results show but the intensity of 
changes seems to be connected to the site of diversification 
performance (Castellano-Hinojosa et al. 2023). Venn analysis 
of the fungal and bacterial OTUs gives the impression that 
diversification increases the percentage of non-shared 
OTUs. The fungal OTUs steadily increased with the cover 
crop diversification, and it increased with the crop rotation 
treatments so that it was highest in October 2019 when 
winter rapeseed interrupted the cereal monoculture especially 
so under treatment C. But as treatment B had also a steady 
increase of non-shared OTUs over the three seasons and as no 
diversification was performed to it, it points to the conclusion 
that other factors than diversification control the partitioning 
of shared and non-shared fungal OTUs, and the bacterial Venn 
analysis shows the same trends. Similarly, the Venn analysis 
performed on the October 2019 data when AB treatment 
grouping was compared to the CD grouping elucidated the 
winter rapeseed effect. Both fungi and bacteria shared the 
same amount of OTUs between the two groups being around 
45% (Figs. 3 and 4). The winter rapeseed treatments (CD) 
had a little higher unique fungal OTU proportion being 33%, 
whereas the bacterial portion was 28% leaving respectively 
23 and 26% unique OTUs for the AB group which is more 
influenced by barley.

The data obtained from differential abundance analysis 
did not provide conclusive results. We could not identify 
a clear picture when each treatment was compared using 
the October 2018 vs October 2020 sampling data. The idea 
was to see the proliferation of the soil microbiome due to 
diversification. But as treatment B, like the other treatments, 
had > 30 and > 50 differently abundant bacterial OTUs 
characterizing the October 2018 and 2020 samplings (data 
not shown) even though no diversification was performed, 
we are unsure what the identified OTUs are really standing 
for except for yearly variation. As tillage influenced the soil 
microbiome, we decided to have a closer look at differential 
abundance analysis results comparing the CT and NT 
treatments of the May 2018 OTU data. The saprotrophic soil 
fungi Geminibasidium which is reported as heat-resistant 
and xerotolerant (Nguyen et al. 2013) was more abundant in 
CT. Geminibasidium is suggested to be one of the keystone 
saprotrophic taxa under continuous cropping by playing 
an essential role in increasing the content of available soil 
nutrients (Wang et al. 2021). In turn, two separate taxa of the 
Order Pezizales (Genus Peziza and Family Pyrenomataceae) 
were more abundant in NT and are to be found as saprotrophs 
in soil, dung, or rotten wood, and some are mycorrhizal or 
hypogeous, and others associated with fire sites (Cannon and 
Kirk 2007). Pezizales could be a good indicator for NT since 
they declined after a single tillage event in a long-term NT 
farming system (Fang et al. 2022). In addition, also AMF 

taxa of the Glomeraceae Family were more abundant in NT. 
The result is in parallel to the previous finding that higher 
contribution of Glomeraceae in NT systems is suggested to 
be related partially to the lack of disruption of the hyphal 
network and the composition of the soil propagules in this 
system (Schalamuk and Cabello 2010).

Due to winter rapeseed influencing the fungal community 
we also investigated differentially abundant OTUs using 
the October 2019 AB treatment vs CD treatment grouping 
(Table S2). Diversification by rapeseed did show an increase 
the AMF belonging to the Paraglomerales Order, as well 
as the Serendipitaceae Family (serendipitoids) having both 
endophytic and mycorrhizal properties. This is surprising since 
rapeseed is a non-mycorrhizal plant. Rapeseed also increased 
the presence of the rapeseed pathogen Olphidium. However, 
Floc’h et al. (2022) showed that AMF fungi are common under 
winter rapeseed monocultures. Paraglomaceae has been shown 
to be common in soils under organic management (Gosling 
et al. 2014) and Serendipitoids are reported to enhance the 
growth and stress resistance of barley (Sepehri et al. 2021). 
They are suggested to be able to decompose SOM and 
contribute to efficient SOM turnover and thus prevent losses of 
C and nutrients (Craven and Ray 2019). Thus, diversification 
with rapeseed has the potential to increase the amounts of 
beneficial fungi promoting plant growth and soil health.

Smith et  al. (2016) showed that Actinobacteria, 
Firmicutes, and Planctomycetes were more abundant in NT 
fields while Bacteroidetes and Proteobacteria were more 
abundant in CT. A similar pattern could not be detected 
with our differential abundance analysis using the bacterial 
OTU CT vs NT data from May 2018 (Table S3). However, 
the same authors concluded that it is difficult to generalize 
at the bacterial phyla level. The Candidate Rokubacteria 
NC10 Phylum was among the differentially abundant 
taxa in NT. NC10 can couple methane oxidation to the 
reduction of nitrite to dinitrogen (Ettwig et al. 2010). High 
relative abundance of Rokubacteria have been reported 
under NT treatments (Sui et al. 2022). NT also favored 
two representatives of oligotrophic Chloroflexi supporting 
earlier observations (Pathan et al. 2021). When examined 
at lower taxonomic levels, representatives of Candidatus 
Koribacter (Acidobacteria) and Geobacter (Proteobactria) 
genera were also among NT characterizing taxa. Candidatus 
Koribacter are capable of oxidation of carbon monooxide 
and degradation of complex plant polymers (Ward et al. 
2009). There is also evidence that Koribacter plays a role 
in the global N cycle by the reduction of nitrate, nitrite, 
and possible nitric oxide (Ward et al. 2009). Furthermore, 
nifH phylotypes related to Geobacter were one of the key 
microbes of dinitrogen fixation in soils associated with NT 
management (Calderoli et al. 2017). Geobacter has also 
been suggested to have an important role in regulating 
emissions and biogeochemical cycling of soil-derived 
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greenhouse gases (Li and Qixing 2020). The actinobacterial 
Nocardioides was more abundant in the CT soil. These are 
common endophytes and have potent biocontrol activities 
against cereal pathogens (Coombs et al. 2004). Abundance of 
any specific bacterial taxa seems not to be largely affected by 
the diversification with winter rapeseed since no differential 
abundant bacterial OTUs were observed when October 2019 
AB vs CD treatment grouping data was compared. However, 
at a less strict p-value (< 0.001) there was one OTU (lfc 
value 3.5) belonging to the Nocardioides that was observed 
as differentially abundant after winter rapeseed (data not 
shown). Some Nocardioides are also capable of dinitrogen 
fixation (Nafis et al. 2019) or reducing nitrate (Toth et al. 
2008; Dastager et al. 2010; Wang et al. 2016). Rapeseed 
might benefit from bacterial derived N because of its low N 
use efficiency (Bouchet et al. 2016).

The rotation effect of winter rapeseed and barley on 
the soil microbiome has not been an object of study so far 
and thus other cereal winter rapeseed rotations must serve 
for a comparison. Hansen et al. (2019) observed that the 
spring wheat—winter rapeseed rotation had no effect on 
the microbial community when compared to rapeseed only. 
This was true for the 0–5 cm soil layer but not when the 
5–10 cm layers were compared. In that depth the rotation 
had a different community indicating that introduction of 
rapeseed into the rotation can be used to impact the soil 
microbiome. Lay et al. (2018) compared a wheat- rapeseed 
rotation to a rapeseed monoculture and concluded that 
the rapeseed rhizosphere has a core microbiome which is 
also reflected into the surrounding soil. The same result on 
the soil fungal community was verified by Sommermann 
et al. (2018) in a different rotation setup where rapeseed 
or maize was rotated with winter weed under two different 
tillage treatments. Having winter rapeseed in the rotation 
can for instance influence the soil fungal community since 
they do not have AMF whereas spring barley and wheat 
are AMF plants. Roy et al. (2021) demonstrated that the 
pre-crop mycorrhizal status affected the richness and 
composition of AMF available to the succeeding crop. 
Therefore, crop rotation schemes that involve a breaking 
crop, i.e., a non-AMF host from the Brassicaceae family 
like in this experiment are used to decrease the load of AMF 
to the next AMF host crop. This has been shown to benefit 
the following crop in terms of yield (Angus et al. 2015) 
and influences the soil and rhizosphere fungal community. 
Our modelling results show that the soil of the C treatment 
had a higher portion of symbiotic (mainly AMF) fungi 
compared to treatment B in 2019 and 2020 (Tables 3 and 
S5). Floc’h et al. (2022) showed that AMF fungi survive 
under winter rapeseed monocultures for even 10 years due 
to forming interactions to cohort soil fungi and bacteria 
and this observation might hold also for our study. Maybe 
this interaction with microbial cohorts explains also why 

under rapeseed cultivation the modelled proportion of 
pathogenic fungi increased in October 2019 (Table 3 and 
S5). As discussed above the differential abundance analyses 
identified AMF belonging to the Paraglomerales Order, as 
well as the Serendipitaceae Family to characterize the winter 
rapeseed diversification.

Verifying the impact of the cover crop ryegrass within 
the CT treatment on the soil fungal community seems 
to be not possible. The only time the A treatment had 
a distinguished fungal community compared to the C 
treatment was in October 2019 when the C treatment was 
under winter rapeseed. In October 2018 and 2020, when 
both treatments were under barley, they clustered together 
irrespective of one having the cover crop. Still cover crops 
can influence the soil microbiome. Aiyer et  al. (2022) 
showed that the choice of cover crop, including ryegrass, 
in combination with the cash crop barley changed the 
soil fungal and bacterial community but Lucadamo 
et al. (2022) argued the cover crop influence to be weak. 
According to a meta-analysis, plants generally used as cover 
crops increased parameters of soil microbial abundance, 
activity, and diversity by 27%, 22%, and 2.5% respectively, 
compared to those of bare fallow (Kim et al. 2020).

Surprisingly the qPCR abuncances of the amoA, nirK and 
narG involved in the N turnover did not react to tillage or 
diversification directly (Tables 3, S5 and S6). This might 
be an indication of functional redundancy often seen with 
microbial community changes (Chen et al. 2022). Crop 
diversification does not directly affect the abundance of 
the soil bacteria and archaea carrying the amoA but in the 
long term, if diversification increases soil organic matter, 
then also amoA can increase, especially the one carried by 
bacteria (Hao et al. 2022). The same meta-analysis (Hao 
et al. 2022) reports about the increase of the nirK and narG 
abundances with diversification in a 10-year long term 
perspective but no responses are to be expected in short-
term studies. The duration of diversification, ecosystem 
type, planting pattern, crop species, as well as soil layer and 
texture are important factors regulating the gene abundances 
of N-cycle (Hao et al. 2022). Diversified cash crop rotation 
can increase the potential nitrification rate (Raglin et al. 
2022). In our study the potential nitrification did not 
follow the qPCR result of the amoA, but as the outcome of 
nitrification is nitrate the nirK, involved in denitrification, 
could correlate to the potential nitrification increase over 
time. As this was not apparent in our study, we conclude that 
our laboratory conducted nitrification potential measurement 
is not correlated to the N-cycle genes retrieved from field 
conditions. This can be due to using DNA based measures 
instead of RNA which would more truly reflect the field 
activity or gross rates nitrification measurements (Elrys et al. 
2021) that could have been applied to get a better view of 
the nitrification rate.
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Conclusion

Diversification of agricultural cultivation can be performed 
in many ways and here, reflecting boreal circumstances, 
interruption of tilled and non-tilled cereal monocultural 
rotation was performed with an oil plant, winter rapeseed, 
or cultivation of a cover crop, ryegrass, extending the length 
of the field being vegetated. Our results show that tillage has 
a profound effect on the soil microbiome which is stronger 
than that of the diversification trials. Interruption of the bar-
ley monoculture with winter rapeseed was briefly reflected 
in the soil microbiome as a change of the fungal and bacte-
rial community composition. It probably needs years using 
winter rapeseed diversification before the microbial com-
munity composition shows permanent differences to a non-
diversified control. Future research needs to connect changes 
in microbial community composition to agricultural field 
ecosystem services like yield, food quality or pathogen 
resistances and to soil C sequestration.
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