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Abstract
Monitoring soil health status is imperative to pursue sustainable agriculture. Aggre-

gate stability (AS) is fundamental to define several soil functions and, therefore, phys-

ical soil health. The objectives of this work were to (i) evaluate the effect of contrasting

cropping systems on AS, soil (SOC) and particulate (POC) organic carbon, and anaer-

obic nitrogen (AN) both in bulk soil and in macroaggregates (MA), and (ii) assess the

relationship between AS and AN both in bulk soil and in MA to facilitate soil physi-

cal health monitoring. Aggregate stability, AN, SOC and POC were evaluated at three

depths (0–5, 5–20, and 0–20 cm) in a Mollisol of the Southeastern Argentinean Pam-

pas under a long-term experiment of cropping systems (crop-pasture rotations under

conventional tillage [CT] and no-tillage [NT]). Bulk-soil SOC and POC contents and

AN showed the effect of cropping systems, especially the effect of crop-pasture rota-

tion and at 0–5 cm depth. However, NT did not lead to SOC sequestration except at

0–5 cm depth. In turn, pastures in the rotation and NT improved AS. Bulk-soil AN

explained 75, 41, and 71% of AS at 0–5, 5–20, and 0–20 cm depths, respectively, and

provides an indication of AS status. Instead, AN in MA did not explain bulk-soil AS

changes as much as bulk-soil AN, except at 0–5 cm depth. Therefore, it is not worth

determining AN in MA. However, routine bulk-soil AN determination at 0–20 cm

depth by producers to diagnose nitrogen soil fertility would also provide an additional

valuable indication of AS status.

1 INTRODUCTION

Cropping systems should consider management practices that

lead to maximizing crop productivity with minimum effect

Abbreviations: AN, nitrogen mineralized along a short anaerobic

incubation; AS, aggregate stability; CMWD, change of mean weight

aggregate diameter; CR, capillary re-wetting; CT, conventional tillage;

L-MA, large macroaggregates (2.00–8.00 mm); MA, macroaggregate

(>0.25 mm); MWD, mean weight aggregate diameter; NT, no-tillage; OC,

organic carbon; POC, particulate soil organic carbon; SOC, soil organic

carbon.

© 2020 The Authors. Agronomy Journal © 2020 American Society of Agronomy

on soil ecosystem services (Powlson et al., 2011). Healthy

soils are those that, despite the changes produced by agricul-

ture, are able to maintain their functions in the agroecosystem

according to their aptitude and the environmental conditions.

Frequent evaluation of soil health is a primary condition when

pursuing sustainable agriculture (Doran, 2002). Hence, early

signals about the magnitude and orientation of changes due

to agriculture would allow adjusting management practices to

maintain or improve soil health. Therefore, the simpler, more

sensitive, and cheaper the indicators to use, the higher the

feasibility of frequent soil health monitoring by consultants

and/or farmers (Romig, Garlynd, & Harris, 1996).
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Particulate (POC) organic carbon (OC) is a labile fraction

of soil OC (SOC) constituted by partially decomposed plant

residues, fungi hyphae, spores, pollen grains, and animal

debris (Gregorich, Beare, McKim, & Skjemstad, 2006).

Given its characteristics and its location within soil mass,

POC presents, in general, rapid turnover and is very accessible

to microorganisms (Christensen, 2001). Particulate OC is

associated to aggregation mechanisms since it intervenes in

the processes of formation and turnover of microaggregates

(0.05–0.25 mm, MI) and of formation and stabilization of

macroaggregates (>0.25 mm, MA) (Gregorich et al., 2006;

Six, Elliott, & Paustian, 2000, 2004). On the other hand,

POC is related to nutrient availability to crops given it is

involved in the mineralization-immobilization of nitrogen

(N) (Christensen, 2001; Six et al., 2000). The decrease

of POC content in soil is associated to a reduction in soil

functioning capacity and in soil resistance to degradation and

soil resilience (Cambardella & Elliott, 1992; Gregorich et al.,

2006; Six, Bossuyt, Degryze, & Denef, 2004). Particulate

OC content is very sensitive to soil use and manage-

ment practices (Cambardella & Elliott, 1992; Domínguez,

Diovisalvi, Studdert, & Monterubbianesi, 2009) and its rapid

change makes POC a good early indicator (Christensen,

2001) to monitor soil health. However, the determination

of POC is somehow tedious and very time-consuming. For

this reason, the technique is not always adopted by commer-

cial soil laboratories or, if adopted, the cost is too high to

help to encourage frequent monitoring (Diovisalvi, Studdert,

Reussi-Calvo, Domínguez, & Berardo, 2014). Hence, to favor

and facilitate frequent soil health status evaluation, it would

be important to identify other soil parameters as sensitive to

soil use as POC but easier and simpler to determine.

The potentially mineralizable N is a fraction of soil organic

N associated to changes produced by management practices

on OC labile fractions (Domínguez et al., 2009; Gregorich

et al., 2006; Soon, Haq, & Arshad, 2007). Even though poten-

tially mineralized N is sensitive to soil use and management,

its determination requires long-lasting aerobic incubations.

This makes potentially mineralized N unfeasible as a tool to

diagnose N fertility and recommend fertilization (Echeverría,

San Martín, & Bergonzi, 2000). The ammonium N (NH4
+-N)

mineralized along a short (7 d) anaerobic incubation

(N mineralized in anaerobiosis, AN) (Keeney, 1982) has been

proposed as a rapid and precise estimator of potentially min-

eralized N (Echeverría et al., 2000). The AN also relates

closely to soil organic N content and gross N mineralization

rate (Gregorutti, Novelli, Melchiori, Ormaechea, & Caviglia,

2014; Videla, Pazos, Trivelin, Echeverría, & Studdert, 2005)

and with changes in SOC and POC (Domínguez et al., 2016;

Gregorutti et al., 2014; Reussi-Calvo et al., 2014; Studdert,

Domingo, García, Monterubbianesi, & Domínguez, 2017). In

the Southeastern Argentinean Pampas the AN is being used

to adjust N fertility diagnosis for wheat (Triticum aestivum

Core Ideas
• Anaerobically mineralized nitrogen (AN) reflects

cropping-system effects.

• Change in aggregate stability (AS) due to manage-

ment correlates with AN change.

• AN could be used as a good indicator of AS and

to help to monitor it.

• AN in macroaggregates is not as sensitive as bulk-

soil AN to indicate AS.

L.) and maize (Zea mays L.) (Orcellet, Reussi-Calvo, Sainz-

Rozas, Wyngaard, & Echeverría, 2017; Reussi-Calvo, Sainz-

Rozas, Echeverría, & Berardo, 2013, 2018; Sainz-Rozas,

Calviño, Echeverría, Barbieri, & Redolatti, 2008). Likewise,

it has been shown that AN is sensitive enough to distinguish

contrasting management situations (Cozzoli, Fioriti, Studdert,

Domínguez, & Eiza, 2010; García, Studdert, Domingo, &

Domínguez, 2016; Gregorutti et al., 2014; Studdert et al.,

2017) and it has been proposed as a possible indicator of

AS (Domínguez et al., 2016). Given it is simple and cheap

to determine, and easily interpreted, and that its changes are

associated with the changes in very many other soil parame-

ters and properties, AN gathers several characteristics of those

required for a soil health indicator (Domínguez et al., 2016;

Doran, 2002; García et al., 2016).

Soil physical health is strongly related to aggregation and

aggregate stability (AS) since they determine many other soil

physical properties (i.e., pore geometry and stability, water

infiltration, drainage, and retention) and is associated to

several degradation processes (i.e., erosion, desertification,

compaction) (Aparicio & Costa, 2007) and to OC dynamics

(Six et al., 2004). Soil OC, and particularly POC, plays a key

role in defining aggregation and AS in most agricultural soils

(Domínguez et al., 2016; Six et al., 2004). As well as SOC

and POC (Quiroga & Studdert, 2014), AS is very sensitive to

the effect of agriculture (Aparicio & Costa, 2007). However,

it has been reported that the stability of MA would be more

sensitive than bulk-soil AS to the changes produced by agri-

culture (Gregorutti et al., 2014; Puget, Chenu, & Balesdent,

2000; Roldán, Studdert, Videla, San Martino, & Picone,

2014; Six, Elliott, Paustian, & Doran, 1998). Aggressive

tillage (i.e., conventional tillage, CT) increases MA cycling

rate and reduces its stability and bulk-soil AS. As well, tillage

inhibits MI formation within MA and reduces SOC sequestra-

tion in the long term (Panettieri, Berns, Knicker, Murillo, &

Madejón, 2015, Six et al., 2004). On the other hand, no-tillage

(NT) favors OC accumulation within aggregates and there-

fore, could lead to greater carbon sequestration in soil. Soils

under NT generally show higher AS and a greater proportion

of stable MA (Roldán et al., 2014; Sheehy, Regina, Alakukku,
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F I G U R E 1 Location of the experiment

& Six, 2015) attributed to higher protection and stabilization

of SOC within aggregates. Conversion of cropping systems

under aggressive tillage into others with less soil disturbance

intensity/frequency could benefit some aspects of soil func-

tioning and integrity (Triplett & Dick, 2008), but tillage is

sometimes needed (Studdert et al., 2017). Early and simple

soil health indicators could help to make decisions respect

to when, where, how, and for how long soil could be tilled

according to soil health status. Given its characteristics and its

relationship with SOC and POC variation (Domínguez et al.,

2016; García et al., 2016; Studdert et al., 2017), AN changes

due to soil use and management would indicate changes

in AS.

For Mollisols of the Southeastern Argentinean Pampas we

hypothesized that: (i) changes of bulk-soil AN due to soil use

and management is related to changes in bulk-soil AS, and

(ii) changes in AN of MA is more strongly related to changes

in bulk-soil AS. The objectives of this work were to (i) eval-

uate the effect of contrasting cropping systems on AS, SOC,

POC, and AN both in bulk soil and in MA, and (ii) assess

the relationship between AN both in bulk soil and in MA

and AS and if it could contribute to facilitate soil physical

health monitoring as compared to other indicators (i.e., SOC

and POC).

2 MATERIALS AND METHODS

2.1 Experimental site

Soil samples were taken in the fall of 2014 from a long-term

crop-pasture rotation experiment located at the experimental

field of the Unidad Integrada Balcarce (Balcarce Integrated

Unit), Balcarce, Buenos Aires, Argentina (37◦45′09″ S,

58◦18′48″ W; 138 m above sea level) (Figure 1). The climate

in this area is classified as mesothermal subhumid-humid

T A B L E 1 Properties of an adjacent undisturbed soil (Domínguez

et al., 2009)

Soil depth
Soil variable 0–5 cm 5–20 cm 0–20 cm
Particle size Clay – – 23.1

distribution, Silt – – 35.8

g kg−1 Sand – – 41.1

Organic C, g kg−1 33.9 33.1 33.3

Organic N, g kg−1 2.52 2.58 2.57

pH (1:2.5 in water) 5.6 5.3 5.4

CEC, cmol kg−1 26.4 26.7 26.6

Na+, cmol kg−1 0.3 0.3 0.3

K+, cmol kg−1 2.6 1.7 1.9

Ca++, cmol kg−1 12.6 12.1 12.2

Mg++, cmol kg−1 1.9 1.7 1.8

Base saturation, % 65.8 59.3 60.9

(according to Thornthwaite classification) or as temperate

humid without dry season (according to Köpen classification)

(A.I. Irigoyen, personal communication, 1 December 2006).

Median annual rainfall, mean annual potential evapotranspira-

tion, and air temperature (1975–2014) are 950 mm, 952 mm,

and 14.1◦C, respectively (source: weather station located

1000 m away from the experiment). The soil is a complex

of a fine, mixed, thermic Typic Argiudoll (Soil Survey Staff,

2014), Mar del Plata Series (INTA, 1979), and a fine, illitic,

thermic Petrocalcic Argiudoll (Soil Survey Staff, 2014), Bal-

carce Series (petrocalcic horizon below 0.7 m) (INTA, 1979)

with 2% slope (very low erosion). Soil complex surface hori-

zon initial selected properties are shown in Table 1.

The experiment started in 1976 with different durations and

frequencies of grass-based pastures combined with different

cash-crop cropping periods under CT (see Studdert, Echever-

ría, & Casanovas, 1997). In 1994, the experiment was mod-

ified. Table 2 shows the cropping systems (crop sequences

and tillage systems) between 1994 and 2014. Tillage system

was included as a variable with two levels: CT (mold-

board plow, disk grade, field cultivator or vibro-cultivator)

and NT. Grass-based pasture periods were set at 3 yr long

and cash-crop sequence in the cropping periods was maize-

soybean [Glycine max (L.) Merr.]–spring wheat. Pastures

were not grazed nor cut to harvest aboveground biomass.

The experiment was performed with a randomized complete

block design and a split-plot treatment arrangement and three

replications. Cropping systems (Table 2) were assigned to the

main plots (20 m by 35 m = 700 m2) and N fertilization of

only cash crops (0, 60, 120, and 180 kg N ha−1) was assigned

to sub-plots (10 m by 17.5 m = 175 m2). However, for this

experiment, soil samples were taken only from the sub-plots

with 60 kg N ha−1. The crops received phosphorus fertiliza-

tion at planting (5 to 20 kg P ha−1) according to soil analysis.
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T A B L E 2 Crop sequence for each cropping system between 1994 and 2014

Cropping systema

Year PP 50NT 50CT 75NT 75CT 100NT 100CT
1994 Pa Pa Pa Pa Pa M (NT) M

1995 Pa Pa Pa Pa Pa S (NT) S

1996 Pa Pa Pa Pa Pa W (NT) W

1997 Pa M (NT)b M M (NT) M M (NT) M

1998 Pa S (NT) S S (NT) S S (NT) S

1999 Pa W (NT) W W (NT) W W (NT) W

2000 Pa Pa Pa M (NT) M M (NT) M

2001 Pa Pa Pa S (NT) S S (NT) S

2002 Pa Pa Pa W (NT) W W (NT) W

2003 Pa M (NT) M M (NT) M M (NT) M

2004 Pa S (NT) S S (NT) S S (NT) S

2005 Pa W (NT) W W (NT) W W (NT) W

2006 Pa Pa Pa Pa Pa M (NT) M

2007 Pa Pa Pa Pa Pa S (NT) S

2008 Pa Pa Pa Pa Pa W (NT) W

2009 Pa M (NT) M M (NT) M M (NT) M

2010 Pa S (NT) S S (NT) S S (NT) S

2011 Pa W (NT) W W (NT) W W (NT) W

2012 Pa Pa Pa M (NT) M M (NT) M

2013 Pa Pa Pa S (NT) S S (NT) S

2014c Pa Pa Pa W (NT) W W (NT) W

SIImd 1.00 0.76 0.76 0.65 0.65 0.50 0.50

aPP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50% (3 yr) under pasture; 50CT, 50% time (3 yr) under cropping with conventional

tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under cropping with no-tillage and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with

conventional tillage and 25% (3 yr) under pasture; 100NT, continuous cropping under no-tillage; 100CT, continuous cropping under conventional tillage; M, maize; S,

soybean; W, wheat.
bIndicates the tillage system is no-tillage.
cSoil sampling year.
dSIIm, sequence intensification index on a monthly basis (Novelli, Caviglia, & Piñeiro, 2017).

2.2 Soil sampling and analytical
determinations

Soil sampling was done in the fall of 2014 (Table 2). Sam-

ples were taken with a shovel at 0–5 and 5–20 cm depths with

five subsamples per sub-plot to form a composite sample. Soil

moisture at sampling was close to field capacity. Only the cen-

tral part of the soil extracted with the shovel was it recovered

from each subsample to avoid collecting aggregates disturbed

by sampling. Fresh samples were carefully passed through

an 8.00-mm sieve (Six et al., 1998), oven-dried at 40◦C and

stored until analysis.

Besides, composite soil samples (5 subsamples per experi-

mental unit) were taken at two depths (0–5 cm and 5–20 cm)

with a 4.5-cm-diameter tubular sampler. Soil samples were

dried at 40◦C until constant weight and ground to pass a

2.00-mm sieve and stored for analysis. Recognizable crop

residues and roots retained on the 2.00-mm sieve, were

eliminated.

Aggregate size distribution was determined on the sam-

ples taken with the shovel according to Six et al. (1998).

Briefly, two 100-g aliquots of dry soil from each sample

sieved through 8.00-mm sieve, were re-wetted. One of those

aliquots was capillary re-wetted (CR) during 24 h at room

temperature up to approximately field capacity. Capillary

re-wetted aggregates were then submerged in water just before

sieving beginning. The other soil aliquot was rapidly re-wetted

by submersion of dry aggregates in water. After 5 min of sub-

mersion, both CR aliquots and rapidly re-wetted aliquots were

successively wet-sieved through different sieves: 2.00 mm (to

separate large MA [L-MA], >2.00 mm), 0.25 mm (to sepa-

rate small MA, 0.25–2.00 mm), and 0.05 mm (to separate MI,

0.05–0.25 mm). Fine fraction content (clay+silt, <0.05 mm)

was calculated by difference. Sievings were done with an

apparatus built ad hoc (R. and G. Domínguez, Pasteur,

Argentina) to get 50 3-cm-run up and down oscillations dur-

ing 2 min for each sieving. After sieving, aggregates were

back-washed from the sieve in plastic recipients and let to
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settle after the addition of 2 ml of calcium chloride (CaCl2)

2N solution. When the supernatant was clear, it was removed

with a vacuum pump and the recipients were taken to an

oven at 50◦C until constant weight. Dry soil was weighed and

stored.

Mean weight aggregate diameter (MWD, mm) was deter-

mined for aggregate size distributions after each re-wetting

procedure with the following equation:

MWD =
𝑛=4∑

𝑖=1
𝑋𝑖 ∗ 𝑊𝑖 (1)

where i is each aggregate size fraction, n is the number of

aggregate size fractions including the fine fraction, Xi is the

mean diameter (mm) of the i-th aggregate size fraction calcu-

lated as the average between the mesh size of the sieve from

where the aggregates were recovered and the mesh size of

the immediately upper sieve, and Wi is the proportion of soil

mass of the i-th aggregate size. Aggregate stability was cal-

culated as change of MWD (CMWD, mm), calculated as the

difference between MWD after CR and MWD after rapid re-

wetting. Change of MWD is the inverse of AS and, therefore,

the higher CMWD, the lower AS. Given 95.9% of sand frac-

tion was very fine (0.05–0.10 mm) and 2.8% was fine (0.10–

0.25 mm) sand (data not shown; S.N. Tourn, doctoral dis-

sertation, unpubl. data), the correction of the proportion of

each aggregate size fraction by the proportion of free sand

with the same size as the aggregates in the fraction (Six et al.,

2000), was not done as indicated by Yamashita, Flessa, John,

Helfrich, and Ludwig (2006).

Aliquots of ground (sieved through 2.00-mm sieve taken

with the tubular sampler) dry bulk soil and of dry L-MA and

small MA obtained by sieving after CR of samples taken with

the shovel, were re-ground with mortar and pestle and ana-

lyzed for AN (mg NH4
+-N kg−1). Nitrogen mineralized in

anaerobiosis was determined through a short anaerobic incu-

bation (Keeney, 1982) of 5 g of dry re-ground soil in test tubes

(150 mm by 16 mm). Tube volume was completed with deion-

ized water. The tubes were hermetically capped providing all

air bubbles were removed. Then they were incubated for 7 d at

40◦C. At the end of the incubation, 15.0 ml of 4 M potassium

chloride (KCl) and 0.2–0.3 g of calcined magnesium oxide

(MgO) were added, and then, NH4
+-N was determined by

steam distillation (Keeney & Nelson, 1982) directly on the

resulting soil suspension (Echeverría et al., 2000). The same

analytical procedure was used to determine NH4
+-N content

of soil before incubation to subtract it from NH4
+-N after

incubation. Initial NH4
+-N was always low and not different

among management situations both for bulk soil and L-MA

and small MA (data not shown).

Soil OC and POC concentrations (g C kg−1) both of bulk

soil and of L-MA and small MA after CR were determined.

Briefly, SOC was determined on the same re-ground soil sam-

ples as AN by wet combustion with maintenance of the oxi-

dation reaction temperature (120◦C) for 90 min (Schlichting,

Blume, & Stahr, 1995). Particle-size fractionation was per-

formed by wet-sieving through a 0.05-mm sieve of re-ground

and dispersed soil aliquots (Cambardella & Elliott, 1992).

Organic carbon concentration was determined as described

above on soil fraction that passed the sieve (<0.05 mm) to

determine OC associated to silt and clay (g C kg−1). Particu-

late OC (g C kg−1) concentration was calculated by subtract-

ing associated OC from SOC (Cambardella & Elliott, 1992).

Mean weight diameter, CMWD, AN, SOC, associated OC,

and POC were also calculated for the arable layer (0–20 cm

depth) as a weigh average between 0–5 and 5–20 cm depths.

2.3 Statistical analysis

Response variables were analyzed for each depth (0–5,

5–20, and 0–20 cm) and re-wetting procedure (CR and rapid

re-wetting) through analysis of variance with a mixed lin-

ear model. Cropping system was the fixed effect and block,

the random effect. All mean comparisons were performed

with the Tukey test. The relationships between variables were

evaluated through linear correlation (Pearson) and regression

analyses or through nonlinear (linear-plateau) regression anal-

ysis. Statistical analyses were performed with the package

“Rcmdr” of the R statistical system (R Development Core

Team, 2010). The significance level for all tests of hypothesis

and mean comparisons, was set at 5%.

3 RESULTS AND DISCUSSION

3.1 Bulk-soil SOC and POC contents and AN

Table 3 shows bulk-soil SOC and POC contents and AN at

0–5, 5–20, and 0–20 cm depths. Differences in SOC, POC,

and AN among cropping systems were highly significant

(P < .01) at all three depths. As expected for this type of soils

in the Southeastern Argentinean Pampas (Diovisalvi et al.,

2014; Domínguez et al., 2009, 2016; Studdert et al., 2017),

differences among treatments in SOC were mainly due to

differences in POC given there were no differences among

cropping systems in associated OC (data not sown). Likewise,

AN showed a highly significant (P < .01) positive correla-

tion with both SOC (r = 0.83, r = 0.65, and r = 0.78 at 0–5,

5–20, and 0–20 cm depths, respectively) and POC (r = 0.90,

r= 0.59, and r= 0.86, respectively), in coincidence with many

authors (Domínguez et al., 2009, 2016; Reussi-Calvo et al.,

2014; Soon et al., 2007).

Permanent pasture for 20 yr (PP, Table 2) showed the high-

est SOC and POC contents and the highest AN (Cozzoli et al.,

2010; Ernst & Siri-Prieto, 2009; Franzluebbers, Sawchik,

& Taboada, 2014; Videla et al., 2005) at all three depths.

Likewise, in agreement with Ernst and Siri-Prieto (2009),
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T A B L E 3 Soil (SOC) and particulate (POC) organic carbon, and ammonium nitrogen mineralized in anaerobiosis (AN) of bulk soil at three

depths and under different cropping systems

Depth SOC POC AN
cm Cropping systema g kg−1 mg kg−1

0–5 PP 40.7 (0.6)bac 17.5 (0.7)a 144.2 (10.9)a

50NT 39.1 (1.1)a 15.8 (0.4)a 124.6 (6.8)a

50CT 34.4 (0.1)b 8.5 (0.4)c 78.8 (1.9)b

75NT 35.9 (0.4)b 11.6 (0.1)b 122.7 (5.2)a

75CT 27.6 (0.3)c 3.4 (0.2)d 63.4 (2.2)b

100NT 34.8 (0.2)b 12.2 (1.0)b 143.2 (1.1)a

100CT 27.6 (0.3)c 3.1 (0.2)d 55.5 (3.9)b

5–20 PP 32.2 (0.5)a 8.0 (0.3)a 76.6 (1.2)a

50NT 29.4 (0.3)bc 5.9 (0.8)abc 61.6 (3.8)ab

50CT 30.6 (0.4)ab 6.8 (0.5)ab 58.9 (3.2)bc

75NT 30.5 (0.6)ab 6.6 (0.9)abc 52.0 (6.9)bc

75CT 27.5 (0.4)cd 3.6 (0.3)c 42.7 (3.2)c

100NT 26.6 (0.8)d 4.8 (0.4)bc 54.7 (2.1)bc

100CT 26.6 (0.5)d 4.0 (0.6)bc 49.9 (1.4)bc

0–20 PP 34.3 (0.5)a 10.4 (0.4)a 93.5 (2.8)a

50NT 31.9 (0.3)b 8.4 (0.5)ab 77.4 (3.7)ab

50CT 31.5 (0.3)b 7.2 (0.3)b 63.9 (2.8)bc

75NT 31.8 (0.5)b 7.8 (0.7)b 69.7 (5.5)b

75CT 27.5 (0.4)c 3.6 (0.3)c 47.9 (3.0)c

100NT 28.6 (0.5)c 6.7 (0.5)b 76.8 (1.4)b

100CT 26.9 (0.3)c 3.8 (0.4)c 51.3 (2.0)c

aPP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50% (3 yr) under pasture; 50CT, 50% time (3 yr) under cropping with conventional

tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under cropping with no-tillage and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with

conventional tillage and 25% (3 yr) under pasture; 100NT, continuous cropping under no-tillage; 100CT, continuous cropping under conventional tillage.
bNumbers between parentheses are standard errors of the mean.
cValues followed by a common letter within each depth are not significantly different (P < .05) among cropping systems.

Studdert et al. (1997), and Panettieri, Rumpel, Dignac, and

Chabbi (2017) respect to the effect of alternation of short peri-

ods under pasture and under cropping, 2 yr under pasture after

3 yr of cropping (i.e., 50NT, and 50CT, Table 2) led to higher

SOC, POC, and AN in the arable layer than most of the other

cropping systems, but not as high as under PP (Table 3). At

0–20 cm depth SOC, POC, and AN under 50NT and 50CT

were significantly lower than under PP. However, SOC, POC,

and AN at 0–5 cm depth were significantly higher under PP

and 50NT than under 50CT and not different between them.

On the other hand, under cropping (i.e., 75NT, 75CT, 100NT,

and 100CT, Table 2), treatments with NT showed signifi-

cantly higher SOC, POC, and AN at 0–5 cm depth than those

under CT (Table 3). In turn, in the arable layer (0–20 cm

depth), SOC, POC, and AN tended to be higher under NT (i.e.,

75NT and 100NT) than under CT (i.e., 75CT and 100CT), in

most cases significantly (Table 3). The strong stratification

of soil organic fraction associated to pastures (Ernst & Siri-

Prieto, 2009; Franzluebbers et al., 2014; Lemaire, Franzlueb-

bers, de Faccio Carvalho, & Dedieu, 2014) (PP, 50NT, and

50CT, Table 3) and NT (Franzluebbers, 2002; Powlson et al.,

2014) (75NT and 100NT, Table 3) is expected to improve

soil functioning due to the role of the uppermost soil layer in

defining several soil functions and processes (Franzluebbers,

2002).

Continuous pasture or pasture periods rotated with cash

crops improve SOC because of pasture dense root systems,

the carbon returned to the soil through aboveground biomass

litter, and the reduction of tillage intensity (Cates, Ruark,

Hudtcke, & Posner, 2016; Haynes, 1999; Six et al., 2004;

Studdert et al., 1997). Besides, the higher the frequency

and/or duration of pasture periods the longer the soil is cov-

ered by live plants and colonized/explored by active roots,

and the more efficient is the use of available resources

and inputs (Caviglia et al., 2019; Hochman et al., 2013;

Novelli et al., 2017). These are indubitable advantages of the

ecological agriculture intensification to improve soil health

(i.e., soil functioning) and the provision of ecosystem ser-

vices (Lemaire et al., 2014; Powlson et al., 2011). Something

similar could be expected from NT because of soil cover by

residues and the reduction of tillage intensity (Triplett & Dick,

2008).

In this experiment NT did not lead to the complete restora-

tion of soil organic matter in the whole arable layer despite
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SOC content was, in general, higher than under CT (Table 3).

This agrees with Domínguez et al. (2016) and Studdert et al.

(2017) who reported that neither SOC nor POC or AN in the

arable layer, except at 0–5 cm depth, of similar soils were dif-

ferent between continuous cropping under CT and under NT

(15 and 11 yr, respectively). They showed that at 0–20 cm

depth both SOC and POC and AN decreased along the period

under cropping at the same rate either under CT or NT. In

our experiment, SOC at 0–20 cm depth at the beginning of

the experiment (1976, after a long pasture period) had been

37.2 g kg−1 whereas at the beginning of the phase of the exper-

iment analyzed in this paper (1994, after 18 yr of cropping

under CT, Table 2) it was approximately 30.4 g kg−1 (Stud-

dert et al., 1997). Soil OC contents in 2014 for 50CT, 75CT,

and 100CT averaged were 28.6 g kg−1 (Table 3). On the other

hand, SOC contents in 2014 for 50NT, 75NT, and 100NT

averaged 30.8 g kg−1 (Table 3). Therefore, despite SOC con-

tent in 1994 was low (Puget & Lal, 2005), OC sequestration

in the arable layer under NT was negligible even when crop-

ping was rotated with pastures (Ernst, Dogliotti, Cadenazzi,

& Kemanian, 2018). However, 50NT and 75NT showed a

slight increase in SOC at 0–20 cm depth along the 20 yr ana-

lyzed. It is worth noting that a 2-yr pasture period after a crop-

ping period under NT (i.e., 50NT) or CT (i.e., 50CT) was not

enough to increase SOC, POC, and AN at 0–20 cm depth up

to the level of PP (Table 3). However, a 2-yr pasture period

after a cropping period under CT (i.e., 50CT) increased SOC,

POC, and AN above 75CT (i.e., 5 yr of cropping after a pas-

ture, Table 2) and 100CT (i.e., continuous cropping, Table 2)

levels. Nitrogen mineralized in anaerobiosis under 75CT and

100CT was very close to the threshold of response to N fer-

tilization (i.e., AN = 48 mg kg−1, Sainz-Rozas et al., 2008)

whereas the rest of the treatments were well above it (Table 3).

3.2 Aggregate size distribution and aggregate
stability

Figure 2 shows MWD after CR and after rapid re-wetting. As

expected, aggregate size was smaller after rapid re-wetting

(Figure 2b) than after CR (Figure 2a). When aggregates are

re-wetted capillary (i.e., CR) water enters slowly into them

and air within pores is displaced without generating internal

pressures (Cambardella & Elliott, 1993). Therefore, when soil

is water-sieved after CR aggregates resist better the disrup-

tion stress because they are less exposed to internal forces

and their stability is maximum when water content is close to

field capacity (Hofman & de Leenheer, 1975). On the other

hand, when dry aggregates are re-wetted by sudden submer-

sion (i.e., rapid re-wetting), water enters the pores abruptly

trapping and compressing air within them. Thus, compressed

air generates internal forces that, depending on the level of

aggregation forces, may lead to aggregate slaking and/or make

them prone to slaking when water sieved (Cambardella &

Elliott, 1993). Whenever soil condition means weak aggre-

gation forces aggregates are more exposed to breaking off

when sieved in water both after CR and, especially, after

rapid re-wetting. The lowest MWD (P < .05) was shown by

75CT and 100CT (Table 2) at all three depths and for both

re-wetting procedures (Figure 2). Cropping systems under

cropping with NT (i.e., 75NT and 100NT) showed signifi-

cantly higher MWD than the corresponding cropping systems

under CT (i.e., 75CT and 100CT), particularly after rapid re-

wetting. On the other hand, cropping systems under pasture at

sampling (i.e., PP, 50NT, and 50CT, Table 2) showed higher

MWD than the other treatments at all three depths and after

both re-wetting procedures (Figure 2). The highest MWD

(P < .05) was shown by PP.

Figure 2c shows CMWD at all three depths. In general,

most cropping systems showed significantly higher CMWD

(i.e., lower AS) than PP at all three depths. Fibrous, dense, and

extensive root systems associated with grass-based pastures

lead to aggregate formation and stabilization (Franzluebbers

et al., 2014; Haynes, 1999). Likewise, cropping systems under

NT (i.e., 50NT, 75NT, and 100NT, Table 2) showed a trend

toward lower CMWD than those under CT (i.e., 50CT, 75CT,

and 100CT, Table 2), especially at 0–5 cm depth (Roldán

et al., 2014; Sheehy et al., 2015; Six et al., 2004). In the upper-

most layer, cropping systems under NT showed CMWD not

different from PP and significantly lower than the correspond-

ing treatments under CT. No-tillage did not lead to the com-

plete restoration of organic matter despite the higher organic

matter content than under CT (Table 3) but, in turn, it did lead

to higher AS (Figure 2) as indicated by several authors (Panet-

tieri et al., 2015; Roldán et al., 2014; Sheehy et al., 2015; Six

et al., 2004). On the other hand, CMWD shown by 50NT and

50CT was lower (not always significantly) than the rest of

the cropping systems under NT and CT, respectively, espe-

cially at 0–5 cm depth (Figure 2c), but higher than PP (except

at 0–5 cm depth comparing PP with 50NT). This confirms

that introducing short pasture periods in crop rotations helps

to restore soil aggregation and stabilization affected along

cropping periods (Ernst & Siri-Prieto, 2009; Haynes, 1999;

Panettieri et al., 2017; Studdert et al., 1997), but it is not

enough to restore AS in the arable layer. Tillage affects aggre-

gate re-cycling and stabilization (Six et al., 2004) but crop-

ping periods under NT could also affect aggregation (Roldán

et al., 2014) probably due to a reduced input of carbon through

residues. A 2-yr pasture period was not enough to restore

AS below the surface 5 cm. Both 50NT and 50CT showed

significant higher CMWD than PP both at 5–20 cm and

0–20 cm depths but with no significant difference between

them (Figure 2c).

It has been frequently reported that bulk-soil AS is deter-

mined by the stability of MA that is strongly influenced by

soil use (Sheehy et al., 2015; Six et al., 2004) and is more



8 RIVERO ET AL.

F I G U R E 2 Aggregate mean weight diameter (MWD) after capillary re-wetting (a) and rapid re-wetting (b) and change of MWD (CMWD)

(c) for each cropping system and three soil depths. Vertical bars in each column indicate standard error of the mean. Different letters indicate

significant differences (P < .05) among cropping systems within depths. PP, permanent pasture; 50NT, 50% time (3 yr) under cropping with

no-tillage and 50% (3 yr) under pasture; 50CT, 50% time (3 yr) under cropping with conventional tillage 50% (3 yr) under pasture; 75NT, 75% time

(9 yr) under cropping with no-tillage and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with conventional tillage and 25% (3 yr)

under pasture; 100NT, continuous cropping under no-tillage; 100CT, continuous cropping under conventional tillage

sensitive to the effect of management practices than bulk-soil

AS (Puget et al., 2000). Table 4 shows the change of aggre-

gate fraction masses between sieving after rapid re-wetting

and after CR. Differences in the change of fine fraction mass

were not significant among cropping systems and very low

at all three depths. This is in coincidence with Roldán et al.

(2014) who had reported that MI of similar soils in the South-

eastern Argentinean Pampas under contrasting management

(continuous cropping under CT and NT) showed very low dis-

ruptions on water-sieving and, therefore, resulting fine frac-

tion was low. Six et al. (2004) postulated that tillage distur-

bance inhibits stable microaggregate formation within MA

and that this does not happen under NT. However, for Mol-

lisols of the Southeastern Argentinean Pampas, there was no

difference among cropping systems in MI stability (Table 4)

even when comparing PP (Table 2) vs. 100CT (Table 2).
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T A B L E 4 Change of aggregate fraction masses by sieving after two aggregate re-wetting procedures under different cropping systems at three

soil depths

Change of aggregate fractions mass
Aggregate fraction size

Depth >2.00 mm 2.00–0.25 mm 0.25–0.05 mm <0.05 mm
cm Cropping systema g
0–5 PP −22.5 (1.6)bac 5.4 (1.8)ab 12.0 (2.0)d 3.8 (1.4)a

50NT −22.5 (0.3)a 8.3 (2.6)ab 10.8 (2.0)d 3.4 (1.2)a

50CT −28.9 (1.7)b −4.8 (3.7)bc 31.2 (1.7)b 2.5 (1.5)a

75NT −25.2 (0.2)ab 1.2 (1.5)ab 20.6 (1.8)c 2.7 (2.6)a

75CT −35.5 (1.5)c 2.9 (2.4)ab 32.0 (1.7)b 0.6 (0.7)a

100NT −27.5 (1.3)ab −1.6 (0.3)ab 27.1 (3.2)bc 1.9 (2.6)a

100CT −30.6 (1.4)bc −13.7 (0.5)c 43.2 (0.6)a 1.1 (0.4)a

5–20 PP −28.4 (1.9)a 9.7 (2.1)a 17.6 (1.8)d 0.8 (0.8)a

50NT −39.0 (1.5)b 11.2 (4.0)a 22.7 (1.0)cd 5.0 (2.3)a

50CT −34.8 (1.1)ab −3.6 (2.8)a 36.8 (2.3)ab 1.6 (2.5)a

75NT −35.6 (2.3)ab 3.9 (4.3)a 26.5 (3.1)cd 5.2 (1.0)a

75CT −37.7 (2.0)ab 1.5 (1.8)a 31.0 (2.2)bc 5.3 (2.2)a

100NT −34.9 (2.3)ab 6.8 (4.6)a 27.6 (2.1)bcd 0.6 (0.5)a

100CT −42.1 (1.6)b −5.8 (1.0)a 43.6 (0.1)a 6.6 (1.4)a

0–20 PP −26.9 (1.5)a 8.6 (1.7)ab 16.2 (1.8)e 1.5 (0.7)a

50NT −34.9 (1.1)b 10.5 (3.0)a 19.8 (1.2)de 4.6 (1.5)a

50CT −33.3 (0.6)ab −3.9 (1.4)bc 35.4 (1.5)ab 1.8 (1.7)a

75NT −33.0 (1.7)ab 3.3 (3.6)abc 25.0 (2.3)cd 4.5 (0.2)a

75CT −37.1 (1.9)b 1.9 (1.9)abc 31.3 (2.0)bc 4.1 (1.8)a

100NT −33.1 (1.8)ab 4.7 (3.4)abc 27.4 (2.4)bcd 1.0 (0.3)a

100CT −39.3 (1.2)b −7.8 (0.9)c 43.5 (0.1)a 5.2 (1.1)a

aPP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50% (3 yr) under pasture; 50CT, 50% time (3 yr) under cropping with conventional

tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under cropping with no-tillage and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with

conventional tillage and 25% (3 yr) under pasture; 100NT, continuous cropping under no-tillage; 100CT, continuous cropping under conventional tillage.
bNumbers in parentheses are standard errors of the mean.
cValues followed by a common letter within each depth are not significantly different (P < .05) among cropping systems.

This looks like Mollisols with loam texture and high and sta-

ble original organic matter content like those studied in this

work, show mechanisms of aggregate re-cycling and stabi-

lization somehow different from those recognized internation-

ally (Six et al., 2004). Consequently, the difference observed

in the proportion of MI between sievings was mainly due to

differences in MA disruption with little participation of MI

breaking off.

Table 4 shows that changes in the mass of MA (i.e., both

small MA and L-MA) were very different. The difference of

remnant mass of small MA between sieving after rapid re-

wetting and after CR was low at all three depths and appar-

ently not related to cropping systems. On the average, after CR

small MA represented approximately 30% of bulk-soil mass

at all three depths, whereas, after rapid re-wetting, the pro-

portion of small MA was approximately 32%. However, the

difference in remnant mass of L-MA between sievings was

much higher (Table 4). On the average, after CR L-MA repre-

sented 49% of bulk-soil mass at all three depths, whereas after

rapid re-wetting they represented only 23.4 ± 3.3%, 11.2 ±
2.0%, and 14.2 ± 2.2%, respectively. Roldán et al. (2014)

reported that, during sieving, small MA both receive mate-

rial from L-MA disruption and provide material to MI due to

their own breaking off. This makes difficult to analyze the role

of small MA in defining bulk-soil AS and, therefore, changes

in L-MA mass appears as more important in defining it. So, it

would be appropriate considering either L-MA or MA (i.e., L-

MA + small MA) mass changes to characterize bulk-soil AS.

Figure 3 shows MA (L-MA+small MA) mass decrease

between sieving after rapid re-wetting and after CR. Change

of MA mass between sievings shows the effect of cropping

systems on MA stability. As expected, MA mass decrease

under PP (Table 2) was significantly lower than the change

under most of the other cropping systems at all three depths,

whereas the highest MA mass change was observed under

100CT (Table 2). Macroaggregate mass change between siev-

ings under 50NT did not statistically differ from PP and, at

the same time, did not differ from 75NT and 100NT except
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F I G U R E 3 Change of mass of macroaggregates (>0.25 mm) between sieving after rapid re-wetting and after capillary re-wetting for each

cropping system and three soil depths. Vertical bars in each column indicate standard error of the mean. Different letters within soil depth indicate

significant differences (P < .05) among cropping systems. PP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50%

(3 yr) under pasture; 50CT, 50% time (3 yr) under cropping with conventional tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under

cropping with no-tillage and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with conventional tillage and 25% (3 yr) under pasture;

100NT, continuous cropping under no-tillage; 100CT, continuous cropping under conventional tillage

at 0–5 cm depth. Crop-pasture rotation under CT showed sig-

nificantly lower MA mass change than 100CT confirming the

beneficial effects of a pasture in the rotation. However, 2 yr

under pasture after 3 yr of cropping under CT (i.e., 50CT,

Table 2) were not enough to recover MA stability as reported

by Studdert et al. (1997), since MA mass change under 50CT

was not different from 75CT (Table 2).

Correlation coefficients between CMWD (Figure 2c) and

change of MA mass (P < .01) (Figure 3) and change of L-MA

mass (P < .01) (Table 4) were 0.88, 0.79, and 0.85 at 0–5, 5–

20, and 0–20 cm depths, respectively, for MA, and 0.96, 0.95,

and 0.96, respectively, for L-MA. This confirms that bulk-soil

AS is highly determined by MA stability, especially by the

stability of L-MA. It has been proposed that MA instability

(i.e., change of mass between sievings) is directly or indirectly

related to their organic matter content change, especially to

the decrease of labile fractions content (Sheehy et al., 2015;

Six et al., 1998, 2004). Therefore, SOC and POC contents and

AN within MA or L-MA would be more sensitive than those

of bulk soil to indicate early changes in bulk-soil AS (Roldán

et al., 2014; Six et al., 2004).

3.3 Macroaggregate SOC and POC contents
and AN

It has been reported that MA stability is higher as OC con-

centration within them is higher (Li et al., 2016; Six et al.,

2004). Tillage breaks aggregates and inhibits the inclusion

and/or persistence of POC within MA leading to stability

reduction (Six et al., 2004). The more stable MA show higher

POC concentration than those less stable, and this is observed

particularly under reduced tillage (i.e., NT) (Sheehy et al.,

2015).

Table 5 shows SOC and POC contents of L-MA and MA.

As mentioned for bulk-soil SOC and POC contents (Table 3),

under pasture SOC and POC in L-MA and MA were, in gen-

eral, higher than under cropping, although not always sig-

nificantly. Exudation and decomposition of pasture dense

root systems stimulate the activity of mycorrhizae forma-

tion fungi. These fungi contribute to aggregate stabilization

through the production of glomalin that stabilizes MI that, in

turn, are agglutinated within MA by fungi hyphae, rootlets,

and polysaccharides from root exudate degradation (Cates

et al., 2016; Six et al., 2004). Anyway, as mentioned before,

a 2-yr pasture after 3 yr of cropping (i.e., 50NT, and 50CT,

Table 2) was not enough to recover SOC and POC in L-MA

and MA up to PP level. Continuous pasture showed, in gen-

eral, significantly higher SOC and POC in L-MA and MA

than 50NT and 50CT (Table 5). Likewise, under cropping

(i.e., 75NT, 75CT, 100NT, and 100CT, Table 2), treatments

under NT tended to show higher SOC and POC in L-MA and

MA than treatments under CT (Table 5). However, the sig-

nificance of differences among cropping systems both under

pasture and under cropping was not as clear as those shown

in Table 3. Soil OC and POC contents in L-MA and MA

(Table 5) strongly correlated (P < .01) with bulk-soil SOC

and POC contents (Table 3) with r ranging between 0.86 and

0.96, 0.61 and 0.87, and 0.81 and 0.91 for 0–5, 5–20, and

0–20 cm depths, respectively.
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T A B L E 5 Total (SOC) and particulate (POC) organic carbon contents of large and total (large + small) macroaggregates at three depths and

under different cropping systems. Organic carbon content is expressed in grams of carbon per kilogram of dry aggregate fraction

Large macroaggregates Total macroaggregates
Depth SOC POC SOC POC
cm Cropping systema g kg−1

0–5 PP 38.8 (0.6)bac 15.7 (0.9)a 39.7 (0.6)a 17.2 (0.6)a

50NT 35.2 (0.2)b 13.2 (0.7)ab 36.7 (0.2)b 14.5 (0.3)b

50CT 32.7 (0.4)c 10.2 (0.4)bc 33.2 (0.6)c 10.6 (0.4)c

75NT 31.4 (0.3)c 9.4 (0.4)c 33.1 (0.4)c 10.6 (0.4)c

75CT 28.2 (0.6)d 7.4 (0.8)c 28.5 (0.9)d 8.2 (0.5)d

100NT 32.3 (0.3)c 9.0 (0.5)c 33.2 (0.5)c 10.9 (0.5)c

100CT 28.2 (0.6)d 7.0 (0.5)c 29.1 (0.5)d 8.7 (0.4)cd

5–20 PP 32.2 (0.4)a 12.1 (0.5)a 32.1 (0.7)a 12.2 (0.8)a

50NT 29.0 (0.4)ab 9.4 (0.4)ab 29.1 (0.7)ab 9.0 (0.6)b

50CT 29.4 (0.8)ab 8.1 (0.3)bc 30.2 (0.9)ab 8.4 (0.5)bc

75NT 30.3 (1.4)ab 11.6 (1.0)a 29.1 (1.2)ab 9.1 (1.1)b

75CT 28.6 (0.0)b 7.4 (0.5)bc 28.7 (0.6)ab 7.8 (0.2)bc

100NT 26.9 (0.6)b 7.9 (0.6)bc 27.5 (0.6)b 8.2 (0.7)bc

100CT 27.2 (0.8)b 5.6 (0.9)c 27.5 (0.6)b 6.2 (0.6)c

0–20 PP 33.8 (0.4)a 13.0 (0.5)a 34.0 (0.7)a 13.4 (0.7)a

50NT 30.6 (0.3)b 10.3 (0.3)bc 31.1 (0.5)ab 10.4 (0.4)b

50CT 30.2 (0.7)bc 8.6 (0.2)cd 30.9 (0.9)ab 8.9 (0.5)bc

75NT 30.5 (1.1)b 11.1 (0.7)ab 30.2 (1.0)b 9.5 (0.8)bc

75CT 28.4 (0.2)bc 7.4 (0.3)de 28.6 (0.7)b 7.9 (0.1)cd

100NT 28.2 (0.3)bc 8.2 (0.4)cde 29.0 (0.3)b 9.0 (0.4)bc

100CT 27.4 (0.7)c 5.9 (0.7)e 27.9 (0.6)b 6.8 (0.4)d

aPP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50% (3 yr) under pasture; 50CT, 50% time (3 yr) under cropping with conventional

tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under cropping with no-tillage and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with

conventional tillage and 25% (3 yr) under pasture; 100NT, continuous cropping under no-tillage; 100CT, continuous cropping under conventional tillage.
bNumbers in parentheses are standard errors of the mean.
cValues followed by a common letter within each depth are not significantly different (P < .05) among cropping systems.

Figure 4 shows AN in L-MA and MA as a function of

cropping system and depth. Differences among cropping sys-

tems at all three depths showed similar trends as for bulk-soil

AN (Table 3) and, in general, consistent with L-MA and MA

SOC and POC contents (Table 5). Both L-MA and MA AN

strongly correlated with bulk-soil AN (P < .01) at all three

depths (r ranging between 0.64 and 0.77). As already shown

for bulk-soil (Table 3), under pasture (i.e., PP, 50NT, and

50CT, Table 2) L-MA and MA AN were higher than under

cropping (i.e., 75NT, 75CT, 100NT, and 100CT, Table 2)

(Figure 4). Likewise, under NT L-MA and MA AN were

higher than under CT. In general, cropping systems under NT

showed significantly higher AN than the corresponding crop-

ping system under CT (i.e., 50NT vs. 50CT, 75NT vs. 75CT,

and 100NT vs. 100CT). It is worth noting that both L-MA and

MA AN, as well as bulk-soil AN (Table 3), showed clearly

the effect of the increasing ecological agriculture intensifi-

cation (i.e., increase of frequency of pastures in the rotation:

100NT = 100CT < 75NT = 75CT < 50NT = 50CT < PP,

Table 2) on the variation of AN in both L-MA and MA

(Figure 4).

3.4 Nitrogen mineralized in anaerobiosis and
aggregate stability

Domínguez et al. (2016) showed that change of CMWD due

to tillage system along cropping periods could be explained

by the variation in bulk-soil SOC and POC. In our experi-

ment, CMWD strongly correlated with both bulk-soil SOC

and POC contents and L-MA and MA SOC and POC con-

tents (Table 6). This correlation was particularly strong at

0–5 and 0–20 cm depths as also reported by Domínguez et al.

(2016). Changes in bulk-soil SOC and POC contents due to

the cropping system (Table 3) is reflected in variations in

AS (Domínguez et al., 2016; Sheehy et al., 2015). Likewise,

the correlations between both L-MA and MA SOC and POC

contents and CMWD were also high, especially at 0–5 and
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F I G U R E 4 Large (a) and total macroaggregate (large + small) (b) nitrogen mineralized in anaerobiosis (AN) at three depths under different

cropping systems. Vertical bars in each column indicate standard error of the mean. Different letters within soil depth indicate significant differences

(P < .05) among cropping systems. PP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50% (3 yr) under pasture;

50CT, 50% time (3 yr) under cropping with conventional tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under cropping with no-tillage

and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with conventional tillage and 25% (3 yr) under pasture; 100NT, continuous

cropping under no-tillage; 100CT, continuous cropping under conventional tillage

0–20 cm depths (Table 6). Cozzoli et al. (2010) had also

reported a high correlation between MA SOC and POC con-

tents and AS of similar soils under different cropping systems.

It is worth pointing out that those authors used a different

method to separate MA (dry sieving).

Domínguez et al. (2016) proposed that AN could be a good

indicator of CMWD since changes of AS were satisfactorily

explained by the variation in bulk-soil AN. Even though AN

per se is not directly responsible of aggregation and AS,

it is highly related to SOC and POC. Therefore, AN level

reflects the change of those organic fractions more directly

responsible of aggregate formation and stabilization

(Domínguez et al., 2016; Six et al., 2004; Studdert et al.,

2017). Cropping systems lead to changes of aggregate

forming organic agents (i.e., particulate organic matter, fungi

hyphae, and root carbohydrates within MA) (Six et al., 2004)

and, therefore, affect AS (Cates et al., 2016) (Table 4; Ernst

& Siri-Prieto, 2009; Six et al., 2004; Studdert et al., 1997). In

our experiment, it has been demonstrated that bulk-soil AN

strongly correlated with bulk-soil SOC and POC (Table 3).

Likewise, it was demonstrated that bulk-soil AN strongly

correlates with CMWD (Table 6). Figure 5a, b, c shows that

bulk-soil AN variation explained 75, 41, and 71% of CMWD

variation at 0–5, 5–20, and 0–20 cm depths, respectively.

Similar results had been reported by Domínguez et al. (2016)

for similar soils under different cropping systems. Therefore,

routine determinations of bulk-soil AN done by farmers to

diagnose soil N fertility (Orcellet et al., 2017; Reussi-Calvo

et al., 2013, 2018) would also provide valuable information

about soil AS status. This confirms that AN could be used as

a soil health indicator (Domínguez et al., 2016; García et al.,

2016; Soon et al., 2007).

Bulk-soil AS is mainly associated with MA stability

(Roldán et al., 2014; Sheehy et al., 2015; Six et al., 2004).

Changes the in mass of L-MA (Table 4) and of MA

(Figure 3) strongly correlated with CMWD (Figure 2c).

Given the strong correlations between L-MA and MA SOC

and POC contents and CMWD (Table 6) and between the
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T A B L E 6 Correlation between change of mean weight aggregate diameter and soil (SOC) and particulate (POC) organic carbon, and

ammonium nitrogen mineralized in anaerobiosis (AN) of bulk soil (BS), large macroaggregates (L-MA, >2.00 mm) and total macroaggregates

(small + large) (MA, >0.25 mm) at three depths. All correlations are highly significant (P < .01, n = 21)

Pearson correlation coefficient
Depth

Organic fraction Aggregate fraction 0–5 cm 5–20 cm 0–20 cm
SOC BS −0.91 −0.67 −0.82

L-MA −0.83 −0.60 −0.77

MA −0.86 −0.44 −0.75

POC BS −0.91 −0.65 −0.83

L-MA −0.74 −0.64 −0.80

MA −0.80 −0.52 −0.82

AN BS −0.79 −0.64 −0.85

L-MA −0.86 −0.59 −0.74

MA −0.84 −0.61 −0.74

F I G U R E 5 Change of mean weight aggregate diameter (CMWD) as a function of bulk soil (a, b, c), large macroaggregate (>2.00 mm) (d, e,

f), and total macroaggregate (large + small, >0.25 mm) (g, h, i) nitrogen mineralized in anaerobiosis (AN) at threes depths: 0–5 cm (a, d, g),

5–20 cm (b, e, h), and 0–20 cm (c, f, i). PP, permanent pasture; 50NT, 50% time (3 yr) under cropping with no-tillage and 50% (3 yr) under pasture;

50CT, 50% time (3 yr) under cropping with conventional tillage and 50% (3 yr) under pasture; 75NT, 75% time (9 yr) under cropping with no-tillage

and 25% (3 yr) under pasture; 75CT, 75% time (9 yr) under cropping with conventional tillage and 25% (3 yr) under pasture; 100NT, continuous

cropping under no-tillage; 100CT, continuous cropping under conventional tillage

formers and L-MA and MA AN, respectively, high asso-

ciation between the latters and CMWD could be expected.

Table 6 shows that correlation coefficients between L-MA

and CMWD and MA AN and CMWD were high and close to

correlation coefficients between bulk-soil AN and CMWD.

However, changes in CMWD due to the cropping system were

not as highly explained by L-MA AN (Figure 5d, e, f) or MA

AN (Figure 5g, h, i) variations as by bulk-soil AN (Figure 5a,

b, c) except at 0–5 cm depth (Figure 5d, g). Likewise, slopes

of linear regressions describing the relationships between
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CMWD and bulk-soil AN were between 63% and 84% higher

than those of CMWD on L-MA AN and of CMWD on MA

AN (Figure 5). Hence, for each unit change of bulk-soil AN,

CMWD changed much more than for each unit change of

L-MA or MA AN. Therefore, changes in bulk-soil AN due

to soil use describe AS changes produced by management

practices with higher sensitiveness. When water-sieving to

separate aggregates, part of organic labile fractions (fungi

hyphae, rootlets, free inter-aggregate POC, polysaccharides)

that contribute to both bulk-soil AS and to bulk-soil AN

(Cates et al., 2016; Six et al., 2004), are removed in solution

or suspension with discarded water and/or associated to the

fractions do not considered in this study (i.e., MI and fine frac-

tion). Therefore, their contribution to AN is considered when

analyzing bulk soil, but not when analyzing L-MA or MA.

When expressed respect to dry aggregate mass, L-MA AN and

MA AN were higher than bulk-soil AN (Table 5). Though,

when L-MA AN was expressed respect to bulk-soil dry

mass (on the average, 58.4 ± 31.8 mg kg−1, 34.9 ± 13.3 mg

kg−1, and 40.3 ± 16.7 mg kg−1 at 0–5, 5–20, and 0–20 cm

depths, respectively), it represented only between 56% and

61% of bulk-soil AN. On the other hand, MA AN expressed

respect to bulk-soil dry mass (on the average, 89.1 ± 41.3 mg

kg−1, 55.6 ± 18.7 mg kg−1, and 63.8 ± 23.1 mg kg−1 at

0–5, 5–20, and 0–20 cm, respectively) represented between

85% and 97% of bulk-soil AN. Therefore, even though MA

AN represented a very high proportion of bulk-soil AN, the

part of AN discarded along the sieving process does play

an important role in characterizing CMWD as a function

of AN.

4 CONCLUSIONS

Cropping systems evaluated did generate differences in SOC,

POC, AN, and AS. Evidence collected was not enough to

reject the first hypothesis given changes in bulk-soil AN ade-

quately described changes in soil AS in the arable layer.

Therefore, bulk-soil AN could be used as an indicator of AS.

Determination of bulk-soil AN at 0–20 cm depth has been pro-

posed as an important tool to help to diagnose soil capacity

to supply N to crops along their growing season. Therefore,

these findings make the determination of bulk-soil AN also

valuable to have an early indication of soil AS status. On the

other hand, the evidence collected lead to rejecting the sec-

ond hypothesis. Even though AN from L-MA or MA was as

strongly related to changes in bulk-soil AS as bulk-soil AN,

their performance as predictors of CMWD was poorer. This

means it is no worth doing additional work to separate MA

and then determine their AN.

The results of this work confirm previous results but both

studies were done on the same Mollisols with loam texture and

high organic matter content. To confirm the benefits of our

findings it is necessary to evaluate the relationship between

bulk-soil AN and soil AS in a broader range of textures and

management practices.
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