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ABSTRACT

Agroecological management is emerging as a promising alternative to current agricultural management,
which is associated with deterioration of environmental quality and soil fertility. Therefore, the aim of this
study was to evaluate the conversion from conventional to agroecological management by analysing soil
chemical and microbiological properties. This study was carried out in the Barrow Experimental Farm of the
National Institute of Agricultural Technology (INTA), Buenos Aires, Argentina, where two treatments were
evaluated: agroecological (AE) and conventional (CV) management. Samples were taken at 0 - 10 cm depth,
and several soil chemical and microbiological parameters were determined. The AE management resulted
in an apparent restoration of soil fertility, with increases in soil organic carbon (SOC), total nitrogen (TN) and
pH of 21%, 16% and 3%, respectively. AE management also led to an increase in the activities of enzymes
involved in the carbon cycle: cellobiohydrolase (CBH) and B-glucosidase (BG), nitrogen cycle: N-acetyl-b-glu-
cosamine (NAG) and sulfur cycle: arylsulfatase (SUL), as well as an increase in the microbial biomass car-
bon and in the diversity and richness of the bacterial community (p<0.05). Bacterial and fungal communities
differed between treatments (PERMANOVA, bacteria p<0.017 r?=0.1074; fungi p<0.001, r2=0.1973). The
bacterial and fungal communities of the AE management were the only ones that correlated positively and
significantly with the measured properties, confirming their key role in this system. The bacterial community
correlated with the parameters SOC, TN, BG and SUL, while the fungal community correlated with SOC and
BG. These results confirm the importance of improving above and belowground biodiversity to maintain or
restore soil fertility.

Keywords: Microbial biomass, Enzymatic activity, Microbial diversity, Agroecology.

DIVERSIDAD DE CULTIVOS MEJORA EL CARBONO, NITROGENO Y LAS
FUNCIONES BIOLOGICAS DEL SUELO EN UN SISTEMA AGROECOLOGICO

RESUMEN

El manejo agroecoldgico esta surgiendo como una alternativa prometedora al manejo agricola actual, que
se asocia con el deterioro de la calidad ambiental y la fertilidad del suelo. Por lo tanto, el objetivo de este
estudio fue evaluar la conversién del manejo convencional al manejo agroecolégico mediante el anélisis
de las propiedades quimicas y microbioldgicas del suelo. Este estudio se llevé a cabo en un campo de la
Chacra Experimental Barrow del Instituto Nacional de Tecnologia Agropecuaria (INTA) en Buenos Aires,
Argentina, donde se evaluaron dos tratamientos: manejo agroecolégico (AE) y convencional (CV). Se to-
maron muestras de suelo de 0 a 10 cm de profundidad y se determinaron diversos pardmetros quimicos
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y microbiolégicos del suelo. EI manejo AE resulté en una aparente restauracion de la fertilidad del suelo,
con aumentos en el carbono organico del suelo (COS), nitrégeno total (NT) y pH del 21%, 16% y 3%, respec-
tivamente. El manejo AE también condujo a un aumento en las actividades de enzimas involucradas en el
ciclo del carbono: celobiohidrolasa (CBH) y B-glucosidasa (BG), ciclo del nitrégeno: N-acetil-b-glucosamina
(NAG) y ciclo del azufre: arilsulfatasa (SUL), asi como un aumento en el carbono de la biomasa microbiana,
y en la diversidad y riqueza de la comunidad bacteriana (p<0,05). Las comunidades bacterianas y flngicas
difirieron entre los tratamientos (PERMANOVA, bacterias p<0,017 r2=0,1074; hongos p<0,001, r2=0,1973).
Las comunidades bacterianas y fingicas del manejo AE fueron las Unicas que se correlacionaron positiva y
significativamente con las propiedades medidas, confirmando su papel clave en estos sistemas. La comu-
nidad bacteriana correlaciono con los parametros COS, NT, BG y SUL, mientras que la comunidad fungica
correlaciond con COS y BG. Estos resultados reafirman la importancia de mejorar la biodiversidad aérea
como subsuperficial para mantener o restaurar la fertilidad del suelo.

Palabras clave: biomasa microbiana, actividad enzimatica, diversidad microbiana, agroecologia.

INTRODUCTION

Agriculture is one of the largest productive sectors in the world. Pasture and cropland occupy around 40%
of the habitable land on Earth and provide habitat and food for numerous species (Food and Agriculture
Organization Statistics [FAOSTAT], 2020). Although in Argentina, as in many other Latin American countries,
90% of agricultural lands are under no-tillage practices (Albertengo et al., 2013), cropping practices are ba-
sed on the use of genetically modified crops, poor crop rotation, high dependence on chemical pesticides
(Altieri and Nicholls, 2017), and over-fertilization or under-fertilization (Novelli et al., 2023). Consequently,
agriculture is associated with the impoverishment of environmental quality and a remarkable decline in soil
fertility (Sainz Rosas et al., 2019). To ensure long-term food security while preserving natural resources, sus-
tainable agricultural practices should be adopted. In this context, agroecological management emerges as
a promising alternative, as it is conceived as a systemic approach that includes productive, environmental,
and social components (Wezel et al., 2014).

Gliessman (2012, p. 366) defined agroecology as the use of ecological principles and concepts for the design
and management of sustainable agroecosystems. The basic principles of agroecology are diversity, efficiency,
recycling, regulation, and synergy. Multi-species crop planting, crop rotation, cover crops, green manures, and
reduced tillage are the most widely adopted practices to improve the ecological functioning of systems (Wezel
et al.,, 2014). Strategically managed plant diversity increases crop yield stability, pollinators abundance and di-
versity, and weed and pest suppression (Isbell et al., 2017). Despite the growing evidence of the aboveground
benefits of agroecological management, the belowground effects remain poorly understood.

Soil is one of the most biodiverse habitats on Earth. It is estimated that 1 g of soil contains more than a
billion bacterial species comprising tens of thousands of different taxa, more than 200 m of fungal hyphae,
and a wide variety of nematodes, worms, and arthropods (Bardgett and Putten, 2014). Soil microorganisms
play a crucial role in many ecosystem services, such as soil formation, nutrient cycling, and plant health
(Bardgett and Putten, 2014). However, they are not static and can be altered by agricultural practices and
environmental gradients (Garcia-Orenes et al., 2013). Under neglected soil management, sensitive microbial
species tend to disappear, while dominant species may predominate, with negative consequences for agro-
ecosystems functioning (Garcia-Orenes et al., 2013). Therefore, the identification of agricultural practices
that alter the composition and function of microbial communities is essential not only to the pursuit of
sustainability, but also for the conservation of the soil microbial biodiversity.

Key processes, such as carbon turnover and nutrient cycling mediated by enzymatic reactions, take place
in the soil. The bioavailability of nutrients is catalysed by enzymes secreted by soil-dwelling organisms,
such as bacteria, fungi, plants, and animals, as well as enzymes stored in humus and mineral complexes
(Dick, 1994). The amount of enzymatic activity that, occurs under specific biotic and abiotic stress con-
ditions, provides information about the ability of soils to perform biogeochemical reactions (Nannipieri
et al.,, 2018). As enzymatic activity is sensitive to the type of soil management, it can be used to monitor
changes in soil quality and health (Dick, 1994). In cultivated systems, the enzymatic activity is higher
when cover crops are present in the rotation (Bowles et al., 2014; Brennan and Acosta-Martinez, 2019).
In addition, the type of the cover crop produces different responses on the soil enzyme activities, with
legumes being associated with higher enzyme levels than grasses (Duchene et al., 2017). However, other
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authors have shown that cover crops type does not affect soil enzyme activity (Brennan and Acosta-Mar-
tinez, 2019). The long-term use of organic amendments is also a positive practice to increase overall
enzymatic activities as compared mineral fertilization (Brennan and Acosta-Martinez, 2019; Mader et al.,
2002). Among the possible alternatives for soil management, crop diversification is one of the greatest
stimulators of soil enzymatic reactions (Isbell et al., 2017). The presence of roots of different plant spe-
cies provides a variety of root exudates and plant debris, which constitute a variety of habitats for soil life
and recycling processes (Gessner et al., 2010; Lange et al., 2015).

Compared to conventional agriculture, agroecological management can promote soil biological functioning
mainly by reducing or avoiding external mineral fertilizers inputs and increasing crop diversity. However,
whether this is true after conversion from conventional to agroecological management remains poorly un-
derstood, particularly when conventional agriculture is carried out under sustainable practices of crop rota-
tion and no-tillage. The aim of this study was to evaluate the impact of the conversion from conventional to
agroecological management by analysing soil chemical and microbiological properties six years after im-
plementation. To study the microbial community composition, we used molecular techniques based on the
amplification of bacterial (16S v3) and fungal (ITS1) genes, followed by the analysis of denaturing gradient
gel electrophoresis (DGGE). Key enzymes involved in C, N, P and S cycling were evaluated to assess soil
biogeochemical functioning. Our hypothesis was that the agroecological practices would have a positive
effect on microbial communities and soil biochemical functionality, resulting in improved soil quality and
internal nutrient supply.

MATERIALS AND METHODS

Experimental field

The study was carried out in an experimental field located at the Chacra Experimental Barrow, Instituto
Nacional de Tecnologia Agropecuaria, INTA (-38° 19, -60° 15') in the southeastern pampas of Buenos Aires,
Argentina. The soils are Mollisol and are classified as fine, illitic, thermic Typic Argiudoll and Petrocalcic
Argiudoll (Soil Survey Staff, 2014). The mean annual temperature is 14.8 °C and the frost-free period is
from October to March. The area has a humid and subhumid hydric regime. The mean annual precipitation
is about 756 mm, concentrated from October to March, and the lowest rainfall occurs between June and
August. The experiment started in 2011. The experimental field has 16 ha, divided into two plots of 8 ha
each. One of them was managed according to conventional extensive farming practices used by farmers
(CV), while in the other plot was managed according to an extensive agroecological farming system (AE)
(Fig. 1). The soil-specific zones defined in a previous study were used as field replicates (Aparicio et al.,
2018). Apparent soil electrical conductivity (Veris Technologies Inc.,Salina, KS, USA) and elevation (Trimble
Navigation Limited, CA, USA) were used as auxiliary information to delimit soil-specific zones within the
experimental site (Aparicio et al., 2018).
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Figura 1: A. Wheat crop under conventional management (CV). Photograph taken by Martin Zamora. B. Crop diversity
(wheat with clover) under agroecological management (AE). Photograph taken by Agustin Barbera.

Figura 1: A. Cultivo de trigo bajo manejo convencional (CV). Fotografia tomada por Martin Zamora. B. Diversidad de cul-
tivos (trigo con trébol) bajo manejo agroecologico (AE). Fotografia tomada por Agustin Barbera.

Cropping management systems

Both the AE and CV management systems combined crop and livestock production under no-tillage (Fig.
2). The AE management focused on the belowground diversity, the equilibrium and cycling of nutrients, as
well as the progressive reduction of pesticides use. To achieve these goals, AE management increased the
number of species per year (i.e. cover crops and intercrops) and gradually replaced mineral fertilizers with
natural sources. At the beginning of the experiment, 100 kg per hectare of di-ammonium phosphate was
applied at crop sowing. Then, in October 2013, before planting the summer crop in the third year of the study,
minerals were supplied to the cattle. From then on, nutrient replacement was achieved by using legumes
to provide N and by providing the cattle P-enriched feed, which recycled the nutrient through faeces when
grazing in the field. In the CV system, the crop rotation resembled local farm management (Fig. 2). Nutrient
supply was achieved by mineral fertilization with di-ammonium phosphate at doses of 60 to 90 kg per hec-
tare and urea at doses of 18.4 to 200 kg per hectare applied at crop sowing, and by animal faeces. Further
descriptions of the management of each plot are detailed in Aparicio et al. (2018), where the external su-
pplies in each system are reported.
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Figura 2: Scheme of crop rotation in the agroecological and conventional managements studied during a six-year field
experiment. *CDI: Crop diversity index. The index was calculated for each rotation by multiplying the average number of
crop species per year by the total number of species across the period studied (Tiemann et al., 2015).

Figura 2: Esquema de rotacion de cultivos en los sistemas de manejo agroecolégico y convencional estudiados en un ex-
perimento de campo de seis afos. *CDI: Indice de diversidad de cultivos. Elindice fue calculado para cada rotacién mul-
tiplicando los cultivos por afio por el nimero de especies totales utilizadas en el periodo evaluado (Tiemann et al., 2015).

Soil sampling

In each soil-specific zone for management, the soil was sampled at wheat harvest in November 2016. Five
sampling stations for soil-specific zones were established, where composite soil samples (20 subsamples)
were collected, at a depth of 0 to 10 cm. Samples were passed through a 2 mm sieve immediately after sam-
pling. Then 200 g of soil were dried at room temperature for chemical determinations, 200 g were stored at 4
°C until analysis of microbial and enzymatic activities, and 20 g were stored at -20°C for molecular analysis.
It is worth noting that the gravimetric water content at sampling was 5-6% w:w, in both treatments, reflect-
ing the previous dry period during the growing season.

Soil chemical properties

Soil organic C (SOC) was determined by wet oxidation, following the Walkley-Black procedure (Black and
Walkley, 1934). Total N (TN) was quantified by the semi-micro Kjeldahl method (Bremner, 1996) and ex-
tractable P (EP) was quantified according to the Bray-Kurtz method (Bray and Kurtz, 1945). Soil pH was
measured at a soil-to-water ratio of 1:2.5.

Microbial biomass and respiration

Microbial respiration was estimated by incubation for seven days at 25 °C according to Alef (1995, p. 214),
microbial biomass carbon (MBC) was determined by the fumigation-extraction method (Vance et al., 1987),
and the metabolic quotient (qCO,) was obtained as the proportion of C-CO, in the soil sample released from
microbial biomass.

Soil enzyme activities

Microbial activity was estimated by the activity of six enzymes: three involved in the C cycle: cellobiohy-
drolase (CBH), B-glucosidase (BG), and acetyltransferase (ACE); one involved in the N cycle: chitinase or
N-acetyl-b-glucosamine (NAG); one involved in the P cycle: acid phosphatase (AP); and one involved in the S
cycle: arylsulphatase (SUL). Measurements were performed with the Omega PolarStar fluorescence reader,
using substrates derived from 4-Methylumbelliferone, expressed as nmol h” g dry soil (Truong et al., 2019).

Microbial community structure

DNA was extracted from 0.25 g of soil using the MoBio PowerSoil kit, following the manufacturer’s ins-
tructions. For the specific amplification of the 16S region (V3), PCR test was performed with the universal
primers F341-GC and R534. For specific amplification of the ITS1 region, nested-PCR was performed with
the universal primers ITS1/ITS4 and ITS1-GC/ITS2. Amplification products corresponding to each sample
were analysed by (DGGE) (Muyzer et al., 1993) consisting of 8% polyacrylamide gels with a linear denaturing
gradient of 40 to 60% for bacteria and of 30 to 55% for fungi. Electrophoresis conditions were 60 V for 16
h at 60 °C. The gels were stained with GelRed (Biotium, San Francisco, CA, USA) in 1X TAE for 45 min and
visualised under UV light. The DGGE profiles were digitised and analysed with the Gel Compare Il softwa-
re version 6.0 (Applied Maths NV, Sint-Martens-Latem, Belgium). The position and intensity of the bands
were used for subsequent statistical analysis and estimation of Shannon-Wiener diversity indices (Shannon
1948) and richness (Menhinick 1964).
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Statistical analyses

To evaluate the effect of management on soil chemical and microbiological variables, a Mixed Generalized
Linear Model (MGLM) was applied, with management as a fixed effect and areas as random effects. Means
were compared using the LSD test at 5% significance. Analyses were performed using the INFOSTAT statis-
tical software (Di Rienzo et al., 2020). The composition of bacterial and fungal communities was analysed
using the presence-absence matrix resulting from the DGGE technique. Diversity indexes were compared
using MGLM as described above. To evaluate the effect of soil management on microbial communities,
permutational ANOVA was used by implementing the adonis function in the vegan package in R (R Deve-
lopment Core Team, 2020). Community composition visualisation plots were analysed using Constrained
Analysis of Principal Coordinates and the altgower distance matrix (binary mode) was determined using
the labsdv package in R. Linear correlations of chemical parameters, enzyme activities and microbiological
variables with the microbial community structure were estimated using the envfit function in the vegan
package, and only significantly correlated vectors were plotted (p <0.05).

RESULTS AND DISCUSSION

Soil chemical fertility

After conversion from CV to AE management, soil chemical parameters improved significantly. SOC, TN,
and pH were 21%, 16%, and 3% higher in AE than in CV (p<0.05), while soil C:N ratio and EP remained un-
changed (Table 1). Increasing SOC levels is important for sustainability and because of the many benefits
associated with SOC levels (Doran and Parkin, 1994). Restoring SOC in agricultural soils is a strategy to
improve soil fertility because SOC affects many soil properties, including its ability to retain water and nu-
trients, provide a structure that promotes efficient drainage and aeration, and minimise the loss of topsoil
through erosion (Foley et al., 2011). In our study, increased crop diversity in the AE system (Fig. 2) was a
key factor to improve SOC (Wang et al., 2017). In previous works (Lange et al., 2015; Zhang et al., 2021), the
authors found similar results, i.e. increased crop diversity increases C inputs due to higher rhizodeposition,
which could generate more labile C sources for microbial functions, leading to a decrease in the decompo-
sition of the existing soil C.

Table 1: Mean values t standard errors for soil organic carbon (SOC), total nitrogen (TN), extractable P (EP), pH and C:N
ratio, measured in two different management systems: agroecological (AE) and conventional (CV) management. Differ-
ent letters indicate values that are significantly different (p<0.05).

Tabla 1: Valores medios + error estandar para carbono organico del suelo (COS), nitrégeno total (NT), fésforo extractable
(PE), pH y relacién C:N, medidos en dos diferentes sistemas de manejo: agroecoldgico (AE) y convencional (CV). Letras
diferentes indican diferencias significativas (p<0.05).

Treatments SOC TN EP pH C:N

mg C g™ mg N g™ mg P Kg™
AE 33.22+056a 3.00+0.16a 2240+482 7.03+0.07a 11.37 £ 0.57
Ccv 2778+0.82b 237+0.08b 21.10+247 6.821+0.10b 11.88 £+ 0.48
p value <0.0001 0.0007 0.7608 0.0001 0.3768

Soil pH is not only an important determinant of biogeochemical reactions, but also regulates crucial soil
processes (Van Elsas et al., 2019). In agroecosystems, one of the main reasons for soil acidification is N fer-
tilization (Williams, Borjesson and Hedlund, 2013; Ortiz et al., 2020). Restoring soil pH is the best approach
to overcome the negative effects of soil deterioration (acidification) and improve soil functions and nutrient
availability (Holland et al., 2018). Our results showed that replacing chemical fertilizers with crop rotation
and livestock manure could be considered as an alternative to liming on slightly acidic soils.

The implementation of AE relies on the knowledge of the system and on the proper handling of factors such
as crop diversity and nutrient recycling, to compensate for the lack of external chemical inputs and main-
tain productivity. Here we have shown that increasing the number of species in the crop rotation system,
combined with intercropping and cover crops of legumes and grasses is a successful practice to improve
key soil parameters in a relatively short period after conversion from a conventional system. Nevertheless,
it would be necessary to monitor the evolution of non-responding variables, such as EP, before they reach
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insufficiency levels that could limit crop production (Novelli et al., 2023).

3.2. Soil biogeochemical properties and microbial functions

The AE increased MBC and total enzyme activities (Fig 3). No differences were observed between manage-
ment systems for MR and qCO, (Fig 3). Despite the low soil water content at sampling and the high loss of
C via MR that would be expected (Harris et al., 1981; Maestre et al., 2015; Manzoni et al., 2012), the obser-
ved MR and gCO, values did not exceed those reported in other studies for degraded soils such as soybean
monoculture (Ferreras et al., 2009; Serri et al., 2018). This is important because the soil C storage is related
to C use efficiency, which is highly regulated by the rate and efficiency with which soil microorganisms
incorporate C into their biomass. This represents the allocation of C to microbial growth versus respiration
(Domeignoz-Horta et al., 2020). Several studies have demonstrated an increase in microbial biomass and
microbial activity by intercropping legumes and cereals (McDaniel et al., 2014, Song et al., 2007) and by in-

corporating cover crops (Frasier et al., 2016), especially when they are consociated cover crops (Chavarria
et al., 2016), as in this study.

MBC MR qC02
p-value=0.0138 201 p-value=0.5984 1.001 p-value=0.0843
750
OREE . 075
- 2
- L | o
S 5004 =)
o . o 10 0.50
(@] * a O ..
2 A
-
04 0 0.00
AE cv AE cv AE cv

Figura 3: Microbial biomass carbon (MBC), microbial respiration (RB) and metabolic quotient (qCO,), measured in two
different management systems: agroecological (AE) and conventional (CV).

Figura 3: Carbono de la biomasa microbiana (CBM), respiracién microbiana (RM) y coeficiente metabolico (qCO,, medi-
dos en dos diferentes sistemas de manejo: agroecologico (AE) y convencional (CV).

The AE increased the enzymatic activity, particularly enzymes associated with the C, N, and S cycles: BG,
NAG, and SUL (p<0.05). Previous studies have shown the contradictory responses of enzymatic activities.
For example, Nannipieri et al. (2018) found that enzymatic activities were strongly influenced by the su-
rrounding environment and C source. However, Wall et al. (2019) reported that enzymatic activities do not
always have a linear response to substrate availability and suggested that the factors regulating enzyme
production are still unclear. Sinsabaugh et al. (2014) reported that enzyme activities are good indicators
of resource demand, as their activities increase with limited resources. On the other hand, Salazar et al.
(2011) and Bowles et al. (2014) found higher enzymatic activity at higher soil C and N contents, respectively.

Therefore, despite the regulating factors, we found increased enzymatic activities at increased SOC and TN
levels in AE.
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Figura 4: Enzymatic activity of Acetyl esterase (ACE), Cellobiohydrolase (CBH), B-Glucosidase (BG), N- acetyl-b-glucos-
amine “Chitinase” (NAG), acid phosphate (FA) and sulphatase (SUL), measured in two different management systems:
agroecological (AE) and conventional (CV).

Figura 4: Actividad enzimética de acetil esterasa (ACE), Celubiohidrolasa (CBH), N- acetil glusaminasa “Quitinasa” (NAG),
fosfatasa 4cida (FA) and sulfatasa (SUL), medidas en dos diferentes sistemas de manejo: agroecoldgico (AE) y conven-
cional (CV).

Cellulose, which is the most abundant component of plant tissues, must be degraded by cellulolytic enzy-
mes, such as CBH and BG, to build soil organic matter and provide a source of nutrients for crops. Higher
levels of CBH and BG were observed in AE. The CBH enzyme is present in all fungal cellulolytic cocktails
and intervenes in a step prior to the BG in the breakdown of cellulose (Gutiérrez-Rojas et al., 2015). Both
enzymes are very important in decomposition, and it has been reported that cellulose has long half-life in
neutral pH soils and in the absence of enzymes (Wilson, 2011).

Chitin is the second most abundant polysaccharide in plant tissues and the NAG enzyme is responsible
for its hydrolysis (Stoykov et al., 2015). We observed an increase in NAG activity in AE. The C:N enzyma-
tic acquisition ratio was performed to determine the relative limitation of C versus N (Sinsabaugh et al.,
2009), and we observed that CV had a higher acquisition ratio than AE (Table 2), indicating that microor-
ganisms in AE are less limited by C, probably due to the greater diversity of crops (Tienman et al., 2015).
This may mean that these microorganisms are able to provide more N during periods of high N demand
(McDaniel et al., 2014).

The main sources of S in soil are organic compounds, and the release of sulfate is strongly mediated by
enzymatic reactions, mainly arylsulphatases (Tabatabai and Bremner 1970). Arylsulphatases are secreted
by bacteria and are responsible for the hydrolysis of sulfate esters in soil (Kertesz and Mirleau 2004) in
response to S limitation (McGill and Cole 1981). As we found that SUL was higher in AE, we can infer that S
supply was highly mediated by enzymatic processes in the AE system. As the nutrient source in AE was the
natural cycle of diversified crops and grazing livestock faeces, both practices were strong enough to favou-
rably influence C, N, and S cycling mediated by enzymatic activities. Therefore, our results demonstrate the
importance of strategic crop rotation design and nutrient supply for soil functionality.
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Table 2: Mean values + standard errors for enzymatic ratio C:N, N:P and C:P calculated from enzyme activity data mea-
sured in two different management systems: agroecological (AE) and conventional (CV). Different letters indicate values
that are significantly different (p<0.05).

Tabla 2: Valores medios + errores estandar para relacion enzimatica C:N, N:P y C:P calculados a partir de datos de
actividad enzimética medidos en dos sistemas de manejo diferentes: agroecoldgico (AE) y convencional (CV). Letras
diferentes indican diferencias significativas (p<0,05).

Treatment C:N N:P C:P
enzyme ratio

AE 1.57+0.06 b 0.46 + 0.03 0.71+£0.02

cv 1.84+0.15a 0.43+0.04 0.73+£0.02

p-value 0.0064 0.3492 0.5060

Microbial community structure

Our results demonstrated the sensitivity of microbial communities to increased crop diversity in an agroeco-
logical system. Richness and Shannon-Wiener indexes were higher in the AE system than in the CV system
for both bacteria and fungi, but with a significant effect (p<0.05) only for bacterial communities (Fig 5).
Hartman et al. (2018), who compared a conventional and an organic system, found bacterial communities
in root but not in soil samples. They argued that it is more difficult to find an effect on the soil than on the
root. In contrast, in the present study, we found effects of the management system on the soil. The response
observed in the a-diversity of bacterial communities in the AE can be attributed to an improvement in the
stubble quality due to the incorporation of consociated cover crops (e.g., oat with vetch) and intercropping
with legumes (e.g., wheat with clover). This is in agreement with Frasier et al. (2016), who reported that
after three years of diversifying a sorghum monoculture with legume cover crops, the bacterial community
increased and this increase was associated with higher residue quality. Zhou et al. (2011) also reported an
increase in bacterial diversity when intercropping was used. Although we found a response of the soil micro-
bial community, further studies should elucidate the composition of the microbial communities inhabiting
the roots of crops growing in these contrasting management systems.

Another key factor regulating microbial communities is soil pH. In this regard, we found higher pH in the AE
system, and previous studies have reported higher bacterial a-diversity in soils with neutral pH (Fierer, 2017
Rousk et al., 2010). Our results also showed that the a-diversity of fungal communities was less sensitive to
soil pH, in agreement with a previous study (Rousk et al., 2010). The higher diversity and richness observed
suggest a more resilient and stable system in the face of environmental change due to increased redundan-
cy of activities (Wagg et al., 2014). Greater diversity ensures broad soil processes, such as the C cycle, and
even more specific processes carried out by a limited group of microorganisms, such as denitrification and
methanogenesis (Ho et al., 2014; Philippot et al., 2013). The community composition (B-diversity) of fungi
and bacteria was significantly influenced by the management system. We found a clustering by manage-
ment practices (Fig. 5). The PERMANOVA confirmed such marked differences between the two microbial
communities (bacteria R?=0.1074, P < 0.017; fungi R?=0.1973, P < 0.001). Consistent with the findings of
Song et al. (2007), the composition of the fungal and bacterial communities in the AE system was differ-
ent from that in the CV system. This suggests that the soil communities have different members, which
could indicate different community efficiencies and functions (Domeignoz-Horta et al., 2020; Wang et al.,
2017). When evaluating the relationships between the microbial community and soil properties (Fig. 5), we
observed that only the bacterial and fungal communities of the AE management correlated positively and
significantly with the measured properties. The bacterial community in AE was positively and significantly
correlated with SOC, TN, and BG and SUL activities, while the fungal community in AE was correlated with
the contents of SOC and BG. The results of this study confirm that processes related to organic matter and
nutrient cycling in AE are associated with microbial communities’ activities (Lange et al., 2015).
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Figura 5: Changes in the bacterial and fungal community between agroecological (AE) and conventional management
(CV). A and C: Constrained Analysis of Principal Coordinates (CAP) analysis of the community beta diversity of bacterial
and fungal communities based on Altgower distance. The significance of differences between microbial communities
was identified using permutational multivariate analysis of variance (PERMANOVA). Vectors represent significant corre-
lations between ordination and soil properties: SOC (soil organic matter), SUL (sulfatase), TN (total N), BG (B-Glucosida-
se). Ellipses indicate one unit of standard deviation from the centroid of each group. B and D: Community alpha diversity
of the bacterial and fungal communities. Microbial abundance was determined based on the presence-absence matrix
generated from the 16S and ITS1 rRNA amplicons after DGGE analysis, with significant differences at P < 0.05 and P
<0.01, respectively (MLM).

Figura 5: Cambios en la comunidad bacteriana y fiingica entre el manejo agroecoldgico (AE) y convencional (CV). Ay C:
andlisis de coordenadas principales (CAP) de la diversidad beta de las comunidades bacterianas y flngicas en funcién
de la distancia Altgower. Las diferencias entre las comunidades microbianas se identificaron mediante el andlisis de va-
rianza multivariando permutacional (PERMANOVA). Los vectores representan correlaciones significativas entre la orde-
nacion y las propiedades del suelo: SOC (carbono orgéanico del suelo), SUL (sulfatasa), TN (N total), BG (B-glucosidasa).
Las elipses indican una unidad de desviacién estandar del centroide de cada grupo. By D: Diversidad alfa de la comuni-
dad bacteriana y fungica. La abundancia microbiana se determiné en funcion de la matriz de presencia-ausencia genera-
da a partir de los amplicones de ARNr 16S e ITS1 después del andlisis DGGE. Representan diferencias significativas en
P < 0,05y P <0,01, respectivamente (MLM).
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CONCLUSIONS

This study showed the response of microbial communities to the adoption of agroecological management
in extensive crop production. Our results suggest that agroecological management is characterised by hi-
gher microbial activity and microbial growth than conventional management. These characteristics indicate
a more efficient use of carbon in agroecological systems compared to a conventional management system.
This shows that sustainable agricultural tools such as increasing crop diversity and the livestock manure
can be used effectively to maintain soil quality. Furthermore, these results are directly applicable to particu-
lar systems, such as organic and low-input farming, that strive to optimise internal nutrient supply, and can
be used to generate data to help farmers consider the adoption or this alternative management, which can
produce food while reducing environmental risk and production costs.
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