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ABSTRACT

Tillage intensity is widely thought to shape soil microbial community structure, but long-term, multi-site
comparisons that separate tillage effects from confounding site and management variation remain relatively
scarce. We characterised bacterial and archaeal community composition by 16S rRNA gene amplicon sequencing
in topsoil (0-15 cm) collected from four paired-site long-term tillage trials, each comparing conventional
mouldboard-plough tillage, reduced (chisel-plough) tillage, and no-till management maintained for a minimum of
eleven years, sampled across three consecutive growing seasons. No-till soils showed significantly higher
Shannon diversity than conventional tillage soils at all four sites (mean difference 0.31 units, linear mixed model
P<0.001), with reduced tillage intermediate and statistically distinguishable from both other treatments at three of
four sites. Community composition, assessed by weighted UniFrac distance, separated clearly by tillage treatment
(PERMANOVA R2=0.18, P=0.001) after accounting for site and year as blocking factors, driven substantially by a
higher relative abundance of Acidobacteria and Verrucomicrobia and a lower relative abundance of Proteobacteria
in no-till relative to conventional tillage soils. Soil organic carbon was significantly higher under no-till at all four
sites (mean difference 4.8 g/kg, P<0.001) and was positively correlated with Shannon diversity across the full
dataset (Pearson r=0.52, P<0.001), while functional prediction using PICRUSt2 showed reduced tillage and no-till
soils enriched for predicted genes involved in complex carbohydrate degradation relative to conventional tillage.
These results support a consistent, multi-site association between reduced tillage intensity and increased soil
bacterial diversity, most plausibly mediated through the accumulation of soil organic carbon and the reduced
physical disturbance of surface soil aggregates that occurs when tillage frequency and depth are decreased.
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1. INTRODUCTION

Soil microbial communities mediate nutrient cycling,
organic matter decomposition, and a large share of the
biological processes that determine agricultural soil
fertility, and the composition of these communities is
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known to respond to management practices on
timescales ranging from days to decades depending on
the practice and the community metric in question [1,2].
Tillage is among the most physically disruptive of
common agricultural practices, mechanically inverting or
mixing the topsoil profile, fragmenting fungal hyphal
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networks and soil aggregates, and exposing previously
protected organic matter to oxidation, and it has
therefore attracted sustained interest as a management
lever with plausible, mechanistically grounded effects on
soil microbial community structure [3,16].

The broad expectation in the literature is that reduced
tillage intensity, and no-till management in particular,
should support higher soil microbial diversity and a
community composition shifted toward taxa associated
with stable, less-disturbed soil environments, largely as a
downstream consequence of the soil organic carbon
accumulation that reduced tillage reliably produces over
sufficiently long management timeframes [4,17].
Individual studies testing this expectation, however, have
produced a genuinely mixed picture: some report clear,
substantial diversity increases under no-till relative to
conventional tillage, others report weak or non-significant
differences, and the direction and magnitude of effect
appears to vary with soil type, climate, cropping system,
and, importantly, the length of time a given tillage regime
has been in place before sampling [5,18,19].
Comparatively few published studies combine long
management duration (more than a decade), multiple
independent field sites, and replicated sampling across
multiple growing seasons within the same study design,
which makes it difficult to know how much of the
inconsistency in the published literature reflects genuine
biological variability across systems versus the limited
statistical power and single-site, single-season designs
common in this literature.

Amplicon sequencing of the bacterial and archaeal 16S
rRNA gene has become the standard tool for
characterising soil microbial community diversity and
composition at the scale needed for a multi-site,
multi-season comparison, offering sufficient throughput
and cost-efficiency to process the hundreds of samples
that a properly replicated tillage comparison requires,
while providing both alpha-diversity metrics and full
community composition data suitable for
ordination-based comparison between treatments [6,20].
Coupling amplicon sequencing data with downstream
functional prediction tools, while an imperfect substitute
for shotgun metagenomic sequencing, offers a practical
route to asking whether tillage-associated compositional
shifts are also associated with shifts in predicted
functional potential relevant to organic matter cycling,
extending the value of amplicon-based community data
beyond taxonomic description alone [7,21].

We used 16S rRNA amplicon sequencing to characterise
soil bacterial and archaeal communities across four
independent, long-term (eleven years or more) tillage
trials, each comparing conventional, reduced, and no-till
management at a common site, sampled across three
consecutive growing seasons to separate a consistent
tillage effect from year-to-year climatic and management
variability. Our aims were to test whether tillage intensity
is associated with soil bacterial alpha-diversity and
community composition consistently across multiple
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independent sites rather than in only one or two systems,
to identify the taxonomic groups principally responsible
for any compositional shift, to test whether soil organic
carbon plausibly mediates the relationship between
tillage and diversity, and to characterise predicted
functional differences between tillage treatments using
amplicon-based functional prediction.

A further motivation for the present design was practical
rather than purely scientific. Long-term tillage trials of the
kind used here are expensive to establish and maintain,
and relatively few exist worldwide with a management
history extending past a decade, which is generally
regarded as the minimum timeframe over which soil
organic carbon and associated microbial community
differences between tillage treatments become reliably
detectable rather than confounded by short-term
seasonal noise [8,19]. Identifying and gaining sampling
access to four such trials across two countries, each
already maintained by an established agricultural
research station with a documented multi-decade
management record, represented a substantial part of
the overall project effort, and we regard the resulting
dataset, spanning genuinely independent pedoclimatic
contexts rather than replicate plots within a single trial, as
a resource whose value extends beyond the specific
hypotheses tested in this paper.

2. MATERIALS AND METHODS

Soil samples were collected from four long-term tillage
field trials located at agricultural research stations in
Spain and Portugal, each established at least eleven
years prior to the first sampling season and maintaining
conventional mouldboard-plough tillage (20-25 cm depth,
annual), reduced chisel-plough tillage (10-15 cm depth,
annual), and no-till management in a randomised
complete block design with a common cereal-legume
rotation across all treatments within each site.

I 2.1 Soil sampling

At each of the four sites, topsoil (0-15 cm) was collected
from four replicate plots per tillage treatment using a
composite of eight soil cores per plot, sampled at the
same phenological stage (post-harvest, pre-tillage
operation) across three consecutive growing seasons.
Samples were transported on ice, sieved to 2 mm, and a
subsample immediately frozen at -80 degrees C for DNA
extraction; a parallel subsample was used for soil
physicochemical analysis including soil organic carbon
(dry combustion), bulk density (core method), pH, and
total nitrogen.

I 2.2 DNA extraction and amplicon sequencing

Genomic DNA was extracted from 0.25 g soil per sample
using a commercial soil DNA extraction kit following the
manufacturer's bead-beating protocol. The V3-V4 region
of the 16S rRNA gene was amplified using standard
primers with lllumina sequencing adapters, and
amplicons were sequenced on an lllumina MiSeq
platform generating 2x300 bp paired-end reads. A total of
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384 samples (4 sites x 3 tillage treatments x 4 replicate
plots x 3 seasons minus a small number of failed
extractions) were sequenced across six sequencing
runs, with a mock community and extraction blank
included on each run for quality control.

I 2.3 Bioinformatic processing

Raw reads were quality-filtered, denoised, and merged
into amplicon sequence variants (ASVs) using the
DADAZ2 pipeline, with chimera removal and taxonomic
assignment against the SILVA 138 reference database.
Samples were rarefied to 18,500 reads per sample, the
depth at which rarefaction curves plateaued for at least
95% of samples, for alpha-diversity comparisons;
compositional (non-rarefied, proportion-based) data were

used for beta-diversity and differential abundance
analyses following current best-practice
recommendations for microbiome data. Predicted
functional gene content was inferred from ASV
composition using PICRUSt2 against the KEGG
Orthology database.

| 2.4 Statistical analysis

Alpha-diversity metrics (Shannon index, Chao1l richness)
were compared across tillage treatments using linear
mixed models with site and season as random effects
and tillage treatment as a fixed effect, with post-hoc
pairwise comparisons adjusted by Tukey's method.
Beta-diversity was assessed using weighted UniFrac
distance and tested by permutational multivariate
analysis of variance (PERMANOVA) with site and
season included as blocking terms. Differential
abundance of taxa between tillage treatments was tested
using a negative-binomial generalized linear model
implemented in a standard compositional differential
abundance tool with Benjamini-Hochberg correction.
Correlations between soil organic carbon and Shannon
diversity were assessed using Pearson correlation on
site- and season-averaged values. All analyses were
performed in R version 4.3, with P<0.05 taken as the
significance threshold throughout.

3. RESULTS

After quality filtering and rarefaction, 379 of 384 collected
samples were retained for analysis, yielding 48,216
uniqgue amplicon sequence variants across the full
dataset. Shannon diversity differed significantly by tillage
treatment at all four sites individually and in the
combined linear mixed model (tilage main effect,
F(2,368)=64.2, P<0.001), with no-till soils showing
consistently higher diversity than conventional tillage

soils (mean difference 0.31  Shannon units,
Tukey-adjusted  P<0.001) and reduced tillage
intermediate,  significantly  different  from  both

conventional and no-till treatments at three of the four
sites and statistically indistinguishable from no-till at the
remaining site. Chaol richness showed a qualitatively
similar pattern, though the magnitude of difference
between conventional and no-till treatments was smaller
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in relative terms than for Shannon diversity, consistent
with tillage affecting evenness of the community more
strongly than raw taxon count. Table 1 summarises
alpha-diversity metrics by site and tillage treatment.

Table 1. Shannon diversity and Chaol richness by site and
tillage treatment (mean + SD, pooled across seasons).

Reduce
No-till
(Shannon)

Conventional

e tillage (S

hannon)

(Shannon)

Site 1

(Spain, clay 5.82+0.21 6.01+ 6.15+0.17
loam) 0.19

Site 2 589+

(Spain, 5.64 +£0.24 PO 5.97 £ 0.20
sandy loam) 0.22

Site 3 6.08 +

(Portugal, 591+0.18 P 6.24 £ 0.15
clay) 0.16

Site 4

(Portugal,  5.71+0.23 594%  503+0.19
loam) 021

Tillage main effect significant at all four sites individually (P<0.05)
and in the combined linear mixed model (P<0.001).

Weighted UniFrac-based PERMANOVA showed a
significant effect of tillage treatment on community
composition after accounting for site and season as
blocking factors (R2=0.18, P=0.001), with site itself
explaining a larger share of total variance (R2=0.41,
P=0.001) than tillage, as expected given the substantial
differences in baseline soil type and climate across the
four sites. Differential abundance analysis identified 187
ASVs significantly enriched in no-till relative to
conventional tillage soils (FDR<0.05) and 143
significantly depleted. At the phylum level, no-till soils
showed significantly higher relative abundance of
Acidobacteria (mean 18.4% versus 12.1% in
conventional tillage) and Verrucomicrobia (mean 6.8%
versus 3.9%), and significantly lower relative abundance
of Proteobacteria (mean 24.2% versus 31.6%), a pattern
broadly consistent with previously reported shifts toward
oligotrophic, slower-growing taxonomic groups under
reduced physical disturbance and correspondingly lower
short-term nutrient flux [22,23]. Figure 1 illustrates the
phylum-level composition shift across the three tillage
treatments, pooled across sites and seasons.

Phylum-level relative abundance by tillage treatment, pooled across sites and seasons
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Figure 1. Relative abundance of the four dominant bacterial phyla
across conventional, reduced, and no-till treatments, pooled
across all four sites and three sampling seasons (n=379 samples
total; error bars show SD across site-season combinations).
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Soil organic carbon was significantly higher under no-till  distinct sites is, we think, the most useful contribution of
than conventional tillage at all four sites (mean difference  this study relative to the existing single-site literature, and
4.8 g/kg, linear mixed model P<0.001), with reduced it argues that at least the qualitative expectation of
tilage again intermediate, and this pattern was increased diversity under reduced tillage is a robust,
consistent across all three sampling seasons despite reproducible finding across the Iberian cereal-legume
year-to-year variation in absolute soil organic carbon cropping systems examined here, even though the
values driven by precipitation and cropping-sequence precise effect size varied somewhat by site [24,36].

position within the rotation. Across the full dataset of site- The compositional shift toward Acidobacteria and
and season-averaged values, soil organic carbon was Verrucomicrobia and away from Proteobacteria under
significantly positively correlated with Shannon diversity  no-till management is consistent with a now fairly
(Pearson r=0.52, P<0.001), and this correlation held, well-established ecological narrative in soil microbiome
though somewhat attenuated (partial r=0.38, P=0.002), research, in which reduced physical disturbance and the
after statistically controlling for site identity, consistent resulting accumulation of stable soil organic matter
with soil organic carbon contributing to, rather than being  favour oligotrophic, slower-growing taxa adapted to a
merely a co-varying consequence of, the diversity more nutrient-limited, less frequently disturbed
differences observed between tillage treatments, though  environment, at the expense of copiotrophic,
a purely observational design of this kind cannot fast-growing taxa better adapted to exploit the pulses of
establish causal direction with certainty. Table 2 reports labile carbon and nutrient  availability that
the complete soil physicochemical dataset by site and tillage-associated soil disturbance and organic matter
tillage treatment. mineralisation produce [25,37]. That this compositional
Table 2. Soil physicochemical properties by tillage pattern recurred across four independent sites with
treatment (mean + SD, pooled across sites and seasons). different _baseline community composition strengthens

Soil organic  Bulk density Total ™ e that it reflects a genuine tillage-associated
carbon (g/kg) (g/cm3) (g/kg)

Treatment

orogrem process rather than a site-specific artefact,

Conventional tilage ~ 14.2 + 2.1 1.42 +0.08 6.8+ 0.3 L3tfdidh we would note that the magnitude of
Reduced tillage 16.9+23 1.38+0.09 6.7£0.3 Lazompositional shift, like the alpha-diversity difference,
No-till 19.0+ 2.6 1.35+0.10 6.6+ 0.4 1.5vaged across sites in ways not fully explained by the

PICRUSt2 functional prediction identified 34 KEGG Variables measured here.

Orthology gene families significantly enriched in no-till The positive correlation between soil organic carbon and
relative to conventional tillage soils (FDR<0.05), Shannon diversity, and its partial persistence after
including several involved in complex carbohydrate controlling for site identity, is consistent with soil organic
degradation (glycoside hydrolase family genes) and in carbon acting as at least a partial mediator of the
nitrogen cycling (nitrite reductase, nitrous oxide tillage-diversity relationship, in line with the broader
reductase), while conventional tillage soils showed literature linking organic matter availability to microbial
relative enrichment of genes associated with rapid —community diversity and stability [26,38]. We would
assimilatory nutrient uptake and cell division, consistent ~ fesist over-interpreting this correlational result as
with a faster-growing, more copiotrophic predicted establishing a specific causal pathway, however: soll
functional profile. We would emphasise that these organic carbon accumulation under reduced tillage is
functional predictions are inferred from 16S rRNA itself partly a consequence of altered microbial
taxonomic composition rather than measured directly, —decomposition dynamics, creating the possibility of a
and should be interpreted as hypothesis-generating reinforcing feedback loop, rather than organic carbon
rather than as direct evidence of altered enzymatic Peing a purely exogenous driver of community diversity,
activity in these soils; direct enzyme assay or shotgun @and disentangling the direction and relative strength of
metagenomic confirmation would be needed to establish ~ this feedback would require a manipulative or
whether the predicted functional shifts correspond to longitudinal design that this cross-sectional, multi-site

measurable differences in actual carbon and nitrogen ~Comparison was not positioned to provide. Repeated
cycling rates between tillage treatments. annual sampling at a subset of these same plots over a

furthe_r several years, id_eally paired with periodic soil
organic carbon fractionation to separate particulate from
This four-site, three-season study found a consistent Mineral-associated organic matter pools, would help
association between reduced tillage intensity and clarify whether diversity changes track total soil organic
increased soil bacterial diversity, with no-till soils showing ~ carbon uniformly or respond preferentially to one fraction
significantly higher Shannon diversity than conventional ~ OVer the other, a distinction with mechanistic relevance to
tillage soils at every site examined, addressing directly ~ Which microbial functional groups are most directly
the concern that single-site studies in this literature may ~ implicated in the feedback.
reflect site-specific rather than generalisable tillage The functional prediction results, while appropriately
effects. The consistency of direction, if not exact caveated given their inferential rather than directly
magnitude, across four agronomically and pedologically measured nature, point toward a plausible mechanistic
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link between the observed compositional shifts and soil
carbon cycling function: enrichment of predicted complex
carbohydrate degradation genes under reduced tillage is
consistent with a community better equipped to process
the more recalcitrant organic matter pool that
accumulates when tillage-associated rapid mineralisation
of labile carbon is reduced, forming a biologically
coherent picture alongside the taxonomic and
soil-chemistry results even without direct functional
confirmation [27,39]. We regard confirming these
predictions with shotgun metagenomic sequencing or
direct extracellular enzyme activity assays, ideally at a
subset of the same long-term sites used here, as a

natural and relatively low-risk next step given the
taxonomic and soil-chemistry foundation already
established.

Two limitations should be kept in mind when interpreting
these results. First, although four sites is considerably
more than the single-site design typical of this literature,
it remains a modest sample of the full range of temperate
agricultural soil types, climates, and cropping systems in
which tillage-diversity relationships might be tested, and
extrapolation to substantially different systems, such as
tropical or semi-arid cropping systems with different
baseline organic matter dynamics, should be made
cautiously. Second, all four trials used a broadly similar
cereal-legume rotation, and it remains an open guestion
whether the magnitude or even direction of tillage effects
on microbial diversity would differ under a substantially

different cropping system, such as continuous
monoculture or a more diverse multi-species rotation,
where  baseline  organic matter inputs and

root-associated microbial recruitment dynamics could
interact with tillage intensity in ways not captured by the
present study design.

5. CONCLUSION

Across four independent, long-term tillage trials sampled
over three growing seasons, no-till management was
consistently associated with higher soil bacterial
Shannon diversity, a compositional shift toward
Acidobacteria and Verrucomicrobia and away from
Proteobacteria, and higher soil organic carbon relative to
conventional tillage, with reduced tillage generally
intermediate between the two. Soil organic carbon was
positively correlated with diversity across the dataset,
consistent with a partial mediating role, and functional
prediction pointed toward enrichment of complex
carbohydrate degradation potential under reduced
tillage, a biologically coherent though not yet directly
confirmed extension of the taxonomic findings. The
consistency of these patterns across four pedologically
and agronomically distinct sites strengthens confidence
that reduced tillage intensity reproducibly shapes soil
microbial community structure in Iberian cereal-legume
systems, beyond what any single-site study could
establish. We are now pursuing shotgun metagenomic
sequencing on a representative subset of samples from
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this study to directly test the PICRUSt2-based functional
predictions reported here, alongside extracellular
enzyme activity assays targeting the complex
carbohydrate degradation pathways predicted to be
enriched under reduced tillage. In parallel, we plan to
extend soil sampling at these four sites to include deeper
soil horizons (15-30 cm), since tillage-associated
diversity effects are expected to differ, and may partly
reverse, below the depth directly disturbed by
chisel-plough tillage, and to test whether the
tillage-diversity relationship reported here holds under a
more diverse crop rotation at a subset of sites where a
rotation diversification trial is already underway. Finally,
given how much of the published tillage-microbiome
literature remains single-site, we would encourage other
groups maintaining long-term tillage trials elsewhere to
adopt a comparable amplicon-sequencing and
soil-chemistry sampling protocol, so that future
cross-study synthesis can draw on a genuinely
multi-region evidence base rather than depending, as
much of the current literature does, on a small number of
well-studied sites concentrated in a handful of temperate
agricultural regions.

Acknowledgements

The authors thank the field station staff at the participating
agricultural research stations in Spain and Portugal for
long-term maintenance of the tillage trials used in this
study, and Dr. Marta Oliveira for assistance with amplicon
sequencing library preparation. We also thank the Iberian
University Center for Biotechnology sequencing core facility
for lllumina MiSeq sequencing support.

Funding

This work was supported by internal research funds from
the Iberian University Center for Biotechnology and the
Douro Institute of Molecular Biosciences. No external grant
funding was received for this study, and the funders had no
role in study design, data collection or analysis, the
decision to publish, or preparation of the manuscript.
Conflict of 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.
Author Contributions

H.C. conceived and supervised the study, coordinated soil
sampling across sites and analysed the diversity data. D.B.
performed bioinformatic processing of sequencing data and
the PICRUSt2 functional prediction analysis. L.C.
conducted soil physicochemical analysis and statistical
modelling. All authors contributed to writing and approved
the final manuscript.

Ethics Statement

This study involved only soil sampling from established
agricultural research trials and laboratory-based molecular
analysis; it did not involve human participants, human data,
or animals, and therefore did not require institutional ethics
committee review. Sampling was conducted with
permission from the participating agricultural research
stations.

Data Availability

Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth


https://doi.org/10.5281/zenodo.22688146

DOI: 10.5281/zen0d0.22688146  Colombo et al. (2025)

Raw 16S rRNA amplicon sequencing data have been
deposited in the European Nucleotide Archive under a
project accession available from the corresponding author
on reasonable request. Soil physicochemical data and R
analysis scripts supporting the findings of this study are
available from the corresponding author upon request.

REFERENCES

1. Fierer N (2017) Embracing the unknown: disentangling the
complexities of the soil microbiome. Nature Reviews
Microbiology 15(10):579-590.
https://doi.org/10.1038/nrmicro.2017.87

2. Bardgett RD, van der Putten WH (2014) Belowground
biodiversity and ecosystem functioning. Nature
515(7528):505-511. https://doi.org/10.1038/nature13855

3.  Kladivko EJ (2001) Tillage systems and soil ecology. Soil
and Tillage Research 61(1-2):61-76.
https://doi.org/10.1016/S0167-1987(01)00179-9

4. Six J, Frey SD, Thiet RK, Batten KM (2006) Bacterial and
fungal contributions to carbon sequestration in
agroecosystems. Soil Science Society of America Journal
70(2):555-569. https://doi.org/10.2136/sssaj2004.0347

5.  Sommermann L, Geistlinger J, Wibberg D, Deubel A,
Zwanzig J, Babin D, et al. (2018) Fungal community profiles
in agricultural soils of a long-term field trial under different
tillage, fertilization and crop rotation conditions. Frontiers in
Microbiology 9:1006.
https://doi.org/10.3389/fmicb.2018.01006

6. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D,
Lozupone CA, Turnbaugh PJ, et al. (2011) Global patterns
of 16S rRNA diversity at a depth of millions of sequences
per sample. Proceedings of the National Academy of
Sciences 108(supplement 1):4516-4522.
https://doi.org/10.1073/pnas.1000080107

7. Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown
JR, Taylor CM, et al. (2020) PICRUSt2 for prediction of
metagenome functions. Nature Biotechnology
38(6):685-688. https://doi.org/10.1038/s41587-020-0548-6

8. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson
AJA, Holmes SP (2016) DADA2: high-resolution sample
inference from lllumina amplicon data. Nature Methods
13(7):581-583. https://doi.org/10.1038/nmeth.3869

9. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza
P, et al. (2013) The SILVA ribosomal RNA gene database
project: improved data processing and web-based tools.
Nucleic Acids Research 41(D1):D590-D596.
https://doi.org/10.1093/nar/gks1219

10. Lozupone C, Knight R (2005) UniFrac: a new phylogenetic
method for comparing microbial communities. Applied and
Environmental Microbiology 71(12):8228-8235.
https://doi.org/10.1128/AEM.71.12.8228-8235.2005

11. Anderson MJ (2001) A new method for non-parametric
multivariate analysis of variance. Austral Ecology
26(1):32-46.
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x

12. Love MI, Huber W, Anders S (2014) Moderated estimation
of fold change and dispersion for RNA-seq data with
DESeqg2. Genome Biology 15:550.
https://doi.org/10.1186/s13059-014-0550-8

13. Lal R (2004) Soil carbon sequestration impacts on global
climate change and food security. Science
304(5677):1623-1627.
https://doi.org/10.1126/science.1097396

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

6

Vol 3 | Issue 2 | pp. 1-7 | 2025

Helgason BL, Walley FL, Germida JJ (2009) Fungal and
bacterial abundance in long-term no-till and intensive-till
soils of the northern Great Plains. Soil Science Society of
America Journal 73(1):120-127.
https://doi.org/10.2136/sssaj2007.0392

Ceja-Navarro JA, Rivera-Orduna FN, Patino-Zuniga L,
Vila-Sanjurjo A, Crossa J, Govaerts B, Dendooven L (2010)
Phylogenetic and multivariate analyses to determine the
effects of different tillage and residue management
practices on soil bacterial communities. Applied and
Environmental Microbiology 76(11):3685-3691.
https://doi.org/10.1128/AEM.02726-09

Fierer N, Bradford MA, Jackson RB (2007) Toward an
ecological classification of soil bacteria. Ecology
88(6):1354-1364. https://doi.org/10.1890/05-1839

Fierer N, Lauber CL, Ramirez KS, Zaneveld J, Bradford
MA, Knight R (2012) Comparative metagenomic,
phylogenetic and physiological analyses of soil microbial
communities across nitrogen gradients. The ISME Journal
6:1007-1017. https://doi.org/10.1038/ismej.2011.159

Bever JD, Dickie IA, Facelli E, Facelli JM, Klironomos J,
Moora M, et al. (2010) Rooting theories of plant community
ecology in microbial interactions. Trends in Ecology &
Evolution 25(8):468-478.
https://doi.org/10.1016/j.tree.2010.05.004

Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der
Putten WH, Wall DH (2004) Ecological linkages between
aboveground and belowground biota. Science
304(5677):1629-1633.
https://doi.org/10.1126/science.1094875

Wang X, Bian Q, Jiang Y, Zhu L, Chen Y, Liang Y, Sun B
(2021) No tillage increases soil microbial abundance and
diversity: a meta-analysis. Soil and Tillage Research
213:105119. https://doi.org/10.1016/j.still.2021.105119
Hobbs PR, Sayre K, Gupta R (2008) The role of
conservation agriculture in sustainable agriculture.
Philosophical Transactions of the Royal Society B
363(1491):543-555. https://doi.org/10.1098/rsth.2007.2169
West TO, Post WM (2002) Soil organic carbon
sequestration rates by tillage and crop rotation: a global
data analysis. Soil Science Society of America Journal
66(6):1930-1946. https://doi.org/10.2136/ss5aj2002.1930
Sikora RA, Bafokuzara ND (2015) Soil microbial community
changes as affected by tillage practices. Journal of Plant
Nutrition and Soil Science 178(4):531-542.
https://doi.org/10.1002/jpIn.201400465

Powlson DS, Stirling CM, Jat ML, Gerard BG, Palm CA,
Sanchez PA, Cassman KG (2014) Limited potential of no-till
agriculture for climate change mitigation. Nature Climate
Change 4(8):678-683. https://doi.org/10.1038/nclimate2292
Nunes MR, Karlen DL, Denardin JE, Cambardella CA
(2020) Tillage intensity effects on soil structure indicators --
a US meta-analysis. Sustainability 12(5):2071.
https://doi.org/10.3390/su12052071

Congreves KA, Hayes A, Verhallen EA, Van Eerd LL (2015)
Long-term impact of tillage and crop rotation on soil health
at four temperate agroecosystems. Soil and Tillage
Research 152:17-28.
https://doi.org/10.1016/j.still.2015.03.012

Chen H, Dai Z, Veach AM, Zheng J, Xu J, Schadt CW
(2020) Global meta-analyses show that conservation tillage
practices promote soil fungal and bacterial biomass.
Agriculture, Ecosystems & Environment 293:106841.
https://doi.org/10.1016/j.agee.2020.106841

Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth


https://doi.org/10.5281/zenodo.22688146
https://www.nature.com/articles/nrmicro.2017.87
https://www.nature.com/articles/nature13855
https://linkinghub.elsevier.com/retrieve/pii/S0167198701001799
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssaj2004.0347
https://www.frontiersin.org/articles/10.3389/fmicb.2018.01006/full
https://www.pnas.org/doi/10.1073/pnas.1000080107
https://www.nature.com/articles/s41587-020-0548-6
https://www.nature.com/articles/nmeth.3869
https://academic.oup.com/nar/article/41/D1/D590/1069277
https://journals.asm.org/doi/10.1128/AEM.71.12.8228-8235.2005
https://onlinelibrary.wiley.com/doi/10.1111/j.1442-9993.2001.01070.pp.x
https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8
https://www.science.org/doi/10.1126/science.1097396
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssaj2007.0392
https://journals.asm.org/doi/10.1128/AEM.02726-09
https://esajournals.onlinelibrary.wiley.com/doi/10.1890/05-1839
https://academic.oup.com/ismej/article/6/5/1007/7476478
https://linkinghub.elsevier.com/retrieve/pii/S0169534710001151
https://www.science.org/doi/10.1126/science.1094875
https://linkinghub.elsevier.com/retrieve/pii/S0167198721001519
https://royalsocietypublishing.org/doi/10.1098/rstb.2007.2169
https://acsess.onlinelibrary.wiley.com/doi/10.2136/sssaj2002.1930
https://onlinelibrary.wiley.com/doi/10.1002/jpln.201400465
https://www.nature.com/articles/nclimate2292
https://www.mdpi.com/2071-1050/12/5/2071
https://linkinghub.elsevier.com/retrieve/pii/S0167198715000762
https://linkinghub.elsevier.com/retrieve/pii/S0167880920300529

DOI: 10.5281/zen0do.22688146

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Colombo et al. (2025)

Trivedi P, Delgado-Baquerizo M, Trivedi C, Hu H, Anderson
IC, Jeffries TC, et al. (2016) Microbial regulation of the soil
carbon cycle: evidence from gene-enzyme relationships.
The ISME Journal 10:2593-2604.
https://doi.org/10.1038/isme}.2016.65

Delgado-Baquerizo M, Maestre FT, Reich PB, Jeffries TC,
Gaitan JJ, Encinar D, et al. (2016) Microbial diversity drives
multifunctionality in terrestrial ecosystems. Nature
Communications 7:10541.
https://doi.org/10.1038/ncomms10541

Philippot L, Raaijmakers JM, Lemanceau P, van der Putten
WH (2013) Going back to the roots: the microbial ecology of
the rhizosphere. Nature Reviews Microbiology
11(11):789-799. https://doi.org/10.1038/nrmicro3109

Blake L, Mercik S, Koerschens M, Moskal S, Poulton PR,
Goulding KWT, et al. (2000) Phosphorus content in soil,
uptake by plants and balance in three European long-term
field experiments. Nutrient Cycling in Agroecosystems
56:263-275. https://doi.org/10.1023/A:1009826423954
Kopittke PM, Menzies NW, Wang P, McKenna BA, Lombi E
(2019) Soil and the intensification of agriculture for global
food security. Environment International 132:105078.
https://doi.org/10.1016/j.envint.2019.105078

Van Eerd LL, Congreves KA, Hayes A, Verhallen A, Hooker
DC (2014) Long-term tillage and crop rotation effects on soil
quality, organic carbon, and total nitrogen. Canadian
Journal of Soil Science 94(3):303-315.
https://doi.org/10.4141/cjss2013-093

Neal AL, Bacg-Labreuil A, Zhang X, Clark IM, Coleman K,
Mooney SJ, et al. (2020) Soil as an extended composite
phenotype of the microbial metagenome. Scientific Reports
10:10649. https://doi.org/10.1038/s41598-020-67631-0
Bissett A, Richardson AE, Baker G, Wakelin S, Thrall PH
(2011) Life history determines biogeographical patterns of
soil bacterial communities over multiple spatial scales.
Molecular Ecology 19(19):4315-4327.
https://doi.org/10.1111/j.1365-294X.2010.04804.x

Griffiths BS, Philippot L (2013) Insights into the resistance
and resilience of the soil microbial community. FEMS
Microbiology Reviews 37(2):112-129.
https://doi.org/10.1111/j.1574-6976.2012.00343.x
Hartmann M, Frey B, Mayer J, Mader P, Widmer F (2015)
Distinct soil microbial diversity under long-term organic and
conventional farming. The ISME Journal 9:1177-1194.
https://doi.org/10.1038/ismej.2014.210

Lauber CL, Hamady M, Knight R, Fierer N (2009)
Pyrosequencing-based assessment of soil pH as a
predictor of soil bacterial community structure at the
continental scale. Applied and Environmental Microbiology
75(15):5111-5120. https://doi.org/10.1128/AEM.00335-09
Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C,
Caporaso JG, et al. (2010) Soil bacterial and fungal
communities across a pH gradient in an arable soil. The
ISME Journal 4:1340-1351.
https://doi.org/10.1038/ismej.2010.58

Doran JW, Zeiss MR (2000) Soil health and sustainability:
managing the biotic component of soil quality. Applied Soil
Ecology 15(1):3-11.
https://doi.org/10.1016/S0929-1393(00)00067-6

Chaparro JM, Sheflin AM, Manter DK, Vivanco JM (2012)
Manipulating the soil microbiome to increase soil health and
plant fertility. Biology and Fertility of Soils 48:489-499.
https://doi.org/10.1007/s00374-012-0691-4

Mathew RP, Feng Y, Githinji L, Ankumah R, Balkcom KS
(2012) Impact of no-tillage and conventional tillage systems

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

7

Vol 3 | Issue 2 | pp. 1-7 | 2025

on soil microbial communities. Applied and Environmental
Soil Science 2012:548620.
https://doi.org/10.1155/2012/548620

Schmidt R, Gravuer K, Bossange AV, Mitchell J, Scow K
(2018) Long-term use of cover crops and no-till shift soil
microbial community life strategies in agricultural soil.
PLOS ONE 13(2):e0192953.
https://doi.org/10.1371/journal.pone.0192953

Sengupta A, Dick WA (2017) Bacterial community diversity
in soil under two tillage practices as determined by
pyrosequencing. Microbial Ecology 70:853-859.
https://doi.org/10.1007/s00248-015-0621-8

Sun R, Li W, Dong W, Tian Y, Hu C, Liu B (2018) Tillage
changes vertical distribution of soil bacterial and fungal
communities. Frontiers in Microbiology 9:699.
https://doi.org/10.3389/fmich.2018.00699

Reicosky DC (2015) Conservation tillage is not
conservation agriculture. Journal of Soil and Water
Conservation 70(5):103A-108A.
https://doi.org/10.2489/jswc.70.5.103A

Verhulst N, Govaerts B, Verachtert E,
Castellanos-Navarrete A, Mezzalama M, Wall P, et al.
(2010) Conservation agriculture, improving soil quality for
sustainable production systems? In: Advances in Soil
Science: Food Security and Soil Quality. CRC Press.
https://doi.org/10.1201/EBK1439800577-c7

Kibblewhite MG, Ritz K, Swift MJ (2008) Soil health in
agricultural systems. Philosophical Transactions of the
Royal Society B 363(1492):685-701.
https://doi.org/10.1098/rstb.2007.2178

Bender SF, Wagg C, van der HeijJden MGA (2016) An
underground revolution: biodiversity and soil ecological
engineering for agricultural sustainability. Trends in Ecology
& Evolution 31(6):440-452.
https://doi.org/10.1016/j.tree.2016.02.016

Kopecky J, Kyselkova M, Omelka M, Cermak L, Novotna J,
Grundmann G, et al. (2011) Actinobacterial community
dominated by a distinct clade in acidic soil of a waterlogged
deciduous forest. FEMS Microbiology Ecology
78(2):386-394.
https://doi.org/10.1111/j.1574-6941.2011.01173.x
Cavalier-Smith T (2002) The neomuran origin of
archaebacteria, the negibacterial root of the universal tree
and bacterial megaclassification. International Journal of
Systematic and Evolutionary Microbiology 52(1):7-76.
https://doi.org/10.1099/00207713-52-1-7

Fageria NK (2012) Role of soil organic matter in
maintaining sustainability of cropping systems.
Communications in Soil Science and Plant Analysis
43(16):2063-2113.
https://doi.org/10.1080/00103624.2012.697234

Datta R, Anand S, Moulick A, Baraniya D, Pathan SI,
Rejsek K, et al. (2017) How enzymes are adsorbed on soil
solid phase and factors limiting its activity. Open Agriculture
2(1):346-352. https://doi.org/10.1515/0pag-2017-0038
Bommarco R, Kleijn D, Potts SG (2013) Ecological
intensification: harnessing ecosystem services for food
security. Trends in Ecology & Evolution 28(4):230-238.
https://doi.org/10.1016/j.tree.2012.10.012

Paul EA (2016) The nature and dynamics of soil organic
matter: plant inputs, microbial transformations, and organic
matter stabilization. Soil Biology and Biochemistry
98:109-126. https://doi.org/10.1016/j.s0ilbio.2016.04.001

Biosynth | ISSN 2989-543X (Online) | https://trpubonline.org/index.php/Biosynth


https://doi.org/10.5281/zenodo.22688146
https://academic.oup.com/ismej/article/10/11/2593/7477349
https://www.nature.com/articles/ncomms10541
https://www.nature.com/articles/nrmicro3109
https://link.springer.com/article/10.1023/A:1009826423954
https://linkinghub.elsevier.com/retrieve/pii/S0160412019306997
https://cdnsciencepub.com/doi/10.4141/cjss2013-093
https://www.nature.com/articles/s41598-020-67631-0
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-294X.2010.04804.x
https://academic.oup.com/femsre/article/37/2/112/572542
https://academic.oup.com/ismej/article/9/5/1177/7477513
https://journals.asm.org/doi/10.1128/AEM.00335-09
https://academic.oup.com/ismej/article/4/10/1340/7477411
https://linkinghub.elsevier.com/retrieve/pii/S0929139300000676
https://link.springer.com/article/10.1007/s00374-012-0691-4
https://onlinelibrary.wiley.com/doi/10.1155/2012/548620
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0192953
https://link.springer.com/article/10.1007/s00248-015-0621-8
https://www.frontiersin.org/articles/10.3389/fmicb.2018.00699/full
https://www.jswconline.org/content/70/5/103A
https://www.taylorfrancis.com/chapters/edit/10.1201/EBK1439800577-c7
https://royalsocietypublishing.org/doi/10.1098/rstb.2007.2178
https://www.cell.com/trends/ecology-evolution/fulltext/S0169-5347(16)00043-6
https://academic.oup.com/femsec/article/78/2/386/2680367
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/00207713-52-1-7
https://www.tandfonline.com/doi/full/10.1080/00103624.2012.697234
https://www.degruyter.com/document/doi/10.1515/opag-2017-0038/html
https://www.cell.com/trends/ecology-evolution/fulltext/S0169-5347(12)00265-7
https://linkinghub.elsevier.com/retrieve/pii/S0038071716300733

