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Abstract

Here, we compare arbuscular mycorrhizal fungi (AMF) communities and fatty acids in soils under

different no-till (NT) agricultural managements over two seasons in two consecutive years. Two NT

practices with different agricultural managements were compared: crop rotation (CR) and soya bean

monoculture (MC). Soils of natural grasslands (NGs) were used as a reference. Treatments were

tested along a regional gradient (four geographical locations) across a 400-km transect of the

Argentinean Pampas. We identified 46 morphospecies. Several morphospecies occurred abundantly at

all soils; others appeared to be restricted to specific situations. At the regional scale, CR maintained

the same richness levels of AMF spores, whereas MC showed less richness, when compared with the

NG. Although AMF spore density was clearly affected by cropping practices in the four locations, we

could observe some changes in AMF species richness, and similar diversity under agricultural and

natural soils. Fatty acid concentrations (whole-cell, phospholipid and neutral lipid fatty acids)

revealed differences between soil managements and showed similar patterns of variation in all

locations. Spore density positively correlated with all soil lipids fractions. The results suggest that

AMF spore communities and fatty acids in soils are suitable indicators of soil management involving

different levels of crop rotation. Spore richness measured at a regional scale proved to be sensitive to

different NT agricultural managements. Moreover, certain morphospecies could be good bioindicators

for NT practices based on cropping systems on the Argentinean Pampas.
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Introduction

Worldwide, no-tillage (NT) systems have expanded at an

average rate of 6 million ha per year, from 45 to 111 million

ha since 2005, showing the increased interest of farmers in

this technology. In Argentina, NT practices cover almost

20 million ha, but 60% of the total cultivated area is

currently dedicated to soya bean [Glycine max (L.) Merr.]

monoculture, whereas other crops such as maize (Zea mays

L.) and wheat (Triticum aestivum L.) cover 5 million hectares

(Albertengo et al., 2013).

Crop rotation, compared with monoculture, increases soil

biodiversity, nutrient cycling conditions, microclimate

control and regulation, local hydrological processes; it also

decreases undesirable organisms (Finckh & Wolfe, 2006).

Soil microbial diversity is a crucial factor that regulates

ecosystem functioning (Copley, 2000). Among soil microbes,

arbuscular mycorrhizal fungi (AMF) constitute a key

functional group that greatly contributes to crop

productivity and ecosystem sustainability in new plant

production strategies (van der Heijden et al., 2008),

enhancing plant performance and soil quality (Jeffries et al.,

2003). In consequence, information concerning the activity

and composition of AMF communities could potentially

replace other biological indicators such as bacteria,

macroarthropods (millipedes, centipedes, earthworms and

others) and microarthropods (mites and collembolans)

(Mummey et al., 2002; Hartmann & Widmer, 2006)

currently used to assess overall soil quality or the effect of

management strategies on soils (Jansa et al., 2014).

Several studies have shown that agricultural practices

affect AMF variables such as fungal composition in plant

roots (McGonigle & Miller, 2000), spore communities (Oehl

et al., 2010), extraradical mycelium (Boddington & Dodd,

2000) and fungal phospholipids in soil (Grigera et al., 2007).
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Cropping systems that include a wider range of host plants

might promote greater AMF diversity compared with

monoculture, due to the presence of hosts with differential

affinities for distinct AMF species (€Opik et al., 2009).

However, these effects are context dependent and vary

across ecosystems, soil types, precipitation regimens, etc.

(Gonz�alez-Cort�es et al., 2012). Accordingly, regional

gradients (including differences in soil types and

precipitation) constitute an ideal scenario to accurately test

general ideas on the effects of agricultural practices on soil

microorganisms.

Whereas AMF spores represent a measure of richness and

density of AMF propagules in soil, the mono-unsaturated fatty

acid 16:1x5c, considered a biomarker of AMF, is potentially

useful for estimating AMF biomass in soils (Ferrari et al.,

2015). AMF spores are sensitive to certain disturbances or soil

use and management systems (e.g. fire, habitat fragmentation,

forest structural changes or agricultural practices) (Colombo

et al., 2014; S€ale et al., 2015; Soteras et al., 2015; Longo et al.,

2016). Therefore, they could be useful as indicators for

agricultural soil use and management.

Despite the widespread adoption of NT agriculture in

many parts of the world, different practices within NT

systems have been poorly studied (Wang et al., 2011). In this

study, we assessed AMF richness, abundance and biomass in

soils from two contrasting cropping practices under NT

systems: crop rotation (CR) versus soya bean monoculture

(MC). We also assessed soil from adjacent natural grasslands

(NGs) that had not been disturbed for at least 30 years

(no-tillage or management input) as a reference containing

the potential soil communities in the studied regions (Oehl

et al., 2010; Jansa et al., 2014). These treatments were tested

along a regional gradient (four geographical locations) on the

Argentinean Pampas. Two complementary methodological

approaches were used: AMF spore and fatty acid analyses.

The analyses of spores included two seasons for 2 years,

while fatty acids were analysed only in the first season.

Based on the above background information, we expected

geographical variation in AMF in response to agricultural

practices, but at a regional scale, we predicted that land use

under no-tillage systems affects AMF communities in

comparison with NG, and within no-tillage, CR would

promote greater richness and biomass than MC.

Materials and methods

Soil managements and experimental design

The geographical locations and soil managements were

selected between scientists and farmers as part of a

multidisciplinary project (Wall, 2011). The experimental

areas were established at four geographical locations along a

west–east transect of 400 km with a gradient of soil texture

(sandy soils in the west to clayey soils in the east) in the

central part of the Argentinean Pampas (Figure 1):

Bengolea, Monte Buey (C�ordoba Province), Pergamino

(Buenos Aires Province) and Viale (Entre R�ıos Province).

The minimum distance between locations was 150 km.

Location, climate, texture and soil classifications at each

geographical location are summarized in Table 1 (see

Figuerola et al., 2012 and Duval et al., 2013 for more

details). The standing crops present during the years of

sampling and during three previous years of the soil studied

at each location are summarized in Table S1 (Supporting

information).

Two different cropping systems were examined as

treatments in productive fields managed according to the

good agricultural practices of Certified Agriculture

established by the Argentine No-Till Farmers Association

(AAPRESID) and by the Food and Agriculture

Organization (FAO). Specifically, good agricultural practices

based on crop rotation (CR) management consisted of NT

wheat–soya bean–maize rotations, including a winter cover

crop (Vicia villosa Roth.). The ‘low rotation’ close to soya

bean monoculture (MC) management consisted of little, if

any, crop rotation and no winter cover crops. Under this

framework, the main difference between both agricultural

managements was the predominance of soya bean in the

crop succession of MC and a more balanced proportion of

corn, wheat and soya bean in the rotation of CR

management. The latter resulted in larger crop yields.

Incorporation of cover crops also distinguished CR soils

from MC soils. Both NT managements (CR and MC) in the

four locations received different applications of fertilizers

and pesticide between 2006 and 2011 (Table 2).

As reference treatment, we used soils from natural

grasslands (NGs) close to the cultivated plots, where no

cultivation had been practiced for at least 30 years. The

dominant plants present in the grasslands were as follows:

Andropogon ternatus (Spreng.) Nees, Aristida adscensionis L.,

Bromus catharticus Vahl., Paspalum dilatatum Poir., P.

notatum Fl€ugg�e, Poa ligularis Nees ex Steud., Setaria

vaginata Spreng. and Stipa speciosa Trin. & Rupr.

To cover seasonal and interannual variation, soil samples

were collected in February (summer) and September (late

winter) during 2010 and 2011. In each treatment plot,

three samples (as repetitions) of the top 10 cm of soil were

collected, each being a composite of 20 randomly selected

cores (10-cm-diam. metal corer) collected within an area of

5 m2. Each sample area was separated by least 50 m from

each other. The surface area of CR, MC and NG fields at

each location ranged from 2 to 4 ha.

A total of 144 soil samples [four geographical locations

9 three soil management treatments 9 three samples per

soil management (repetitions) 9 four times (two seasons for

2 years)] were analysed. Soil samples were transported to the

laboratory at 4 °C for later analysis (spores). For fatty acid

analysis, soil samples were stored at 18 °C for 1 week,
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freeze-dried, milled under liquid nitrogen and stored in the

freezer (20 °C) until further analysis. Each sample was

analysed separately.

Soils were classified according to Soil Taxonomy and the

Argentine soil map of the Instituto Nacional de Tecnolog�ıa

Agropecuaria (INTA). The main chemical soil properties

were determined by standard methods on part of the

samples collected for the analysis of the biological variables.

The pH was determined on mixtures of sample:water (1:2.5).

Total organic carbon (TOC, %) was measured by dry

combustion using a LECO CR12 carbon analyser, total

nitrogen (TN, %) being obtained by the Kjeldahl method

and the available phosphorus (P, mg/kg) being determined

by Bray and Kurtz (1945) method.

AMF spore isolation

Arbuscular mycorrhizal fungi spores were extracted, by wet

sieving and decanting, from 100 g of dry soil, followed by

centrifugation in sucrose (Walker et al., 1982). A fine sieve
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(38 lm) was used to collect small spores, and the top sieve

(125 lm) was checked for sporocarps and larger spores.

Only apparently healthy spores were isolated by direct

observations using a stereomicroscope (SMZ745T, Nikon).

For quantification and taxonomic identification, fungal

spores were mounted onto slides using PVA with and

without Melzer’s reagent (Omar et al., 1979) and examined

under compound microscope (E200, Nikon). AMF

morphospecies identification was based on current species

classification (Redecker et al., 2013) and INVAM (http://

Table 2 Description of fertilizer and pesticides applied during the years of sampling and during three previous years, for the two agricultural

cropping systems at geographical locations in the Argentinean Pampas

Site Year Treatmenta

Fertilizerb (kg/ha)

Pesticidec appliedSSP TSP MAP DAP Urea UAN

Bengolea 2006/7 CR 140 140 Glyphosate, Thiram, Carbendazim

MC 75 Glyphosate, Thiram, Carbendazim, 2-4-D

2007/8 CR 75 75 Thiram, Carbendazim, Atrazine

MC 75 Glyphosate, Thiram, Carbendazim, 2-4-D

2008/9 CR 130 135 Glyphosate, Thiram, Carbendazim, Met

MC 75 Glyphosate, Thiram, Carbendazim, 2-4-D

2009/10 CR 70 30 Glyphosate Thiram Carbendazim

MC 75 Glyphosate 2,4-D Atrazine Thiram Carbendazim

2010/11 CR 70 30 Glyphosate Met Thiram Carbendazim

MC Glyphosate Met Thiram Carbendazim

Monte Buey 2006/7 CR 200 310 Glyphosate, Thiram, Carbendazim, Met

MC 230 Glyphosate, Thiram, Carbendazim, 2-4-D, Atrazine

2007/8 CR 70 Glyphosate, Thiram, Carbendazim

MC 230 Glyphosate, Thiram, Carbendazim, Met

2008/9 CR 60 Glyphosate, Thiram, Carbendazim, Atrazine

MC 140 Glyphosate, Thiram, Carbendazim, Met

2009/10 CR 80 120 Glyphosate Met Thiram Carbendazim

MC 75 Glyphosate Met Thiram Carbendazim

2010/11 CR 80 120 Glyphosate Met Thiram Carbendazim

MC 75 Glyphosate Met Thiram Carbendazim

Pergamino Glyphosate, Thiram, Carbendazim, Met, 2,4-D, Atrazine

2006/7 CR 60 40 Glyphosate, Thiram, Carbendazim, Atrazine

MC Glyphosate, Thiram, Carbendazim, Met, 2,4-D

2007/8 CR 60 Glyphosate, Thiram, Carbendazim

MC Glyphosate, Thiram, Carbendazim, Met, 2,4-D

2008/9 CR 80 Glyphosate, Thiram, Carbendazim

MC Glyphosate, Thiram, Carbendazim, Met, 2,4-D

2009/10 CR 50 100 Glyphosate Thiram Carbendazim

MC 2,4-D Glyphosate Met Thiram Carbendazim

2010/11 CR 40 40 Glyphosate Thiram Carbendazim

MC 2,4-D Glyphosate Met Thiram Carbendazim

Viale 2006/7 CR 120 Glyphosate, Thiram, Carbendazim, Met, Dicamba

MC 90 Glyphosate, Thiram, Carbendazim, Met

2007/8 CR 95 55 Glyphosate, Thiram, Carbendazim, Met, Dicamba

MC 90 Glyphosate, Thiram, Carbendazim, Met

2008/9 CR 80 210 Glyphosate, Thiram, Carbendazim, Met, Dicamba

MC 90 Glyphosate, Thiram, Carbendazim, Met

2009/10 CR 96 118 80 Glyphosate Met Dicamba Thiram Carbendazim

MC 90 Glyphosate Met Thiram Carbendazim

2010/11 CR 95 55 Glyphosate Met Dicamba Thiram Carbendazim

MC 85 100 150 Thiram Carbendazim

aCR, Crop rotation; MC-soya bean monocropping. bFertilizers applied; SSP, single superphosphate; TSP, triple superphosphate; MAP,

monoammonium phosphate; DAP, diammonium phosphate; Urea; UAN, urea-ammonium nitrate. cPesticides applied – glyphosate, thiram,

carbendazim, Met – metsulfuron-methyl; 2-4-D – 2,4-dichlorophenoxyacetic acid; atrazine.
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invam.caf.wvu.edu/fungi/taxonomy/speciesID.htm). The data

of the AMF community were expressed as spore density

(total number of spores in 100 g of soil dry weight), spore

density (per 100 g of soil) of each morphospecies and total

species richness (the total number of different species

occurring under each cropping system).

Analysis of soil lipid fatty acid 16:1x5c

The WCFA (whole-cell fatty acid analysis) method consists

of a direct soil saponification, followed by methylation and

further extraction of FAMEs (fatty acid methyl esters). The

chromatographic analysis of the extracted FAMEs was

performed according to the TSBA 40 MIDI system (Sasser,

1990). The PLFA/NLFA (phospho- and neutral lipid fatty

acid) methodology consisted of extraction (3 g of soil) with

chloroform/methanol/citrate buffer (Bligh–Dyer method),

fractionation with a solid-phase extraction column filled with

silica, elution of the neutral fraction with chloroform and the

phospholipid fraction with methanol, amendment with

33.75 lg of the standard fatty acid 19:0 methyl ester, mild

alkaline methanolysis with KOH/methanol, extraction with

hexane and evaporation under N2 stream, and resuspension

in 100 lL of hexane (see Frosteg�ard et al., 1993 for

analytical details). The mono-unsaturated fatty acid 16:1x5c
was used as a biomarker of AMF (see Ferrari et al., 2015

for more details). The fatty acid 16:1x5c concentrations

were expressed as nanomoles per gram (nmol/g) of soil dry

weight.

Statistical analysis

To study the effects of soil managements on AMF species

richness, the number of morphospecies per sample was

used to calculate rarefaction curves with the program

EstimateS9 (Colwell, 2013). To estimate the completeness of

sampling at each cropping system, minimal species richness

estimate Chao2 was calculated with 100 permutations, and

sampling units (samples) were selected randomly without

replacement.

To test differences in AMF diversity between cropping

systems, seasons and years, Pielou’s evenness and the

Shannon–Weaver diversity index of the AMF community

were calculated (Magurran & McGill, 2011).

All data are presented as means and standard error (�SE).

AMF spore density, richness, evenness and diversity were

analysed by a three-way ANOVA with cropping system,

season and year as the main effects including the interaction

terms. Assumptions of normality and homoscedasticity were

tested using the Shapiro–Wilk’s and Levene’s tests,

respectively, and the variables that were not normally

distributed were log10-transformed. AMF biomarker taxon

16:1x5c from soil lipid fractions WCFA, NLFA and PLFA

was analysed with the same model. We used DGC test

(P < 0.05) to detect differences between means. We

performed Spearman’s correlation analyses between fatty

acid 16:1x5c and AMF spore density to examine possible

relationships. Principal component analysis (PCA) was

performed to assess the relationship among AMF spore

variables and chemical soil properties, using cropping

systems and geographical location as the classification

criteria. Statistical analyses were performed with the

INFOSTAT version 2012.

Results

More than 9700 spores were isolated from all soil samples;

2803 spores were detected in Bengolea (1654 in NG, 753 in

CR, 396 in MC), 726 in Monte Buey (100 in NG, 262.78

in CR, 364 in MC), 3153 in Pergamino (1975 in NG, 771 in

CR, 407 in MC) and 3089 in Viale (1985 in NG, 866 in CR,

237 in MC). We identified 46 AMF morphospecies (eight

families), 40 of these being attributed to known

morphospecies (Table 3–S2).

AMF spore communities at regional scale

Rarefaction curves approached the asymptote, suggesting

that the sampling intensity was adequate to detect most of

the AMF morphospecies and to make accurate comparisons

between cropping systems at a regional level (Figure 2).

Total AMF species richness was greatest in NG

(44 morphospecies) closely followed by CR (43 morphospecies).

The lowest level of richness was found in MC

(37 morphospecies), 16 and 14% less than NG and CR,

respectively. A similar pattern was observed according to

Chao2 estimator, but the differences were less pronounced

(Figure 2).

AMF communities at each geographical location

Acaulospora scrobiculata, Archaeospora trappei, Funneliformis

geosporum, Glomus brohultii and Rhizophagus intraradices

were the most abundant taxa considering all samples

together (whose densities were 847.38, 1167.54, 1351.25,

1980.14 and 570.62 spores/100 g of soil dry weight,

respectively). A. bireticulata, A. rehmii, A. spinosa,

Claroideoglomus claroideum, C. etunicatum, C. luteum,

G. margarita, G. rosea, Scutellospora biornata, F. mosseae, R.

clarus and Septoglomus constrictum occurred in all locations

regardless of soil management. Other morphospecies

apparently were more restricted to specific situations. A.

laevis, C. pellucida, G. decipiens, R. fulgida, G. aggregatum,

Glomus sp. 2, Glomus sp. 3, Pacispora sp. were shared

between NG and CR management, and S. dipapillosa was

shared between NG and MC management (Table 3–S2).

© 2017 British Society of Soil Science, Soil Use and Management
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Sixteen of the 46 morphospecies identified showed

significant differences between soil management systems (A.

bireticulata, A. rehmii, A. scrobiculata, A. spinosa, A. trappei, E.

infrequens, C. pellucida, D. heterogama, S. biornata, S. rubra,

F. geosporum, G. brohultii, G. fuegianum, G. microaggregatum,

R. intraradices, S. sinuosa). In general, these morphospecies

showed higher levels of spore numbers in NG than no-tillage

systems, albeit exceptions existed (Table 3).

Mean values of AMF spore density and morphospecies

richness ranged between 6.15 � 2.9 and 438.65 � 360.37,

and 2.00 � 1.73 and 19.33 � 4.51 per 100 g of dry soil,

respectively. In general, NG showed larger values of AMF

spore density and richness than both no-till managements

(CR and MC) in both seasons (February and September)

and years (2010–2011) at four locations, but Monte Buey

showed the opposite trend for these variables (Table S3).

Spore density differed significantly between geographical

locations (Table 4). Each location showed different patterns

of variation in each season (Figure 3a,b).

Species richness exhibited significant differences between

cropping systems in three of the four locations. Bengolea

showed differences in both seasons, while Monte Buey did

only in February and Viale in September. In addition, some

differences were observed between years and seasons in

Monte Buey and Viale (Table 4, Figure 3c, d).

Arbuscular mycorrhizal fungi species diversity varied

between cropping systems in Bengolea in both seasons, and

in Monte Buey during February. Viale showed differences in

diversity between seasons (Table 4, Figure 4a,b). Their mean

values varied from 0.98 � 0.86 to 3.60 � 0.31 per 100 g of

dry soil (Table S3). Evenness showed significant differences

between cropping system in Pergamino (in February) and

Viale. In Viale, evenness also differed between years

(Table 4, Figure 4c, d).T
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Concentration of AMF biomarker 16:1x5c and its relation

with spore density

Fatty acid concentrations revealed differences between soil

managements. The WCFA and NLFA concentrations were

greater in NG than NT treatments in Bengolea and

Pergamino. PLFA concentrations revealed the same pattern,

except in Monte Buey (Figure 5).

The NLFA/PLFA ratio for 16:1x5c showed mean values

of 17.7 for NG, 6.5 for CR and 5.5 for MC. In each

location, that ratio revealed the following mean values for

NG, CR and MC: in Bengolea, 21.63, 4.82 and 6.88; in

Monte Buey, 0, 2.75 and 6.17; in Pergamino, 10.06, 12.50

and 4.50; and in Viale, 6.42, 17.50 and 57.76.

Spore density was positively correlated with WCFA,

NLFA and PLFA (Figure 6) in February 2010.

PCA among biotic and abiotic parameters

The PCA resulted in a clear separation of NG and no-till

plots for all locations (Figure 7). The variation along the

PC1 axis (43.1%) was mainly explained by diversity index,

TN, richness, P and TOC, while the variation along the PC2

axis (39.2%) was mainly explained by evenness, TOC, pH

and TN. Eigenvalues are presented in Table S4.

Discussion

In this study, the total number of morphospecies (46) was

similar to that reported recently in agroecosystems of Central

Europe (S€ale et al., 2015), but greater than that reported in

previous research from the studied region (Colombo et al.,

2014) and arable soils in Europe (Wetzel et al., 2014). These

differences might be related to the wider scale of the present

study in comparison with others (three soil management

approaches based on two levels of crop rotation and a natural

grassland, regionally replicated at four geographical locations)

and the sampling intensity (two seasons in two consecutive

years). When compared with the NG, CR treatment

maintained similar richness levels, while the MC management

showed a smaller AMF spore richness (Figure 2).

Several morphospecies (17) occurred abundantly at all

soils, independent of location and cropping system, whereas

others were more or less restricted to specific situations.

These morphospecies could be defined as generalists and

specialists, respectively, according to Oehl et al. (2010).

Generalist species had been commonly found in previous

studies from Central Europe (Wetzel et al., 2014; S€ale et al.,

2015) such as A. trappei, C. etunicatum and R. intraradices.

Furthermore, some AMF species could be used as indicators

of land use (Jansa et al., 2014; S€ale et al., 2015). In our

study, A. laevis, Cetraspora pellucida, G. decipiens, Racocetra

fulgida, G. aggregatum, Glomus sp. 2, Glomus sp. 3 and

Pacispora sp. were present in NG and CR, but absent in

MC (Table 3). We suggest that these morphospecies could

be good candidates as bioindicators for NT practices based

on CR management in the Argentinean Pampas.

The intensity of agricultural management differently

affects AM fungal spore communities (Oehl et al., 2010). In

Table 4 ANOVA of AMF spore density (number of spores/100 g

soil dry weight), richness, diversity and evenness in soils of different

cropping systems: natural grassland (NG), crop rotation (CR) and

soya bean monoculture (MC) within each geographical location in

the Argentinean Pampas are shown. Ns, non significant; ** P <

0.01; *** P < 0.001.

Variable

Density Richness Diversity Evenness

F P F P F P F P

Source of variation Bengolea

Cropping

system (C)

14.14 *** 16.18 *** 12.23 *** 1.35 ns

Year (Y) 3.41 ns 2.65 ns 1.03 ns 1.03 ns

Season (S) 4.07 ns 1.11 ns 0.31 ns 1.96 ns

C*Y 1.1 ns 0.47 ns 0.49 ns 0.16 ns

C*S 3.72 ns 3.5 ns 2.98 ns 1.55 ns

Y*S 0.31 ns 0.09 ns 0.02 ns 0.17 ns

C*Y*S 0.71 ns 0.93 ns 1.36 ns 0.47 ns

Source of variation Monte Buey

Cropping

system (C)

17.7 *** 10.52 *** 8.71 *** 1.00 ns

Year (Y) 2.43 ns 15.38 *** 19.71 *** 1.53 ns

Season (S) 0.86 ns 13.08 ** 4.73 ns 0.0028 ns

C*Y 3.15 ns 4.53 ns 6.8 ** 0.79 ns

C*S 3.7 ns 3.51 ns 1.33 ns 0.66 ns

Y*S 3.26 ns 0.25 ns 1.66 ns 0.1 ns

C*Y*S 1.08 ns 2.56 ns 2.32 ns 1.1 ns

Source of variation Pergamino

Cropping

system (C)

16.19 *** 0.54 ns 1.12 ns 8.82 ***

Year (Y) 0.43 ns 0.05 ns 0.35 ns 1.36 ns

Season (S) 2.37 ns 0.66 ns 0.37 ns 0.37 ns

C*Y 0.24 ns 1.46 ns 2.32 ns 2.1 ns

C*S 1.57 ns 1.99 ns 1.48 ns 0.47 ns

Y*S 0.31 ns 1.2 ns 1.36 ns 0.0004 ns

C*Y*S 3.21 ns 1.55 ns 0.39 ns 0.15 ns

Source of variation Viale

Cropping

system (C)

26.7 *** 16.66 *** 0.44 ns 8.82 ***

Year (Y) 46.62 *** 61.62 *** 2.43 ns 21.54 ***

Season (S) 0.29 ns 8.01 ** 8.03 ** 0.47 ns

C*Y 1.24 ns 1.68 ns 5.11 ns 2.22 ns

C*S 1.31 ns 1.03 ns 0.82 ns 0.06 ns

Y*S 10.37 ns 32.37 *** 9.98 ** 0.3 ns

C*Y*S 2.76 ns 1.85 ns 0.74 ns 0.39 ns
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this study, the significant effects of cropping systems on

spore density were consistent in the four geographical

locations, but each location showed different patterns of

variation. In comparison with no-till practices, NG showed

greater values for spore density in Bengolea (only in

September) and in Pergamino in both seasons. In Bengolea

(in February) and Viale, both NG and CR resulted in

greater spore density compared with MC. This pattern was

reversed at Monte Buey, suggesting some degree of context

dependency of the AMF responses (Hedlund et al., 2003).

Spore density, richness and PLFA 16:1x5c showed

particularly small values in NG at Monte Buey, where

extractable phosphorus was greater than in other

combinations of treatments and geographical locations. This

is consistent with the negative relationship observed between

P availability and AMF (Treseder, 2004).

While AMF spore density was clearly affected by cropping

systems at the four locations, changes in AMF species

richness were not consistent among seasons. Moreover,

similar diversity was found under agricultural and natural

soils. These results agree with those found by S€ale et al.

(2015) in other agricultural system, but differed with those

observed in natural ecosystems from central Argentina

(Soteras et al., 2012).

In comparison with NG, CR and MC contained less

WCFA and NLFA 16:1x5c fatty acids, but only at

Bengolea and Pergamino, whereas PLFA showed a similar

pattern at Bengolea, Pergamino and Viale. The latter fatty
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geographical location (DGC test, P < 0.05).
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acid showed larger values under CR than NG or MC at

Monte Buey. It is known that some background

concentrations of this fatty acid can also come from Gram-

negative bacteria (Olsson, 1999). However, in this study, the

ratio of 16:1x5c NLFA/PLFA was greater than 1 in all

treatments, which supports its mycorrhizal origin

(Joergensen & Wichern, 2008). Moreover, fatty acids were

positively correlated with spore density. In contrast,

Gryndler et al. (2006) reported negative or null correlations

between WCFA 16:1x5c and spore density. However, their

study involved long term of ploughing and fertilizer

application. These differences suggest that the development

of AMF in no-tillage systems may be more traceable by

WCFA and NLFA than in tilled soils. Accordingly, in our

study, WCFA, NLFA, PLFA and spores showed the same

trends, regularly decreasing in the direction NG>CR>MC,

and in most cases, the NG showed the highest values for

those variables.

The PCA showed positive associations between spore

density, species richness, diversity, TOC, TN, P and pH,

with NG having the largest values observed for these

variables. Importantly, these analyses showed that arable

plots tended to be grouped separately from NG for all

locations. Natural grassland showed a greater spatial

distribution along the axis, suggesting a strong selection

pressure caused by the anthropic intervention which tends to

homogenize the cultivated soils.

It is worth mentioning that all NT plots (both CR and

MC) at different locations differed in agrochemical

applications, such as thiram, carbendazim, glyphosate. This
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might explain the variations between locations, together with

climate and abiotic properties of soils.

It must be noted that, although spore abundance varies

with soil depth (Oehl et al., 2005), in this study, soil samples

were taken at only 10 cm depth. This may be considered as

a limitation, but most studies select this depth because most

mycorrhizal activity is expected to develop there.
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Figure 5 Variation patterns of mean values and standard error (�SE)

(n = 3) of fatty acid 16:1x5c of AMF for the different cropping systems:

natural grassland (NG), crop rotation (CR) and soya bean monoculture

(MC) and each geographical location, in the Argentinean Pampas. WCFA,

whole-cell fatty acid; NLFA, neutral lipid fatty acid; PLFA, phospholipid

fatty acid. Different letters indicate significant differences between crop

managements within each geographical location (DGC test, P < 0.05).

WCFA and NLFA showed differences between cropping systems in

Bengolea (F = 43.63, P < 0.001 and F = 99.51, P < 0.001, respectively), and

Pergamino (F = 9.07, P < 0.05 and F = 58.89, P < 0.001, respectively).

PLFA showed differences between cropping systems in Bengolea (F = 13.9,

P < 0.01), Monte Buey (F = 25.42, P < 0.001), Pergamino (F = 39.94,

P < 0.001) and Viale (F = 18.44, P < 0.01).
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Figure 6 Relationship between AMF spore density (no. of spores/

100 g of soil dry weight) and (a) WCFA 16:1x5c (nmol/g of soil dry

weight, r = 0.64, P < 0.001); (b) NLFA 16:1x5c (nmol/g of soil dry

weight, r = 0.66, P < 0.001); and (c) PLFA 16:1x5c (nmol/g of soil

dry weight, r = 0.45, P < 0.01) from arbuscular mycorrhizal fungi

(AMF) present in three cropping systems.
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Finally, it is worth mentioning that monocropping was

restricted to soya bean. Therefore, results should be framed

in this context, and further studies, considering other crops

such as maize, would allow testing the generality of patterns

found here.

Conclusions

In this study, we show that AM spore communities and fatty

acids in soils are suitable indicators of soil management

involving different cropping systems. In particular, spore

richness measured at a regional scale proved to be sensitive

to different NT agricultural managements. Moreover, certain

morphospecies proved to be good candidates as

bioindicators for no-till practices based on cropping systems

in the Argentinean Pampas. Importantly, soil management

systems that include practices based on crop rotation keep

AMF richness at levels comparable to those observed in soils

from natural environments. Given that the loss of soil

biodiversity is ultimately linked to a loss of soil functions

that support ecosystem services (Wagg et al., 2014), we

suggest that agricultural practices that halt or reverse this

loss of soil biodiversity should be encouraged.
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