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• Our soil health understanding is a consequence of the experience
accumulated after 14 years of studying soil responses to different
managements, looking for soil biology activity regeneration, now
named soil health and biofertility.

• The story began with no till-farmers questions about how to
characterize monocropping and crop-rotation soils developing
biological indexes.

• Then, it continued studying the effects of no-till agriculture
intensification on soil properties, aimed at continuing developing
soil biological indexes.
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were generally greater than those from agricultural soils, and

no differences were found between HR and LR treatments.

However, in winter samples, it was possible to find particular

fatty acids with significant variations between the three

treatments. The fatty acids 16:0, 16:0iso, 16:1w5c, 18:0 and

18:1w9c showed decreasing concentrations in the direction

NE>HR>LR, with significant differences (P < 0.05) among

them (Table S3), but as strong location-soil management

were found (P < 0.001) this comparison of treatment

averaged among all locations should not be considered.

The total amount of soil PLFAs was greater in NE

samples than in agricultural soils, regardless of season

(Table 1). No differences were found between HR and LR in

the summer sampling (P = 0.984), while the trend

NE>HR>LR was present in the winter sampling.

Nevertheless, a strong interaction was found in the two-

factor ANOVA (P = 0.0001) suggesting the need of a

location per location analysis.

The taxonomic groups estimated from PLFA data

generally show greater values in NE than in agricultural

sites, and values for HR were always greater than for LR

samples at every location used as replication of treatments

(data not shown). The two-factor ANOVA also showed

strong interaction between treatment and location in winter

samples (Table S4). The natural environments used as soil

reference at different locations were quite different in terms

of vegetation diversity and that fact seemed to be expressed

in the dispersion of NE samples in the PCA (white dots in

Figure S1). The variations of data in the site-by-site data

analysis suggest that NE were more affected by location

than agricultural sites (data not shown). Considering that the

aim of this work was focused on the discrimination power of

lipids profiles between different agricultural practices, and

not the analysis of the natural environments per se, we ran a

new two-way ANOVA excluding NE data. In this way, no

interaction was found between treatments and locations

either in summer or winter; thus, locations could be

considered as true replicates of the treatments HR and LR.

With this analysis, it was possible to find significant

differences (P < 0.05) between HR and LR in winter samples

for almost all taxonomic groups based on PLFA: total

bacteria, Gram-positives, Gram-negatives, Arbuscular

mycorrhiza fungi; actinomycetes and fungi groups showed

greater values in HR than in LR sites, but the differences

were slightly less significant (P = 0.0627 and 0.0932,

respectively); Gram-positive bacteria were similar between

NE and HR treatments in winter samples (P = 0.116). The

fungal/bacterial ratio was similar for the three treatments in

both seasons.

Discriminant analysis using taxonomic groups of PLFA

showed an improved soil management separation in winter

compared to summer, HR samples settled in the middle of LR
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Figure 1 Discriminant analysis of individual PLFA for data from

samples taken in summer (a), winter (b), and combining all samples

from both seasons (c). Symbols’ colours: white: samples from

natural environments (NEs) sites, grey: samples from high crop

rotation (HR) sites, black: samples from low crop rotation (LR)

sites.
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The analysis of individual fatty acids within the NLFA

profiles showed that in summer, the fatty acid 20:0 was the

only NLFA with significant different values between HR and

LR (HR>LR). In winter, significant differences were also

observed between HR and LR for common (12:0iso, 13:0,

14:0iso and 17:1w8c) and rare (15:1iso G, 17:1anteisoB,

18:1w7c11Me and unknown 13.565) fatty acids (Table S2). The

straight chain fatty acids 18:0 and 20:0 had a significant trend

NE>HR>LR. In this way, 20:0 was the only fatty acid with a

significant NE>HR>LR trend in both seasons (Figure 4), and

this observation is highlighted by the fact that, for this fatty

acid, no significant location–land-use interactions were found

in summer (P = 0.128) and in winter (P = 0.065).

The mycorrhizal biomarker (16:1w5c) present in NLFA

had significantly greater concentration in NE than in

agricultural soils and no differences between HR and LR

were found either in summer (60 and 59 nmoles/g,

respectively, P = 0.913) or in winter (14 and 11 nmoles/g,

respectively, P = 0.243).

Classifying and grouping NLFA based on their chemical

structure (Table S1) improved the separation of treatments

in a PCA (data not shown) compared to PCA of single

NLFAs (Figure S2). NE sites were characterized by high

levels of STRAIGHT chain and MUFA fatty acids in both

sampling seasons (Table 2). The two-factor ANOVA of

NLFA groups showed some significant interactions between

treatment and location in both seasons (Table S5), while

these interactions almost disappeared when NE data were

excluded from the analysis in the summer samples and it was

reduced to fewer groups in winter samples (Table S5). There

were no significant differences between HR and LR
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Figure 3 Discriminant analysis of individual NLFA for data from

samples taken in summer (a), winter (b), and combining all samples

from both seasons (c). Symbols’ colours: white: samples from

natural environments (NEs) sites, grey: samples from high crop

rotation (HR) sites, black: samples from low crop rotation (LR)

sites.
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Figure 4 Concentration values of the fatty acid 20:0 present in the

neutral lipids fraction. Averages for samples from summer (dark

grey) and winter (light grey). Different letters indicate significant

differences for P = 0.05 among treatments within each sampling

season. Column bars correspond to the standard error.
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Figure 1 Discriminant analysis of individual fatty acids from the WSFA profile. Samples taken in summer (a) and in winter (b) (Symbols: white:

natural environment; grey: crop rotation; black: monocropping).

Table 1 One-factor ANOVA for the comparison of mean concentrations (nanomoles/gram dry soil) of selected WCFA among all locations and

subsamples, for every agricultural treatment

Summer Winter

NE CR MC NE CR MC

15:0 iso 3OH 4.6 a (1.5) 3.4 a (0.93) 2.4 a (0.88) 4.4 b (1.7) 3.8 ab (0.91) 1.0 a * (0.41)

15:1 iso G 5.4 a (1.0) 4.8 a (1.3) 4.1 a (1.2) 12 c (2.2) 4.3 a (0.88) 1.6 a (0.54)

16:0 3OH 12 c (0.61) 8.4 b (0.79) 5.4 a (2.0) 14 b (1.4) 9.5 a (0.68) 7.0 a * (0.62)

16:0 10Me 69 b (5.5) 50 a (4.2) 55 a (14) 94 b (10) 56 a (4.3) 61 a (5.2)

16:0N alcohol 46 b (6.4) 16 a (3.0) 11 a (6.1) 43 b (6.9) 13 a (2.1) 11 a (2.0)

16:1w5c 289 b (47) 105 a (17) 107 a (41) 274 b (51) 82 a (14) 67 a (7.1)

18:2w6,9c 190 b (24) 95 a (8.5) 166 ab (36) 216 a (27) 257 a (114) 119 a (13)

18:1w7c 117 b (16) 61 a (6.8) 111 b (23) 154 b (21) 78 a (15) 143 b (21)

18:1w9c 378 b (45) 169 a (14) 204 a (61) 433 a (49) 398 a (169) 184 a (15)

19:1w6c 411 c (35) 154 a (11) 114 a (55) 390 c (23) 134 b (21) 78 a (3.6)

20:4w6 22 b (3.6) 13 a (2.5) 10 a (3.8) 24 a (4.7) 38 a (19) 20 a (3.0)

16:03OH/18:1w7c 0.13 b 0.16 b 0.056 a 0.12 b 0.12 b 0.069 a

Different letters indicate significant difference for P = 0.05 (NE: natural environment; CR: crop rotation; MC: monocropping). The asterisk

indicates significant difference (P < 0.05) between CR and MC when NE data are excluded from the analysis (Standard error between brackets).
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Figure 2 Discriminant analysis using a subset of selected relevant fatty acids from the WSFA data set, which showed a trend of differences

among treatments according to one-factor ANOVA (see Table 1). Samples taken in summer (a) and winter (b) (For identification of symbols:

see legend of Figure 1).
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Crop monoculture rather than agriculture reduces the
spatial turnover of soil bacterial communities at
a regional scale
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Summary

The goal of this study was to investigate the spatial
turnover of soil bacterial communities in response to
environmental changes introduced by the practices
of soybean monoculture or crop rotations, relative to
grassland soils. Amplicon sequencing of the 16S
rRNA gene was used to analyse bacterial diversity in
producer fields through three successive cropping
cycles within one and a half years, across a regional
scale of the Argentinean Pampas. Unlike local diver-
sity, which was not significantly affected by land use
type, agricultural management had a strong influence
on β-diversity patterns. Distributions of pairwise dis-
tances between all soils samples under soybean
monoculture had significantly lower β-diversity and
narrower breadth compared with distributions of
pairwise distances between soils managed with crop
rotation. Interestingly, good agricultural practices had
similar degree of β-diversity as natural grasslands.
The higher phylogenetic relatedness of bacterial com-
munities in soils under monoculture across the
region was likely determined by the observed loss
of endemic species, and affected mostly to phyla
with low regional diversity, such as Acidobacteria,
Verrucomicrobia and the candidates phyla SPAM and
WS3. These results suggest that the implementation

of good agricultural practices, including crop rota-
tion, may be critical for the long-term conservation of
soil biodiversity.

Introduction

No-till (also known as direct drilling and zero tillage) is an
agricultural practice in which crop residues from previous
harvesting are left on the soil surface, and the soil is not
disturbed other than by the passage of the drill coulters.
By reducing tillage, soil erosion is prevented, carbon
storage is increased and available moisture is used more
efficiently, making the soil management more sustain-
able (Díaz-Zorita et al., 2002; Derpsch et al., 2010).
In Argentina, no-till presently dominates cropping
practices, covering almost 26 million hectare, i.e. 75%
of the total cultivated area (source: AAPRESID;
www.aapresid.org.ar). On the basis of the associated gain
in productivity, this conservation agricultural practice has
been steadily gaining acceptance by farmers.

Regrettably, market forces have encouraged farmers to
grow soybean in monoculture. This is often combined with
low nutrient restoration, which eventually may offset the
advantages of no-tillage, a practice that should be accom-
panied by additional actions to ensure sustainability.
These include permanent organic soil cover, required to
improve water storage and to avoid negative effects of
no-till on soil architecture (Shaver et al., 2002), and crop
rotation, which is needed to reduce pathogen carryover
on crop residues from previous harvesting (Bockus and
Shroyer, 1998).

Loss of biodiversity caused by intensive agriculture is a
major worldwide concern. Declining of species related to
intensive agriculture has been documented for several
organisms, such as birds (Bockus and Shroyer, 1998),
insects (Tscharntke et al., 2008), stream invertebrates
(Beketov et al., 2013), butterflies (Ekroos et al., 2010) and
soil macrofauna (Domínguez et al., 2010). However,
despite the crucial role of bacteria in the cycling of nutri-
ents, carbon storage and plant growth, the impact of no-till
agriculture with either crop rotation or monoculture on
bacterial diversity in soil is not well understood.

Many previous studies investigating the impact of agri-
cultural practices on microbial diversity focused on the
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1 Instituto de Investigaciones en Ingenierı́a Genética y Biologı́a Molecular (INGEBI-CONICET) Vuelta de Obligado 2490, Buenos Aires, Argentina, 2 CERZOS-CONICET

Departamento de Agronomı́a, Universidad Nacional del Sur, Bahı́a Blanca, Argentina, 3 Departamento de Geologı́a, Universidad Nacional de Rı́o Cuarto, Rı́o Cuarto,
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Abstract

The rise in the world demand for food poses a challenge to our ability to sustain soil fertility and sustainability. The
increasing use of no-till agriculture, adopted in many areas of the world as an alternative to conventional farming, may
contribute to reduce the erosion of soils and the increase in the soil carbon pool. However, the advantages of no-till
agriculture are jeopardized when its use is linked to the expansion of crop monoculture. The aim of this study was to survey
bacterial communities to find indicators of soil quality related to contrasting agriculture management in soils under no-till
farming. Four sites in production agriculture, with different soil properties, situated across a west-east transect in the most
productive region in the Argentinean pampas, were taken as the basis for replication. Working definitions of Good no-till
Agricultural Practices (GAP) and Poor no-till Agricultural Practices (PAP) were adopted for two distinct scenarios in terms of
crop rotation, fertilization, agrochemicals use and pest control. Non-cultivated soils nearby the agricultural sites were taken
as additional control treatments. Tag-encoded pyrosequencing was used to deeply sample the 16S rRNA gene from bacteria
residing in soils corresponding to the three treatments at the four locations. Although bacterial communities as a whole
appeared to be structured chiefly by a marked biogeographic provincialism, the distribution of a few taxa was shaped as
well by environmental conditions related to agricultural management practices. A statistically supported approach was used
to define candidates for management-indicator organisms, subsequently validated using quantitative PCR. We suggest that
the ratio between the normalized abundance of a selected group of bacteria within the GP1 group of the phylum
Acidobacteria and the genus Rubellimicrobium of the Alphaproteobacteria may serve as a potential management-indicator
to discriminate between sustainable vs. non-sustainable agricultural practices in the Pampa region.

Citation: Figuerola ELM, Guerrero LD, Rosa SM, Simonetti L, Duval ME, et al. (2012) Bacterial Indicator of Agricultural Management for Soil under No-Till Crop
Production. PLoS ONE 7(11): e51075. doi:10.1371/journal.pone.0051075

Editor: Hauke Smidt, Wageningen University, The Netherlands

Received June 12, 2012; Accepted October 30, 2012; Published November 30, 2012

Copyright: ! 2012 Figuerola et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors are members of the BIOSPAS consortium (http://www.biospas.org/en). ELMF, JCB, LGW and LE are members of Consejo Nacional de
Investigaciones Cientı́ficas y Técnicas (CONICET), Argentina. JAG is member of Comisión de Investigaciones Cientı́ficas of Buenos Aires Province, Argentina (CIC).
MD and SR received fellowships from ANPCyT, Argentina. LDG and LS were fellows of CONICET. The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: erijman@dna.uba.ar

. These authors contributed equally to this work.

Introduction

Sowing crop into no-till soil is a farming method that has
initially been developed as an alternative to conventional tillage
practices, with the aims of using less fossil fuels, reducing the
erosion of soils, and increasing the soil carbon pool [1]. Soil
structure can be significantly modified through reduced-till
management practices [2]. Soil aggregates are less subjected to
dry and wet cycles in no-tilled soil, compared to conventional-tilled
soil, due to the protection exerted by surface residues. Therefore, it
appears that reduced-till management reduces the risk of surface
runoff, increase soil aggregation, and improve soil hydrological
properties [3]. This is particularly true if no-till management is
combined with diverse crop rotation [4].

Additional driving forces for no-till agriculture are the lower
production costs, the higher yields and the incorporation of less
fertile areas into crop production [4]. During the past several

decades, no-till agriculture has been increasingly adopted in many
areas of the world [5]. In Argentina, this practice has spread
steadily in the last 30 years [6], covering presently almost 20
million hectare, which represents 70% of the total cultivated area
[4]. Through the adoption of this novel agriculture management,
farmers have been gradually incorporated novel technologies for
weed, disease and fertilizer management through trial-and-error
learning. The combination of these technologies with no-till
management led to a farmers’ definition of good agricultural
practices on the basis of economic yield alongside soil conservation
and gain in productivity. Yet this situation rapidly highlighted the
need for new working hypotheses to aid in soil quality monitoring.

Driven by the influence of favorable market conditions, a
substantial portion of that area is presently dedicated to soybean
monoculture, often combined with minimal nutrient restoration.
From the noticeable increase in soil born diseases caused by
residue- and soil-inhabiting pathogens selected by the previous

PLOS ONE | www.plosone.org 1 November 2012 | Volume 7 | Issue 11 | e51075

Crop rotation in no-till soils modifies the soil fatty acids
signature
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Abstract

Analysis of whole-soil fatty acids (WSFA) was used to characterize no-till productive agricultural soils

associated with different crop rotation managements on the Argentinean pampas, over two sampling

seasons. Crop rotation (CR) treatment was compared with soybean monocropping (MC). Soils from

nearby natural environments (NE) were used as reference treatments. The objective of this study was

to characterize the soil lipid signature and seek putative markers of agricultural management. NE

sites had greater concentration of total WSFA than agricultural sites, but no differences between CR

and MC were identified. NE sites were characterized by straight chain and mono-unsaturated fatty

acids, such as 16:1x5c, an established biomarker for arbuscular mycorrhiza. Comparing lipid profiles

using multivariate methods allowed a comprehensive comparison among treatments. The CR and NE

soil samples were more alike than those of MC, with several fatty acids in common. CR soils were

associated with mixed, branched and hydroxylated fatty acids. MC profiles appeared to be enriched

by 16:010Me and 18:1x7c fatty acids, which could be potential treatment markers. Thus, use of the

WSFA approach to study soil lipid signature appeared to be a sensitive method to characterize soil

health and soil use and management. However, some of the fatty acids do not come from living cells

but from soil organic matter, which sets a limitation on interpretation in terms of the microbial

community but expands the biological origin of the soil lipid signature to any biological matter, alive

or death, which is a constitutive part of the soil under study.

Keywords: Conservation agriculture, classification and regression trees analysis, cropping systems,

soil biodiversity, soil lipids, soil organic matter

Introduction

Almost 90% of the agricultural lands in Argentina are

managed by no-till agriculture, which improves physical soil

properties and reduces erosion risks, especially when no-till

is combined with crop rotation (Derpsch et al., 2010).

Argentinean soils have been mostly characterized by means

of physical and chemical quality markers, while biological

markers have not been extensively used, mostly because

there is no consensus about what biological markers and

reference values should be used (Wall, 2011). The analysis

of soil lipids is one of the few available quantitative

methods to study microbial communities that do not depend

on microbe culturing (Frosteg!ard et al., 2011). In addition

to the use of fatty acids from the phospholipids fraction

(PLFA) as a method to look at microorganisms – as part of

the organic pool in soil – the analysis of soil lipids as a

whole provides a way for the global biochemical

characterization of soils, including lipids in the soil organic

matter pool and derived from either living or dead matter in

the process of decomposition. Soil lipids can be studied by

different methods. One of them is the direct saponification

of soil, known as the whole cell fatty acid (WCFA)

methodology, originally applied to microbial cultures

(Miller, 1982), whereas other includes a fractionation

method, which involves extraction of soil lipids followed by

a separation into three fractions: phospholipids (PLFA),

glycolipids and neutral lipids fatty acids (NLFA) (Zelles,

1999). The fractionation method (usually known as the

PLFA/NLFA method) divides lipids from living organisms

into membrane bound and storage lipids. However, the use
Correspondence: L. G. Wall. E-mail: wall.luisgabriel@gmail.com
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Abstract

Analysis of phospholipids (PLFA) and neutral lipids fatty acids (NLFA) was used to characterize

no-till productive agricultural soils associated with different crop rotation levels, replicated across a

400 km transect in the Argentinean pampas, during two sampling seasons, summer and winter. High

rotation (HR) management consisted in maize–wheat–soybean intense rotation including cover crops.

Low rotation (LR) management trend to soybean monocultures. Soils from nearby natural

environments (NEs) were used as references. Fatty acids concentration in soils (nmol/g) decreased c.a.

50% from summer to winter differentially according to soil treatment being the smallest decrease in

HR management 35%. Both PLFA and NLFA profiles showed strong potential to discriminate

between different land uses. In winter samples, some rare or unknown fatty acids were relevant for

the discrimination of agricultural practices while NLFA 20:0 appears to be a good marker of HR

soils despite season or location. The PLFA-based taxonomic biomarkers for total bacteria, Gram-

negative bacteria and arbuscular mycorrhiza showed a significant trend NE>HR>LR in the winter

sampling. HR management was also characterized by high levels of NLFA in winter samples as if

high crop rotation improves lipids reserves in soil during winter more than in monocropping soil

management. In conclusion, PLFA and particularly NLFA profiles appear to provide useful and

complementary information to obtain a footprint of different soil use and managements, improving

soil biochemistry characterization tools.

Keywords: Agriculture, soil lipids, no-tillage, crop rotation, NLFA, PLFA

Abbreviations: PLFA, phospholipid fatty acids; NLFA, neutral lipid fatty acids; HR, high rotation

management; LR, low rotation management; NE, natural environment.

Introduction

The production of soybean has increased in Argentina from

0.01 to 27 million hectares during the last 30 years, now

being the third world producer of this legume as a

consequence of biotechnology, no-till agriculture adoption

and market pressure by commodities values (Meriles et al.,

2009). Reduced or no-tillage agricultural practices improve

soil physical properties and reduce the risk of erosion or

surface runoff if no-till were combined with crop rotation

(Derpsch et al., 2010). Soils under no-till agriculture in

Argentina have been mostly chemically and physically

characterized, but knowledge about biology and

biochemistry of these soils is scarce (Wall, 2011). Different

soil uses affect crops productivity and has been shown to

produce different effects on soil microbial community

structures and diversity (Figuerola et al., 2012; Rodrigues
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Agriculture by Irrigation Modifies
Microbial Communities and Soil
Functions Associated With
Enhancing C Uptake of a Steppe
Semi-Arid Soil in Northern Patagonia
Juan P. Frene1, Valeria Faggioli 2†, Julieta Covelli 1†, Dalila Reyna1†, Luciano A. Gabbarini 1†,
Patricio Sobrero 1, Alejandro Ferrari 1, Magalí Gutierrez 3 and Luis G. Wall 1*

1 Laboratory of Soil Biochemistry and Microbiology, Center for Soil Biochemistry and Microbiology, National University of

Quilmes, Buenos Aires, Argentina, 2 Instituto Nacional de Tecnología Agropecuaria (INTA) Marcos Juárez Agricultural

Experiment Station, Córdoba, Argentina, 3 Gerente Técnico de Desarrollo (GTD) Proyecto Chacra Valle Irrigado Norte

Patagónico (VINPA), Asociación Argentina de Productores en Siembra Directa, Santa Fe, Argentina

The transformation of the semiarid steppe soil after 5 years of intensive irrigated

agriculture in Northern Patagonia was analyzed in an on-farm study. The private grower

venture used conservative practices, including no-till to maintain soil structure, high crop

rotation and cover crops. To characterize steppe soil changes by irrigated agriculture,

we analyzed the enzymatic activities involved in the biogeochemical cycles (carbon,

nitrogen, phosphorus and sulfur), the whole soil fatty acids profile, the state of soil

aggregation, and the bacterial and fungal microbiota through DNA sequencing methods.

After 5 years of management, irrigated agriculture soil increased organic matter (25–

33%), enzymatic activities -Cellobiose-hydrolase (60–250%), Phosphatase (35–60%),

Xylanase (101–185%), Aryl-sulphatase (32–100%), Chitinase (85%), β-Glucosidase

(61–128%), Leucine-aminopeptidase (138%)—depending on soil series, and macro-

aggregate formation at the expense of the abundance of micro-aggregates in the first

0–5 cm of soil. Whole soil fatty acids profiles changed, enhancing mono-unsaturated,

branched, cyclic and methylated fatty acids. Microbial communities showed significant

differences between irrigated agriculture sites and pristine valleys. The richness-

based alpha-diversity established increased bacterial communities but decreased fungal

communities in cultivated soil. Indicators selected using the LEfSe method revealed

the bacterial taxa Acidothermus, Conexibacter and Thermoleophilum, associated with

semiarid steppe soil while Asticcacaulis, Aquicella and Acromobacter with irrigated

agriculture. Ascomycota Phylum changed its community composition, being both

taxa Aspergillus and Alternaria reduced while Stagonospora and Metarhizium were

enhanced in irrigated agriculture. Taxa belonging to Acidobacteria, Chloroflexi, and

Betaproteobacteria, that were enriched in irrigated agriculture soils, were associated with

higher capture of C but smaller values of aggregation, while taxa abundant on steppe

soils belonging to Actinobacteria, Alphaproteobacteria, and Firmicutes were positively

associated with soil aggregation but negatively with C uptake.

Keywords: soil enzymes, soil lipids, soils use change, soil microbiota, soil aggregates, irrigated agriculture
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Impacts of switching tillage to no-tillage and vice
versa on soil structure, enzyme activities and
prokaryotic community pro!les in Argentinean
semi-arid soils
Luciano A. Gabbarini1,†, Eva Figuerola2,3,†, Juan P. Frene1,†, Natalia
B. Robledo1, Federico M. Ibarbalz2,‡, Doreen Babin4,§, Kornelia Smalla4,¶,
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One sentence summary: Changes in soil structure, soil enzymes and the prokaryotic community structure according to changes in a long-term
experiment where conventional tillage was switched to no-till and vice versa.
†These authors contributed equally to this work.
Editor: Angela Sessitsch
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ABSTRACT
The effects of tillage on soil structure, physiology and microbiota structure were studied in a long-term !eld experiment,
with side-to-side plots, established to compare effects of conventional tillage (CT) vs no-till (NT) agriculture. After 27 years,
part of the !eld under CT was switched to NT and vice versa. Soil texture, soil enzymatic pro!les and the prokaryotic
community structure (16S rRNA genes amplicon sequencing) were analyzed at two soil depths (0–5 and 5–10 cm) in samples
taken 6, 18 and 30 months after switching tillage practices. Soil enzymatic activities were higher in NT than CT, and
enzymatic pro!les responded to the changes much earlier than the overall prokaryotic community structure. Beta diversity
measurements of the prokaryotic community indicated that the levels of strati!cation observed in long-term NT soils were
already recovered in the new NT soils 30 months after switching from CT to NT. Bacteria and Archaea OTUs that responded
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Abstract: The diversification and intensification of crop rotations (DICR) in no-till systems is a novel
approach that aims to increase crop production, together with decreasing environmental impact.
Our objective was to analyze the e↵ect of di↵erent levels of DICR on the abundance, biomass,
and species composition of earthworm communities in Argentinean Pampas. We studied three levels
of DICR—typical rotation (TY), high intensification with grass (HG), and with legume (HL); along
with three references—natural grassland (NG), pasture (PA), and an agricultural external reference
(ER). The NG had the highest earthworm abundance. Among the DICR treatments, abundance and
biomass were higher in HL than in HG and, in both, these were higher than in TY. The NG and PA
had a distinctive taxonomic composition and higher species richness. Instead, the DICR treatments
had a similar richness and species composition. Earthworm abundance and biomass were positively
related to rotation intensity and legume proportion indices, carbon input, and particulate organic
matter content. The application of DICR for four years, mainly with legumes, favors the development
of earthworm populations. This means that a subtle change in management, as DICR, can have a
positive impact on earthworms, and thus on earthworm-mediated ecosystem services, which are
important for crop production.

Keywords: soil; soil properties; macrofauna; earthworms; biodiversity; sustainability; soil
invertebrates; farming systems

1. Introduction

In the early 1990s in Argentina, genetically modified soybean cropping was approved. After this,
soybean monocropping, a wide adoption of no-till and an expansion of the agricultural area in
detriment of natural ecosystems occurred, and is still being carried out in the Pampas region.
The current agricultural system that prevails in our country is based on simplified practices, with very
low crop diversity, and it generates soils impoverished in structure and nutrients. Furthermore, it is
a system that is highly dependent on chemical inputs and GMOs [1–3]. However, in the last years,
no-till farmers attempted to improve the simplified, low rotation, or monocropping systems, with the
inclusion of “good agricultural practices” (GAP), as an integral part of no-till, i.e., mixed crop rotation,

Agronomy 2020, 10, 919; doi:10.3390/agronomy10070919 www.mdpi.com/journal/agronomy
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Impact of diversification and intensification of crop rotation (DICR) in soil 
bacterial microbiota in on-farm study after four and seven years 

Juan P. Frene a, Eva Figuerola b,c, Luciano A. Gabbarini a, Leonardo Erijman b,c, Luis G. Wall a,* 
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A R T I C L E  I N F O   

Keywords: 
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A B S T R A C T   

No-till agricultural diversification and intensification of crop rotations (DICR) effects on soil biological properties 
were studied in an on-farm study. DICR stands for increasing soil cultivation period and consequent reduction of 
fallow times by using different winter and summer crops, including cover crops, in two and three-year rotation 
schemes. Five different levels of DICR were tested -typical local rotation, intermediate rotation, high intensifi-
cation with grasses, high intensification with legumes, and a continuous multispecies pasture-, and replicated at 
three different agricultural farms situated in the Argentinean Pampa. The soils were analyzed at four and seven 
years after DICR started. The on-farm studies were established at each site in a plot of ca. fifty hectares with a 
typical local rotation history and evaluated after four and seven years of changes. The impact on prokaryotic soil 
communities was measured by 16S rRNA gene sequencing. Overall, the sustained DICR showed a progressive 
effect with reduced Bray-Curtis dissimilarities at second sampling. At the phylum level, Actinobacteria, Bac-
teroidetes, Verrucomicrobia, BCR1, and WS3 increased with the level of DICR while Acidobacteria, Firmicutes, 
Gemmatimonadetes, OD1, and TM7 showed the opposite trend. Selected taxa based on LEfSe detection were 
associated with typical historical rotation after the four years and pasture after the seven years, expressing the 
cumulative effect of DICR. Bacterial communities' structures were associated with plant stubble and crop yield. 
Understanding how more sustainable practices such as DICR shift the soil microbiota can assist in designing 
agricultural systems that increase soil health, C sequestration, and crop yield.   

1. Introduction 

Soil is a complex living system where the transformation of organic 
matter and nutrient cycling takes place. Soil regulates and provides 
ecosystem services that are goods obtained from ecosystems that benefit 
people's well-being (Pereira et al., 2018; Birgé et al., 2016; Wall et al., 
2015; MA, 2005). Microbial communities are vital in soil regulation and 
play a crucial role in agroecosystems productivity and soil health 
(Custódio et al., 2022; Merino-Martín et al., 2021; Erktan et al., 2020; 
Lehmann et al., 2017; Bardgett and van der Putten, 2014). Soil microbial 
communities are shaped by diverse interacting forces and are sensitive 
to soil management (Fierer, 2017). Due to its fast response, soil micro-
bial functional activities and community structure can be considered 
valuable indicators in assessing the early impacts of soil management on 
its biological properties (Gabbarini et al., 2021; Babin et al., 2019; 

Marschner et al., 2003). 
Agriculture is a human activity that drastically impacts soil structure 

and function, either biologically, physically or chemically. Agriculture 
expansion, unsustainable practices, and conversion of natural habitats 
accelerate soil degradation at an alarmingly fast pace (Tittonell, 2020; 
IPBES, 2019). In Argentina, no-till agriculture has been promoted by the 
end of the last century because of a local policy approval and adoption 
by farmers of the transgenic event of soybean resistance to glyphosate. 
This ease of cultivation and the commodities values in the early 2000s 
led to an extraordinary soybean monocropping expansion in Argentina, 
from 5 million ha in 1991 (before the adoption of the biotechnology) to 
20 million ha in 2012, 58 % of the cultivated area (Albertengo et al., 
2014). The abuse of soybean monocropping in Argentinean fields 
rapidly led to soil degradation. By 2006 the Argentinean Association of 
No-Till Farmers (aapresid.org.ar) promoted a scientific project with 

* Corresponding author. 
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Whole soil fatty acids profiles (WSFA) 
separation of soils with different managements
and degrees of agricultural intensification.

These lipidic profiles show a remarkable
dynamic of seasonal variation over time,
which reflects its relationship with the
dynamics of soil biology associated with
agricultural management. It was
impossible to find particular fatty acid
biomarkers of soil health, but …
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¿Cómo se ve la separación de tratamientos por los perfiles lipídicos analizados sitio 
por sitio y como es su dinámica? 
 

 
 
FIGURA 22. Análisis de discriminantes por tratamiento, para los suelos con diferente 
intensificación de rotación, para cada sitio y en los muestreos de fin de otoñó para los 
tres años analizados, sobre la base de los perfiles de lípidos considerando todos los 
ácidos grasos que se detectan en forma individual. El código de colores identifica a las 
rotaciones y es igual al de la Figura 19 (rojo, típica; verde, alta con leguminosas (luego 
denominada arveja); amarilla, intermedia también alta con leguminosa, azul, alta con 
gramíneas; negro pastura y gris pastura que pasó a agricultura en 2016).  
 
En general, la separación de los tratamientos por los perfiles lipídicos es clara, es 
similar en los tres establecimientos, muestra un agrupamiento coherente de las 
muestras con la naturaleza de las rotaciones que estamos analizando y vemos que se 
sostiene en el tiempo (Figura 22). En algunos casos, se observa que la pastura (puntos 
negros) se diferencia del resto de los tratamientos agrícolas y si en esos casos se repite 
el análisis de discriminación sin incluir los datos de la pastura, la discriminación es aún 
más clara entre los tratamientos. 
La primera interpretación que podemos elaborar a partir de estos resultados es la 
siguiente: se pueden discriminar los suelos con diferente intensificación y 
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Soil Health Lipidic Index
(a number that show good correlation with soil health facts)

C Contributed (kg/ha)Crop yield (EqG/ha)

management

productivity

soil C sequestration

fauna 
(earthwhorms)

soil microbiome
( Bacteria microbiota structure)



Our soil health index is a consequence of
the experience accumulated after 14 years
of studying soil responses to different
managements, looking for soil biology
activity regeneration.
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