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A B S T R A C T

No-till soil management is common around the globe, but the impacts on soil structural quality varies depending
on cropping practice and inherent soil properties. This study explored water repellency as a driver of soil sta-
bilization, as affected by soil mineralogy, granulometry and organic carbon quality in three Mollisols and one
Vertisol under no-till management and with different levels of cropping intensity. The studied soils were located
along a west-east textural gradient in the northern part of the Pampean region of Argentina. Cropping intensity
treatments evaluated in each one of the soils were: Poor Agricultural Practices (PAP) close to a monoculture,
Good Agricultural Practices (GAP) involving a diverse crop rotation and more targeted inputs, and the soil in the
surrounding natural environment (NE) as a reference. NE had the greatest aggregate stability (MWD) of all
cropping intensities, with GAP being more stable than PAP for Mollisols and PAP being greater than GAP for the
Vertisol. This trend matched the Repellency Index (Rindex), with greater Rindex associated with greater MWD,
including the difference between the Mollisols and Vertisol. However, the persistence of water repellency,
measured by the Water Drop Penetration Time (WDPT) test followed the trend NE > GAP>PAP regardless of
soil type. The increases in Rindex and MWD were related to higher intensification as measured by the Crop
Sequence Index, and decreased with greater soybean occurrence in the sequence. Both WDPT and Rindex were
closely related to aggregate stability, particularly for Mollisols. These results highlight the importance of con-
sidering the inherent soil characteristics texture and mineralogy to understand aggregate stabilization mediated
by water repellency. Good correlations between soil water repellency, organic carbon fractions and aggregate
stability were found. Under no-till, crop rotations can be altered to increase soil stability by inducing greater
water repellency in the soils. The findings suggest that water repellency is a major property influencing soil
structure stabilization, thus providing a useful quality indicator.

1. Introduction

From the mid- to late-1990s no-till soil management expanded
drastically worldwide, facilitated by the use of herbicides and improved
no-till technologies (Derpsch et al., 2010). Its prominence has grown
most in regions where continuous tillage degraded previously fertile
soils, particularly in South America (Durán et al., 2011). In Argentina,

no-till farming (NT) is now practiced on almost 90% of its cultivated
land, 27 million hectares in total (AAPRESID, 2017). No-till has well
documented benefits for erosion control, increasing shallow organic
carbon, creating more stable soil aggregates, and decreasing production
costs (Abid and Lal, 2009; Kirkegaard and Hunt, 2010; Derpsch et al.,
2010). However, soil properties may also degrade under no-till, parti-
cularly if continuous cropping is also practiced (Alvarez et al., 2009;
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Sasal et al., 2006). No-till together with monoculture, especially with a
high frequency of soybean (Glycine Max ssp), can enhance soil com-
paction and penetration resistance (Mahboubi et al., 1993; Chagas
et al., 1994). Platy structures are often found under NT in silty soils in
the Pampean region of Argentina, affecting physical behaviour and soil
quality (Morrás et al., 2004, 2012; Bonel et al., 2005; Sasal et al., 2009,
2016). Crop sequences with high soybean frequency can also result in
poorer aggregate stability, less macroporosity, and diminishing organic
carbon content compared to a more diverse crop sequence (Novelli
et al., 2013; Sasal et al., 2009; Kraemer, 2015). Improvements by
double-cropping, such as wheat/soybean and wheat/late corn are
growing in prominence (Caviglia and Andrade, 2010). This in-
tensification may result in positive effects on soil organic carbon
(Studdert et al., 2010), aggregate stability (Novelli et al., 2011; Sasal,
2012) and on decreasing runoff (Sasal et al., 2010) among others.

Considerable research now explores how soil management and
cropping practices can mitigate soil structural degradation. In
Argentina, the BIOSPAS consortium (2009) (http://www.mincyt.gob.
ar/_post/descargar.php?idAdjuntoArchivo=22693), has a long-term
objective of identifying soil indicators of sustainable no-till cultivation
(Wall, 2011), particularly those related with biological processes. These
indicators should account for the impacts of different management
practices in terms of crop intensification versus crop monoculture,
which are the major management trends in the Pampean region
(Viglizzo et al., 2010). Also, these indicators should be sensitive enough
to detect early shifts in soil quality as a consequence of soil structural
degradation, as this is one of the main problems affecting sustainability
in this region (Alvarez et al., 2009, 2014; Sasal, 2012). The indicators
need to give similar trends across different soil types, be easy to un-
derstand, not time consuming and cheap enough to be included in
periodic soil surveys.

A sensitive indicator in widespread use to evaluate the physical
response of soil to management is aggregate stability (Kay, 1990;
Perfect et al., 1990; Bonel et al., 2005; Sanzano et al., 2005). This is a
particularly interesting soil property because it is linked to environ-
mental quality (e.g. C sequestration, water quality, regulation of
greenhouse emissions) (Bronick and Lal, 2005; Chenu et al., 2000; Rosa
et al., 2014) and crop productivity (e.g. root development, water
availability and air and water dynamics) (Hermawan and Cameron,
1993). There are several weaknesses in measuring soil aggregate sta-
bility. Testing approaches vary between laboratories so results may not
be comparable. Aggregate stability is also affected by several soil
properties so it is not possible to disentangle underlying mechanisms
that may be stabilizing soils.

Aggregate stability depends on aggregation and disruption me-
chanisms that differ between soil types (Six et al., 2004). Clay miner-
alogy, calcium and iron content and the amount and quality of organic
carbon fractions, among other factors, control the dynamics and extent
of aggregate stability (Le Bissonnais, 1996; Cañasveras et al., 2009;
Igwe et al., 1999; Denef and Six, 2005). For instance, soils dominated
by swelling clays are characterized by low aggregate stability, whereas
a mixture of oxides and kaolin clays can lead to very stable aggregation
(Burroughs et al., 1992). Soil texture is another major factor influencing
aggregate stability, which becomes weaker and more dependent on the
organic phase when the proportion of coarser particles increases. In the
case of silty soils, microorganisms play a more important role in ag-
gregation compared to the soil mineral phase (Cosentino et al., 2006).
Besides, aggregate disruption by water is caused by mechanical
breakdown due to the kinetic energy of rain drops, and to the swelling
of clay and organic domains causing microcracking and slaking upon
rapid wetting. Slaking disrupts aggregates by the forces exerted by
compressed air entrapped during rewetting (Le Bissonnais and Le
Souder, 1995; Le Bissonnais, 1996). According to Caron (1996), an
increased rate of water entry is the major mechanism for decreased
aggregate stability, whereas interparticle cohesion and swelling are less
important processes (Zaher et al., 2005). Aggregate stability tests

proposed by Le Bissonnais (1996) differentiate these mechanisms
through fast and slow wetting or mechanical breakdown, allowing for
greater interpretation of soil structure formation and stabilization. In
silty soils, fast wetting tests have resulted in much greater aggregate
disruption than slow wetting, emphasising the importance of water
entry on aggregate stability (Cosentino et al., 2006; Chenu et al., 2000;
Varela et al., 2010).

One of the driving processes controlling water entry and slaking is
soil water repellency. Soil water repellency is the reduction of the af-
finity of soils to water such that they resist wetting for periods ranging
from a few seconds to hours, days or weeks (King, 1981; Doerr and
Thomas, 2000). A broad range of water repellency levels (in terms of
severity and persistence) exist in soils, with significant environmental
impacts (Hallett et al., 2001). Most studies consider water repellency as
a negative soil property as it impairs water infiltration, water avail-
ability increasing runoff and soil erosion (Jaramillo, 2003). Also water
repellency could be associated with the occurrence of uneven wetting
patterns, development of preferential flow and the accelerated leaching
of agrichemicals (Doerr and Thomas, 2000; Ritsema et al., 1993,
Ritsema et al., 1997; White et al., 2000).

Several studies have shown that while most soils appear to be
readily wettable, many are actually slightly water repellent, leading to
the term ‘subcritical water repellency’ (Tillman et al., 1989).

Soil management (DeBano, 2000, Hallett et al., 2001) and cropping
affects soil water repellency (Dekker and Ritsema, 1997). Under NT,
water repellency has been found to be higher compared to conventional
tillage (Chan, 1992, Simon et al., 2009; Blanco-Canqui and Lal, 2009;
Blanco-Canqui, 2011). González-Peñaloza et al. (2012) found changes
in soil water repellency within one or two years of changes in soil
management, but data on subcritical water repellency as affected by NT
management remains scarce. Under NT, the absence of soil disturbance
and the presence of organic matter provides favourable conditions that
increase soil water repellency (Chan, 1992). Soil management practices
that increase soil organic C content generally increase subcritical water
repellency (Harper et al., 2000; McKissock et al., 2002). Soil water
repellency is affected by intrinsic soil properties such as type, texture
and mineralogy (Jaramillo, 2003; Dlapa et al., 2004). Coarse minerals
decrease specific surface area so generally enhance soil water re-
pellency (Wallis and Horne, 1992; De Gryze et al., 2006) but not always
(Doerr et al., 2000; Vogelmann et al., 2013).

Several studies have correlated aggregate stability with soil water
repellency (Chenu et al., 2000; Hallett et al., 2001; Mataix-Solera and
Doerr, 2004), but sometimes the relationships are poor (Cosentino
et al., 2006). In a pasture field experiment, De Gryze et al. (2006) found
that Rindex was not significantly correlated with macroaggregation
(R2= 0.20, P > 0.05). Moreover, according to Vogelmann et al.
(2013) only in drier periods when the soil becomes more water re-
pellent the effect on aggregate stability is expected to be positive. Thus,
assuming a direct link to water repellency is probably too simplistic
because so many factors affect soil aggregate stability (e.g. soil texture,
organic carbon fractions, clay mineralogy).

This study uses soils from the A horizon of Pampean soils to explore
the impact of soil management on a range of properties to assess po-
tential links between soil water repellency and aggregate stability. It
builds on previous research by including a broad range of textures,
mineralogy and management so that multiple soil properties that con-
trol aggregate stability, in addition to soil water repellency, can be
explored. We hypothesize that soil aggregate stability will be mainly
dependent on the quantity and quality of OM fractions and on soil
water repellency, which in turn will depend on soil management. The
objective of this study is to evaluate soil water repellency as an in-
dicator of crop management impact for some soil types in the Pampas
region (Argentina), comparing also the results found with the water
drop penetration time (WDPT) test and the repellency index, Rindex.
This research helps to unravel driving mechanisms of soil aggregate
stabilization as affected by soil management, with an aim to assess
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water repellency measurements as a sensitive, simple and quantitative
indicator.

2. Material and methods

2.1. Soils and management

Four soils under no-till cultivation and two different management
practices (GAP: good agricultural practices; PAP: poor agricultural
practices), were studied (Table 1). These were compared with a re-
ference system designated as Natural Environment (NE), consisting of
natural grassland that had not been tilled for at least 30 years, lo-
cated< 5 km from the sampling area of GAP and PAP treatments. In-
formation about soil management can be found in Figuerola et al.
(2012), Rosa et al. (2014) and Kraemer (2015). Separating GAP and
PAP was based on criteria described by the Certification in Good
Agricultural Practices program of AAPRESID (2013) and the guidelines
of Good Agricultural Practices (2013) developed by the Food and
Agricultural Organization of the United Nations. GAP was characterized
by intensive crop sequences (more crops during the year mainly due to
the inclusion of winter crops), a low ratio between soybean crops and
total crops, high stubble cover, targeted fertiliser placement and effi-
cient use of agrochemicals (herbicides, pest control). PAP was char-
acterized by a lower crop diversification close to monocultures (a high
ratio between soybean crops and total crops), with broadcast fertiliser,
high use of agrochemicals, and lower yields. Based on Aapresid criteria
and Derpsch et al. (2014), only GAP follows all of the NT system as-
sumptions (diverse crop rotation, optimal use of agrochemical, pests
control, etc.)

Several management variables quantified the impact of manage-
ment on the soils, providing a management index (Management_CP1)
constructed using multivariate analyses (principal component analyses,
PCA), with the major components listed in Table 1. When the Natural
Environment NE was included in the analysis, the variable ISIagr was
recalculated and a value of 1 was used to reflect all year soil use (ISI).

The four sites were along a west-east transect in the northern part of
the Argentinean Pampas, comprising three Mollisols and one Vertisol
from a range of locations. The Mollisols were General Cabrera series in

Bengolea (Córdoba province), a sandy loam Entic Haplustoll (33° 01′
31″ S; 63° 37′ 53″ W); Monte Buey series in Monte Buey (Córdoba
province), a Typic Argiudoll with a moderately developed illuvial Bt
horizon that had increased proportion of the silt fraction (32° 58′ 14″ S;
62° 27′ 06″ 1W); Pergamino series, in Pergamino (Buenos Aires pro-
vince), a silty loam Typic Argiudoll with a well-developed Bt horizon
(33° 56′ 36″ S; 60° 33′ 57″ W). The Vertisol was Santiago series in Viale
(Entre Ríos province), a silty clay loam Hapludert (31° 52′ 59,6″ S; 59°
40′ 07″ W). The annual precipitation decreases from the east to the west
(1023mm to 795mm (SMN, 2012) with rain concentrated during
spring and summer periods. The temperature follows a longitudinal
trend with means varying from 18.0 °C to 16.3 °C.

2.2. Aggregate stability

Sampling was done in winter at least two months after summer crop
harvest and before seeding to minimize both effects on soil structure. In
all sites, rainfall was low in the three months previous to sampling
(Supp. Fig. 1). Three undisturbed soil cores ( ̴ 3300 cm3) were taken
from the topsoil (0 to 0.15m) in each of three sub-plot areas located in
each production plot, accounting for a total of 9 samples by sample unit
(combination between soil/management treatment). Soil samples were
transported to the laboratory where they were manually broken
through their planes of weakness at field capacity and sieved to obtain
aggregates between 3 and 5mm.

Aggregate stability, expressed as Mean Weight Diameter (MWD)
was determined using the three approaches developed by Le Bissonnais
(1996): (i) MWDfast: Fast wetting; (ii) MWDstir: stirring in water after
submersion in ethanol; and (iii) MWDslow: slow wetting, with these data
aggregated to obtain the MWDmean. We also incorporated an extra test,
MWDfast10s, where the time of rapid wetting was limited to 10 s as
opposed to 10min to assess the early slaking processes (Kraemer et al.,
2012; Kraemer, 2015). Le Bissonnais aggregate stability tests were used
here to obtain a better discrimination between the disaggregation me-
chanisms to water: (i) slaking (with the fast wetting test); (ii) cohesion
without slaking (stirring aggregates after ethanol submersion) and (iii)
microcraking without slaking (with the slow wetting test).

Table 1
Good and poor agricultural practices (GAP and PAP, respectively) for the four selected soils for the 2004–2010 period.

Soil treatment Haplustoll
(General Cabrera series)

Argiudoll
(Monte Buey series)

Argiudoll
(Pergamino series)

Hapludert
(Santiago series)

GAP PAP GAP PAP GAP PAP GAP PAP

2004/2005 Wheat/
Soybean

Peanut Wheat/Sorghum Soybean Soybean Soybean Wheat/Soybean Maize

2005/2006 Maize Wheat/
Soybean

Maize Wheat/
Soybean

Wheat/
Soybean

Soybean Sweet clover+Rye-Grass/Maize Soybean

2006/2007 Wheat/
Soybean

Soybean Wheat/Soybean Maize Maize Soybean Soybean Wheat/
Soybean

2007/2008 Vetch/Maize Wheat/
Soybean

Vetch/Maize-
Soybean

Soybean Soybean Soybean Wheat/Soybean Maize

2008/2009 Wheat/
Soybean

Soybean Maize Soybean Wheat/
Soybean

Soybean Maize Soybean

2009/2010 Soybean Soybean Wheat/Soybean Soybean Maize Soybean Soybean Soybean

ISIagra 0.67 0.53 0.64 0.49 0.56 0.42 0.59 0.50
Years under No-Till 13 5 28 10 6 5 13 9
Soybean/Crops ratiob 0.40 0.62 0.28 0.75 0.50 1.00 0.44 0.57
Maize/Crops ratiob 0.20 0.00 0.30 0.14 0.25 0.00 0.22 0.28
Soybean/Maizec 4 5 1 5 2 6 2 2
Soybean as only crop

(%)d
0.17 0.50 0.00 0.66 0.33 1.00 0.33 0.50

a ISIagr-Crop sequence intensification index: relationship between number of months occupied by each crop and total number of months cropped during the study
period.

b Number of soybean or maize crops in relation to total crops during the study period.
c Number of soybean crops related to maize crops (soybean/maize).
d Number of soybean as the only crop in the year.
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2.3. Soil water repellency determinations

Soil water repellency was measured using the WDPT and Rindex.
WDPT describes the persistence of water repellency from the time taken
for a drop of water to penetrate the soil (Letey, 1969). Rindex measures
the water repellency levels at the onset of wetting, based on direct
measurement of liquid infiltration rates of water and a wettable liquid
(ethanol) not influenced by hydrophobicity. Both methodologies were
carried out on the same 3–5mm aggregates.

WDPT measures the time taken for 3 μL of deionized water to enter
the surface of an aggregate. This was determined on 15 aggregates for
each of GAP, PAP and NE, resulting in 45 determinations per soil type.
Measurements were performed under a stereo-microscope (Wild MZ8
Leica) with a micro-syringe Hamilton CR 700–200. During the mea-
surements the ambient temperature was 25 ± 2 °C and relative hu-
midity was 60 ± 5%. Aggregates were oven-dried at 50 °C. Oven-dried
aggregates were used to eliminate the effect of different soil moisture
contents on water repellency (Dekker et al., 2001) and to asses potential
water repellency as this temperature is often attained by bare soils
during hot summers (Doerr and Thomas, 2000). WDPT was also mea-
sured at 20 °C, but no differences were found to 50 °C drying so the
results are not used in the analyses.

The Rindex was measured with a microinfiltrometer device according
Hallett and Young (1999) from the sorptivity of individual aggregates
(3–5mm) to deionized water and ethanol (96%vol). Liquids were
supplied to the aggregates through a micropipette tip with a 140 μm
radius from a source at constant hydraulic head (Ψ=−3 cm). Mean
elapsed time of each sorptivity measurement was two minutes. Sorp-
tivity, S (mm s−1/2) was calculated by:

=S Qf
rb4 (1)

where Q is the liquid flow (mm3 s−1), f is the air-filled porosity
(m3m−3), r is the radius of the infiltrometer tip (mm) and b=0.55. f
was measured by immersing samples in kerosene and measuring Ar-
chimedes' force according to Monnier et al. (1973) so that porosity
could be calculated from bulk density and particle density. Particle
density was measured by the pycnometer method (Blake and Hartge,
1986) with kerosene as non-polar liquid.

From S of water, Sw and ethanol, Se, Rindex can be calculated by:

=R S
S

1. 95index
ethanol

water (2)

with the constant 1.95 accounting for differences in the surface tension
and viscosity between liquids. The apparent soil water contact angle
(Contact angle θ) was derived from R (3).

=
R

Contac angle arccos 1
(3)

Water and ethanol sorptivities were measured on 15 aggregates for
each sample unit.

2.4. Organic carbon fractions

Soil organic carbon (SOC) was determined by dry combustion
(LECO, St. Joseph, MI, USA). The samples were first air-dried and
passed through a 2000 μm sieve. Soil organic fractionation by particle
size was conducted using the method described by Duval et al. (2013).
Briefly, a wet sieving was done with a pair of sieves of 53- and 105-μm
diameter mesh to obtain three fractions: the coarse fraction
(105–2000 μm) containing coarse particulate organic carbon (POCc)
and fine to coarse sands, the medium fraction (53–105 μm) containing
fine particulate organic carbon (POCf) and very fine sands, and the fine
fraction (< 53 μm) containing mineral-associated organic carbon
(MOC), together with silt and clay. The C content of the particulate
labile fractions was determined in the same way as the SOC. The total

POC was assumed to be POCc+ POCf. The difference between SOC and
total POC was used to calculate the organic carbon content of the<
53 μm MOC. The determination of carbohydrates (CH) was performed
following the proposed procedure by Puget et al. (1999). Total carbo-
hydrates (CHt) extraction was performed by acid hydrolysis on 1 g of
soil sample that was treated with 10mL 0.5M H2SO4, heated at 80 °C
for 24 h. Soluble carbohydrate (CHs) extraction used 1 g of soil sample
that was suspended in 10mL of distilled water and heated at 80 °C for
24 h. After extraction, each suspension was centrifuged at 4000 rpm for
15min (Puget et al., 1999). Carbohydrate contents were determined
using the phenol–sulphuric acid spectrophotometric method with glu-
cose standard curve (Dubois et al., 1956). More information and full
organic fractions values can be found at Duval et al., (2013; 2018).

2.5. Soil characterization

Bulk composed soils samples were collected in each experimental
unit (n: 3) at 0–0.15m depth. The following parameters were de-
termined in the crushed and 2mm sieved soil samples: particle size
distribution, particle density, cation exchangeable capacity, Atterberg
limits, clay activity, clay mineralogy, pH, electrical conductivity and
exchangeable sodium percentage (Supp. Table 1). All determinations
were made by conventional methods. Further information on the
methods can be found in Rosa et al. (2014) and Kraemer (2015). The
clay mineralogy of the soil surface horizons of the General Cabrera,
Monte Buey and Pergamino series was similar, consisting of 2:1 clays,
mainly illites with a small proportion of irregular interstratified illite-
smectite minerals, and traces of kaolinite. Santiago series was char-
acterized by a considerable proportion of smectite together with lower
proportions of illites (Kraemer et al., 2012) (Supp. Table 1).

2.6. Statistical analyses

A general linear mixed-effects model was used to determine how
aggregate stability (MWDfast10s, MWDfast, MWDstir, MWDcap and
MDWmean) and soil water repellency (WDPT and Rindex) were influ-
enced by soil type (four levels) and management treatment (three le-
vels: NE, GAP or PAP) as fixed effects and all their interactions. As
preliminary analyses showed that the predictor variables affected the
variability among sampling units, the models also estimated different
variances for each management treatment level in each soil type. In
addition, the model included as random effects (random intercepts) the
influences of subplots nested within plots and nested within soil types.
WDPT was log-transformed to accomplish model assumptions and then
retransformed to present in the figure. Descriptive results from WDPT
are presented with the median to account this non-normality of data.
The model was estimated using the lmer function of the lme4 package
(Bates et al., 2011) in R (R Development Core Team 2011).

Linkage between soil water repellency (WDPT and Rindex) and ag-
gregate stability (MWDfast10s, MWDfast, MWDstir, MWDslow and
MDWmean) was assessed by linear regression. The effects of soil man-
agement indexes, soil characteristics and organic carbon fractions on
WDPT were assessed by Pearson correlation. To evaluate the effect of
the Hapludert (characterized by smectitic clay mineral and high clay
content) on these correlations, a subset was performed removing this
soil. To compare different soil water repellency methods (WDPT and
Rindex) Pearson correlation between WDPT and Rindex was performed.

3. Results

3.1. Aggregate stability

Agricultural production practices (GAP and PAP) had a significant
impact on aggregate stability expressed as MWD of soil aggregates, with
the least disturbed samples under NE (2.44mm) being far more stable
than under either GAP (1.28mm) or PAP (0.88mm) (P < 0.001)
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across all soil types (Fig. 1). However, there was a significant interac-
tion between soil type and land management impacts on all aggregate
stability tests (Table 2), with the greatest differences between treat-
ments in the Argiudoll (Monte Buey series) followed by the Haplustoll
and the Argiudoll (Pergamino series) (Fig. 1). Although for most soils
and management approaches the MWD decreased in the order of NE, to
GAP and then to PAP, the Vertisol sometimes behaved differently for

particular MWD tests (Fig. 1). For instance, the opposite trend was
found with MWDstir.

Overall, aggregate stability tests differ in their efficiency to dis-
criminate agricultural management practices. Clearer differences were
obtained with the fast wetting test followed by fast wetting 10s and
slow wetting, with stirring after prewetting test detecting the least
differences due to land management (Fig. 1). Comparing the results
from the different tests, for all soils the lowest aggregate stability values
were for MWDfast (1.1mm) followed by<MWDrap 10 s (1.5mm) <
MWDcap (1.7 mm) < MWDag (1.9 mm). As expected, MWDfast10s re-
sults were strongly correlated with MWDfast and both were also strongly
correlated with MWDmean. MWDstir presented the lowest correlation
coefficients with the other tests.

3.2. Soil water repellency-WDPT

The WDPT test reveals the existence of sub-critical repellency in
almost all analysed soils, as 99% of the values were in the 0–60 s range,
from which 46% were between 0 and 1 s (data not shown). The linear
mixed models presented significant effects of soil type and treatments
factors and their interaction (P < 0.001). NE had greater WDPT than
GAP in three of the four soils assessed, except in the Haplustoll (Fig. 2).
For all soils, GAP had higher WDPT values than PAP for all but the
Argiudoll (Pergamino series) soils. Land management produced higher
variability of the data in respect to soil types, showing high

Fig. 1. Aggregate stability tests (MWD: mean weight diameter) for the interaction soil type and treatment (NE: natural environment; GAP: good agricultural
practices; PAP: poor agricultural practices) according to Le Bissonnais (1996). Different letters correspond to significant differences for soil type * treatment
interaction (P < 0.05). MWD: mean weighed diameter; fast10s: fast (10s) wetting of aggregates; fast: fast (10min.) wetting of aggregates; stir: stirring in water after
submersion in ethanol; slow: slow wetting of aggregates and mean: mean of previous three variables.

Table 2
F values for each term (fixed) of the model for all aggregates stability tests and
soil water repellency measured by WDPT.

Soil type Treatment Soil type*
Treatment

Aggregates stability tests
MWDfast10s 11.9⁎⁎⁎ 152.3⁎⁎⁎ 10.9⁎⁎⁎

MWDfast 19.4⁎⁎⁎ 147.6⁎⁎⁎ 9.2⁎⁎⁎

MWDstir 40.4⁎⁎⁎ 25.2⁎⁎⁎ 12.3⁎⁎⁎

MWDslow 31.6⁎⁎⁎ 175.3⁎⁎⁎ 9.2⁎⁎⁎

MWDmean 29.4⁎⁎⁎ 163.4⁎⁎⁎ 15.9⁎⁎⁎

Soil water repellency
WDPT 219.1⁎⁎⁎ 93.6⁎⁎⁎ 8.75⁎⁎⁎

⁎⁎⁎ P < 0.001. WDPT: Water drop penetration time. MWD: mean weighed
diameter; fast10s: fast (10 s) wetting of aggregates; fast: fast (10min.) wetting
of aggregates; stir: stirring in water after submersion in ethanol; slow: slow
wetting of aggregates and mean: mean of previous three variables.
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interquartile ranges in NE and lower ranges in PAP (Fig. 2).
The highest WDPT values were found in the Hapludert and the

lowest in the Haplustoll, while both Argiudolls showed intermediate
values. (P < 0.05) (Fig. 2). The median WDPT values for all treatments
were 0.75 s for the Haplustoll, 1.20 s for the Argiudoll (Pergamino
series), 1.37 s for the Argiudoll (Monte Buey series) and 6.18 s for the
Hapludert. According to King (1981) all soils fell into the category of
very low water repellency (1–10 s) and no repellency (< 1 s). Most of
the PAP treatments were classified as non-repellent. According to Doerr
(1998) all soils fall into the wettable category.

3.3. Water and ethanol sorptivity and Rindex

Water and ethanol sorptivities and Rindex results are presented in
Fig. 3. The mean values of Swater and Sethanol for all soils were 0.56 and
0.50mm s-1/2 respectively; from Eq. (2) arises a mean Rindex value of
1.78, equivalent to a contact angle of 53.7°. For the three Mollisols, the
Rindex of treatments was greatest for NE, followed by GAP and least for
PAP. However, the Hapludert had a different trend, with PAP having
the highest Rindex value (Fig. 3). Considering each soil individually, the
Rindex trend was: Haplustoll > Argiudoll (Monte Buey series) >
Argiudoll (Pergamino series) > Hapludert (Fig. 3). The highest Rindex
value was found in NE of the Haplustoll (2.21), whereas the lowest

value corresponded to PAP in the Argiudoll (Pergamino series) (1.14)
followed by the GAP of the Hapludert (1.34) (Fig. 3).

3.4. Relationship between aggregate stability and soil water repellency

WDPT and Rindex were correlated with the results of some of soil
aggregate stability tests (Table 3). Neither Swater nor Sethanol presented
significant correlation with aggregate stability tests. For Mollisols (Ar-
giudolls and Haplustol), WDPT and Rindex had similar and strong cor-
relations with the MWDFast10s and MWDSlow tests (Table 3). When the
Vertisol (Hapludert) was included -All Soils-, WDPT had lower Pearson
correlation coefficients with aggregate stability. In contrast, Rindex
showed similar correlations for both datasets, not being affected by the
inclusion of Vertisols samples. Thus, there was a poor correlation
coefficient between WDPT and Rindex, particularly for the Vertisol.
Mechanical breakdown of aggregates (Stir) presented the lowest coef-
ficients between aggregate stability and repellency, regardless of ex-
clusion of the Vertisol and repellency method (Table 3).

As shown in Fig. 4, for WDPT, Mollisols behaved differently from
the Vertisol, and differently between the type of aggregate stability test.
In Mollisols, MWDfast10sec and MWDslow had similar slopes (P > 0.05)
and similar determination coefficients (Fig. 4). MWDstir, which involves
mechanical agitation rather than rapid wetting, had a much smaller
slope and poorer determination coefficient.

3.5. Soil characteristics, organic fractions and treatments effects on soil
water repellency

WDPT and Rindex were further analysed for its correlation with a
range of soil characteristics, organic fractions and management his-
tories (Table 4). For WDPT, the Vertisol showed much poorer correla-
tions than the Mollisols (Table 4). In Mollisols, there was a strong effect
of management variables, particularly of ISI, ISIagr and soybean as the
only crop in rotation. High ISI and ISIagr lead to high WDPT, whereas a
high percentage of soybean in a crop rotation resulted in lower WDPT
values. For the Vertisol, the only significant correlation was found with
ISI (r=0.84, P < 0.001). One of the strongest correlations between
WDPT and the organic carbon fractions for All soils and Mollisols was
POCc, followed by SOC (Table 4). WDPT (All soils) had significant
correlations with clay, I+ S content and clay activity. On the contrary
when the Mollisols dataset were assessed, no correlations were found.
Rindex had positive correlations with ISI (r=0.61 for All Soils, and
r=0.77 for Mollisols, P < 0.05) and ISIagr (r=0.82, P < 0.05) for
Mollisols. Among organic fractions and soil characteristics, Rindex was
only correlated with POCc (r=0.68, P < 0.05).

Fig. 2. WDPT (water drop penetration time) average median values for treat-
ments (NE: natural environment; GAP: good agricultural practices; PAP: poor
agricultural practices) and soil types. Different letters indicate differences for
treatment and soil type interactions. Bars indicate the interquartile ranges.

Fig. 3. Soil infiltration and water repellency measured by the micro-in-
filtrometer method: water sorptivity (Swater), ethanol sorptivity (Sethanol) and
water repellency index (Rindex) for the combination of soils and treatments (NE:
natural environment; GAP: good agricultural practices; PAP: poor agricultural
practices). The standard error is shown.

Table 3
Pearson correlation between aggregates stability tests and soil water repellency
measured by WDPT and Rindex.

Data set WDPT Rindex

All soils Mollisols All soils Mollisols

Aggregate stability
(Le Bissonnais, 1996)

MWDfast10s 0.36⁎ 0.77⁎⁎⁎ 0.82⁎⁎ 0.90⁎

MWDfast 0.40⁎ 0.73⁎⁎⁎ 0.65⁎ 0.70⁎

MWDstir ns 0.61⁎⁎⁎ ns ns
MWDslow 0.33⁎ 0.78⁎⁎⁎ 0.84⁎⁎⁎ 0.89⁎⁎⁎

MWDmean ns 0.81⁎⁎⁎ 0.76⁎⁎ 0.80⁎

WDPT: Water drop penetration time. MWD: mean weighed diameter; fast10s:
fast (10s) wetting of aggregates; fast: fast (10min.) wetting of aggregates; stir:
stirring in water after submersion in ethanol; slow: slow wetting of aggregates
and mean: mean of previous three variables.

⁎⁎⁎ P < 0.001.
⁎⁎ P < 0.01.
⁎ P < 0.05.
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Fig. 4. Linear regression between soil water repellency measured by WDPT and aggregate stability tests for Mollisols (General Cabrera, Monte Buey and Pergamino
series) and the Vertisol (Santiago series). MWD: mean weighed diameter; fast10s: fast (10s) wetting of aggregates; fast: fast (10min.) wetting of aggregates; stir:
stirring in water after submersion in ethanol; slow: slow wetting of aggregates and mean: mean of previous three variables.

Table 4
Pearson correlation coefficients between soil water repellency measured by WDPT in relation to management variables, soil characteristics, organic carbon fractions.
Correlations were performed for all soil types (All Soils) and for Mollisols (removing the Hapludert dataset).

Data set All Soils Mollisols All Soils Mollisols All Soils Mollisols

Management variables r P r P Soil characteristics r P r P Organic carbon fractions r P r P

Management_CP1 −0.44 ⁎ −0.79 ⁎⁎⁎ Clay 0.66 ⁎⁎⁎ ns SOC 0.71 ⁎⁎⁎ 0.45 ⁎⁎

ISI 0.53 ⁎⁎⁎ 0.83 ⁎⁎⁎ Silt ns POCc 0.82 ⁎⁎⁎ 0.80 ⁎⁎⁎

ISI agr ns 0.82 ⁎⁎⁎ Sand −0.41 ⁎ ns POCf 0.63 ⁎⁎⁎ 0.38 ⁎

Years of NT ns 0.59 ⁎⁎⁎ pH ns ns MOC 0.60 ⁎⁎⁎ ns
Soybean/Crops −0.44 ⁎ −0.78 ⁎⁎⁎ CEC 0.76 ⁎⁎⁎ ns CHs ns 0.42 ⁎

Soybean/Maize −0.58 ⁎⁎ −0.64 ⁎⁎⁎ Clay Activity 0.64 ⁎⁎⁎ 0.40 ⁎ CHt ns 0.68 ⁎⁎⁎

Maize/Crops 0.53 ⁎⁎ 0.69 ⁎⁎ S+ S/I 0.77 ⁎⁎⁎ ns
Soybean only crop ns −0.79 ⁎⁎⁎

Management_CP1: linear combination of management characteristic obtained by multivariate analyses; ISI: crop sequence intensification index; ISIagr: crop sequence
intensification index for commercial crops; Years under No-Till; Soybean/Crops: ratio of the number of total years in soybean crops and total crops; Maize/Crops:
ratio of the number of maize crops and total crops; Soybean/Maize: ratio between number of soybean crops and maize crops; Soybean only crop: number of years of
soybean as only crop in the agriculture sequence; CEC: cation exchange capacity; CA: clay activity; S+ S/I: smectite plus interstratified illites/smectites; TOC: total
organic carbon; POMc: coarse organic matter; POMf: Fine particulate organic matter; MOC: mineralizable organic carbon; CHt: Total carbohydrates and CHs: Soluble
carbohydrates.

⁎⁎⁎ P < 0.001.
⁎⁎ P < 0.01.
⁎ P < 0.05.
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4. Discussion

The range of soil physical indicators evaluated had different sensi-
tivities to changes in soil management. The very simple to apply WDPT
test correlated well with the fast-wetting aggregate stability test of Le
Bissonnais (1996) and a more rapid 10 s wetting test, suggesting its
potential application as a soil physical quality indicator.

4.1. Soil water repellency

WDPT and Rindex discriminated between good and poor agricultural
practices regardless of soil type, but the trends differed between
Mollisols and Vertisols. There are few studies on subcritical repellency
between contrasting management under no-tillage and, to our knowl-
edge, none in South America. Debate remains about the effects of crop
intensification under no-tillage (Sasal et al., 2016; Castiglioni et al.,
2013) so our findings could help the interpretation of very dynamic soil
properties related to biological activity, carbon and water movement.

Crop diversification appears to be a major driver in water repellency
development, with the frequency of soybean monocultures having a
negative impact due as it reduces water repellency (Table 4). Rindex also
had strong correlation with ISI and ISIagr supporting the assumption
that the resident time and diversity of living roots is one of the main
factors enhancing soil water repellency. This effect is explained by the
release of several hydrophobic substances in the rhizosphere (Rougier,
1981). Cosentino et al. (2006) demonstrated the strong, though
ephemeral effect, of maize residue on increased soil water repellency
measured by the WDPT, Rindex and capillary rise methods. Less diverse
crop sequences, trending to a soybean monoculture, had small WDPTs.
Soybean residues have a low C/N that decomposes rapidly and pro-
duces little humus compared to maize residue (Ernst et al., 2002), so in
the long-term soil water repellency may diminish. The high correlation
coefficients between soil water repellency and management variables
were enhanced when the Vertisol was removed from the dataset
(Table 3) as no significant correlations were found for this soil. The high
clay content and smectite clays with high shrink-swell capacity (Supp.
Table 1) may overshadow the impact of management practices on soil
water repellency in the Vertisol.

Generally, coarse textured soils have greater water repellency
(Jaramillo, 2003; Doerr et al., 2000; Harper et al., 2000), although not
always (Vogelmann et al., 2010; Doerr et al., 2007; Scott, 2000). Of the
soils we studied, the Haplustoll had the coarsest texture but similar
water repellency to the finer textured Mollisols tested. A possible ex-
planation is that most of the sand (80%) was in the fine sand fraction
(50–100 μm) (data not showed), so specific surface area may be greater
than soils in other studies.

On the contrary, we found a 5- to 20-fold higher WDPT values in the
Vertisol (Fig. 2), leading to a high correlation between WDPT and clay
content when this soil was included (Table 4). This suggests a clay
content threshold before a texture effect on soil water repellency oc-
currence. Dekker et al. (2005) and Doerr et al. (2000) reviewed a range
of articles demonstrating soil water repellency in fine-textured soils. For
instance, Crockford et al. (1991) found higher soil water repellency in a
clayey soil compared to a coarser textured soil. The high soil water
repellency values found in the Vertisol studied here were also reported
in similar soils by Vogelmann et al. (2010) and Lichner et al. (2006),
who also established that the type of clay mineral can influence water
repellency. Dlapa et al. (2004) reported an increase in WDPT in Ca-
montmorillonite. Similarly, in sands amended with different types of
clays, WDPT increased much more for montmorillonite than kaolinite
amended mixtures (Ward and Oades, 1993). Dlapa et al., 2004 pro-
posed that the increase of soil water repellency is related to the ten-
dency to aggregation of high surface clays, such as those found in the
studied Vertisol. WDPT into the Vertisol may have been impaired more
by pore structure than water repellency, as suggested by the small
Sethanol.

When soil water repellency was measured by Rindex, no effect of soil
texture and mineralogy were detected. However, and opposite to
WDPT, soil water repellency measured by Rindex, increased with sand
content. As pointed out by Cosentino (2000) both methods differ
strongly regarding the process they assess. In WDPT the pore structure
(e.g. size, geometry, tortuosity, continuity), among other features, has
an important impact, whereas Rindex only measures water repellency.

4.2. Aggregate stability

From a range of tests, aggregates destabilized more with less in-
tensification of the crop sequence (Fig. 2). As expected, NE treatments
presented the highest stability values because of the greater carbon
content (Supp. Table 1), contributed mainly by perennial roots. The
intensified crop treatments (GAP) had greater aggregates stability
compared to PAP, particularly in Mollisols. As in NE, this could be
explained by the longer residing time and greater diversity of living
roots (ISI) due to a more diverse and intense crop sequence (lower
soybean/crops ratio, higher maize/soybean ratio, Table 1). Soil roots
can influence aggregation through binding clay particles by root exu-
dates (Reid and Goss, 1982).

A more diverse crop sequence may also influence aggregate stability
due to the amount and quality of crop residues and exudates con-
tributing to different organic carbon fractions (Angers and Caron,
1998). On the contrary, the unfavorable effect of a higher soybean/crop
ratio could be related to a lower crop residue volume, worse bio-
chemical quality, lower phenol concentration and lower fauna activity.
Other studies performed in the same soils and locations showed a de-
crease in microorganism community richness and diversity in PAP and
thus poorer aggregate stability (Calderoli et al., 2017).

In natural conditions, Vertisols are more affected by microcracking,
revealed by MWDslow, than Mollisols (Fig. 3, MWDslow). Microcracking
due to smectite in Vertisols is a key mechanism of disaggregation, even
in healthy soils, leading to low aggregate stability (Igwe et al., 1999).
This could explain the low aggregate stability values found in GAP for
the Vertisol due to its high smectite and interestratified I/S content
compared to the Mollisols (Supp. Table 1).

Other mechanisms also affect aggregate stability. There appears to
be a minimum level of aggregate stability that is related to the cohesion
of the clay matrix, regulated by biotic agents that will have some im-
pact on microcracking. In contrast, aggregate stability in Mollisols de-
pends more on biotic agents, so for this soil there is greater dis-
crimination between agricultural practices and natural soils. This
reflects the different root and microbial activity, and carbon com-
pounds between the three treatments studied. Differences due to land
management were less evident in the Vertisol, reinforcing the dom-
inance of abiotic factors in the aggregate stability of Vertisols compared
to Mollisols (Igwe et al., 1999; Six et al., 2004; Novelli et al., 2013).

4.3. Aggregates stability and soil water repellency

While the low water repellency (Rindex < 2.5) suggests limited
impact to infiltration and runoff (Dekker and Ritsema, 1994), this slight
change appears to have a positive effect on aggregate stability under
rapid wetting, agreeing with trends observed by Vogelmann et al.
(2013), Mataix-Solera et al. (2011), Chenu et al. (2000) and Ellies et al.
(1996). Similar results were found by Cosentino et al. (2006) in another
silty soil of the Pampean region, where a correlation coefficient of
r=0.82 was obtained between WDPT and MWDfast (slaking). Based on
the findings by Caron (1996), increased MWDfast10s with increased
WDPT could be related to a decrease in the build-up of air pressure due
to slower water entry into more water repellent soil aggregates. The
higher determination coefficients and slopes of MWDfast10s compared to
MWDfast could be explained by the fragility of the A horizon of the
Mollisols studied, which are characterized by a large silt content with
abundant phytoliths and volcanic glasses (Kraemer, 2015) that lead to
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structural instability (Wischmeier et al., 1971; Cosentino and Pecorari,
2002).

Soil aggregates were most stable to the MWDstir test, where the
prewetting with ethanol prevents slaking due to trapped air (Amézketa,
1999). MWDstir is less affected by slaking but it also correlated with
WDPT, likely because of the impact of organic compounds to both
water repellency and the mechanical cohesion of particles.

4.4. Organic carbon fractions and soil water repellency

Similar to results reported by Dekker et al. (1998), Täumer et al.
(2005), and others, WDPT results obtained in this work were closely
related to SOC (Table 4). It has been demonstrated that management
practices that increase soil organic carbon content may increase water
repellency and decrease wettability (Harper et al., 2000; McKissock
et al., 2002). This has been demonstrated in numerous studies, in-
cluding Cosentino et al. (2010) who found greater soil water repellency
after adding maize residue to soil, and Chenu et al. (2000) who found
that POC imparts water-repellent characteristics to clays. In our study,
the organic matter quality impact was observed in the stronger corre-
lation of POCc rather than SOC or MOC to WDPT (Table 3). POMc is
related to newly incorporated carbon due to crop residue (above and
below ground), whereas MOC is related to more stabilized carbon. This
suggests that the impact of organic carbon on soil water repellency is
fast and closely related to crops selection in the agricultural rotation.
Moreover, Mollisols studied here showed high and positive correlations
between WDPT and the most labile soil OC fractions (CHs and CHt),
both linked with biological activity in soils (Wander, 2004). In the
Vertisol, immobilization of those labile organic fractions by adsorption
on clay surfaces could decrease impacts on water repellency, hence the
better correlations when this soil was excluded from analysis.

The greater insight obtained in this study from assessing different
organic carbon fractions, was not observed by Vogelmann et al. (2009),
Urbanek et al. (2007), Jaramillo (2006), De Gryze et al. 2006 or Wallis
and Horne (1992). Many reasons may explain these divergences, but
the type and quality of organic matter and its interaction with a specific
composition of the mineral fraction –all of that related to particular
ecological conditions and agricultural systems could be a primary
driver (Capriel et al., 1990; Becerra, 2006). For instance, Although
Urbanek et al. (2007) found high organic carbon and R values in the
grasslands, no direct relationship was found between water repellency
and organic carbon content, or the amount of hydrophobic and hy-
drophilic functional carbon. The authors suggested that structural
composition and arrangement of hydrophobic organic compounds may
change according the level of hydratation and the existence or not of an
organic carbon spatial gradient from the external to internal of an ag-
gregate must also be taken into account.

4.5. Soil water repellency as a quality indicator

The results found here, and in accordance with the results of other
researches (Peñaloza Gonzalez, et al., 2013; Vogelmann et al., 2013; De
Gryze et al., 2006; Chenu et al., 2000) show an important link between
aggregate stability, organic carbon and soil water repellency. Even
when all soils and treatments WDPT were classified as wettable by
Doerr (1998), this rather small differences in seconds found between
soils and treatments affects greatly soil aggregate stability. Our findings
suggest that in the Mollisols studied, organic carbon fraction played a
more important role than texture in subcritical water repellency. This
supports an argument that soil water repellency is one of the main
properties of soil that influences soil structure stabilization, so could
provide a very valuable soil quality indicator. There are many ap-
proaches to assess soil water repellency, but to be used most effectively
as a quality indicator, a test needs to be reliable, fast and easy to im-
plement.

Compared to other testing approaches, WDPT offers the greatest

promise as it can be implemented easily in periodic surveys on the
evolution of soil health status. This assumption relies on WDPT being
highly correlated with POCc, which in turn is highly dynamic and
strongly affected by agricultural practices (Duval et al., 2013).

However, WDPT varies considerably, (Fig. 2), caused by a hetero-
geneous organic matter distribution in the soil matrix (Chenu et al.,
2000) and time-dependent changes in soil porosity during a growing
season or due to storage, handling or drying conditions (Cosentino
et al., 2010). Thus, the sampling time during the year, and handling of
the sample could induce a high dispersion of soil water repellency re-
sults, impairing the use of WDPT as a stable soil quality indicator. In our
work, the WDPT variability decreases from NE to PAP, which could be
attributed to a soil homogenization effect of the agricultural practices.
Thus, instead of considering WDPT variability between aggregates as a
weakness of the method, it may be taken as an indicator of the man-
agement quality. Various processes may decrease WDPT variability
under intensive agriculture production, including mixing by tillage and
diminished biological abundance and diversity. For the same fields
monitored in this study, monocropping in the PAP treatments was
linked to homogenization of bacterial diversity at a regional level by
losing endemic bacterial groups (Figuerola et al., 2015).

Data reported here are for soils sampled after a long dry period,
when water repellency would be expected to be greatest. This agrees
with Vogelmann et al. (2013) who found greater effects of water re-
pellency on aggregates stability after dry periods. Further research ex-
ploring seasonal variation, taking into account the effect of soil
moisture, wetting/drying history, and the presence of crops is required.
In addition, subcritical WDPT presents extremely low values in agri-
cultural soils, so there is a need to develop a more sensitive protocol to
ensure correct faster sample evaluations. There is scope to modify the
more sensitive Rindex with simpler, automated infiltrometers (Gordon
and Hallett, 2014).

5. Conclusions

This study showed the effect of crop intensity on aggregate stability
and soil water repellency of different Pampean soils. In general, greater
aggregate stability and soil water repellency values were measured in the
non-cultivated treatments (NE). This was followed by intensified agri-
cultural treatments (GAP) in the Mollisols, which had greater aggregate
stability and water repellency than management close to monocultures
(PAP). Soil water repellency, measured either as WDPT or Rindex, was
highly correlated with aggregate stability tests related to slaking
(MWDfast10s and MWDfast). When management treatments in the Vertisol
were also included in this analysis, the correlations were weaker but still
positive, probably due to the presence of swelling smectite clays that
affect microcracking. The results demonstrate an important link between
the impacts of organic compounds on both aggregate stability and soil
water repellency, suggesting slowed wetting reducing slaking as one of
the main stabilization mechanisms of soil structure. The inclusion of the
Vertisol in this research highlights the importance of considering in-
herent soil characteristics such as soil texture and mineralogy. It de-
monstrates a danger in applying catch-all indicators across a broad range
of soils, where the impacts of abiotic versus biotic factors could under-
mine assessments of ‘soil quality’ from a small number of variables.
However, the high correlation between soil water repellency, organic
carbon fractions and aggregate stability suggests WDPT or the Rindex
provide promise as part of a suite of soil health indicators, demonstrated
here for pampean soils under no-tillage.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.geoderma.2019.113902.
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