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Abstract
Decreasing physical quality of Mollisols in the Argentinean Pampas region is

observed due to simplified crop rotations. The main objective of this work was to

evaluate the effects of cover cropping management on soil water capture, transport,

and storage as compared with different crop rotations with bare fallow in two dif-

ferent and representative Mollisols of the Argentinean Pampas region (one Typic

Argiudoll [TA] and one Typic Hapludoll [TH]). Water capture, transport, and storage

processes were assessed through soil sorptivity, infiltration tests at different pressures

heads, and soil water retention curve determination. In addition, aggregate stability

and soil organic carbon (SOC) were determined and the relationship between studied

variables and processes was evaluated. It was observed that soybean [Glycine max
(L.) Merr.] monocultures jeopardize Mollisols conservation, decreasing water cap-

ture and transport and SOC content. The inclusion of cover cropping management

increased the soil water transport in the TA and water capture in the TH, as com-

pared with bare fallow rotations. In this sense, our results show that cover cropping

could be a suitable management in order to recover degraded soils due to simplified

crop rotations in Mollisols from the Argentina Pampas region.

1 INTRODUCTION

In Argentina, Mollisols are extended over 8.9 × 107 ha and
have a high natural chemical fertility, with the Pampas region
being one of the most productive areas in the world (Aparicio
et al., 2018). However, these soils have a great natural suscep-
tibility to compaction due to the little or null aggregation by
the shrinkage and swelling process, related to their high con-

Abbreviations: BD, bulk density; FC, field capacity; M, monoculture;
MCC, monoculture with winter cover crops; MWD, mean weight diameter;
NT, no tillage; PAWC, plant available water content; Rot, crop rotation with
bare fallow; RotCC, crop rotation with winter cover crops; SOC, soil
organic C; SWRC, soil water retention curve; TA, Typic Argiudoll; TH,
Typic Hapludoll.

© 2022 The Authors. Soil Science Society of America Journal © 2022 Soil Science Society of America.

tents of silt and fine sand (Taboada et al., 2008). In the last
years, several authors have mentioned a decrease of soil phys-
ical quality in the Pampas region related to simplified crop
rotations, including soybean [Glycine max (L.) Merr.] mono-
culture, with long bare fallow periods during winter and low
supply of harvest residues (C. R. Alvarez et al., 2009; Ferreras
et al., 2000; Lozano et al., 2013; Sasal et al., 2006; Soracco
et al., 2010, 2019)

In general, diversifying the crop sequences and increas-
ing the time with living crops have shown positive effects in
soil quality, increasing aggregate stability (Behrends Krae-
mer et al., 2021; Novelli et al., 2013) and organic car-
bon content (Duval et al., 2016). However, there are con-
trasting results about the effects of crop diversification on
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soil hydraulic properties. Shaver et al. (2013) reported an
improvement in soil water capture, reflected in higher values
of soil sorptivity in more diverse crop rotations as compared
with monocultures, due to a higher residue accumulation. In a
silty clay loam Typic Argiudoll from Pampas region, Imhoff
et al. (2010) found that the crop sequences under no tillage
(NT), including graminaceous species during fallow, showed
better structural quality and more hydraulically active pores.
On the other hand, Sasal et al. (2010) evaluated soybean and
maize (Zea mays L.) monocultures in comparison with dif-
ferent crop rotations (wheat [Triticum aestivum L.]/soybean
and wheat/soybean–maize) in a silty loam soil from Argen-
tinean Pampas Region. These authors reported no differences
between rotations regarding infiltration rates (K0) and pore
size distribution. Głab et al. (2013) reported that crop rotation
has no effects on soil water retention.

In the last years, cover cropping management has received
increased attention as a soil conservation practice for soil
quality improvement. Integration of winter cover crops could
enhance NT performance by improving structural stability,
soil porosity, and related soil water dynamics (Blanco-Canqui,
2018; Sasal et al., 2017). Blanco-Canqui et al. (2011) found
that the inclusion of cover crops enhances NT performance,
increasing soil water infiltration. In a meta-analysis performed
by R. Alvarez et al. (2017) in the Argentinean Pampas Region,
in 82% of the studied cases, infiltration increased under cover
crops rotations. In addition, cover crops also could enhance
soil water retention and transport, increasing plant available
water content (PAWC) and K0 (Basche et al., 2016; Bertollo
et al., 2021). On the other hand, different authors mentioned
the lack of effects of cover cropping management on soil water
infiltration and water retention (Sindelar et al., 2019) and soil
sorptivity (Ruis et al., 2020).

The effects of management practices on soil hydraulic prop-
erties is highly dependent on the soil type (Jirku et al., 2013).
Villarreal et al. (2020) reported that Argiudolls and Haplu-
dolls with high silt or fine sand content, respectively, under
NT showed lower K0 and porosity than clayey Argiudolls.
Behrends Kraemer et al. (2017) found that the crop sequence
intensification (i.e., increasing the time with living crops)
could lead to more favorable structural features and higher
porosity in clayey Argiudolls rather than in sandy Haplustolls.
In contrast, Crespo et al. (2021), reported that the improve-
ment of soil physical properties derived from intensification
practices are more affected by the degradation degree than
by soil texture. Blanco-Canqui et al. (2015) pointed out that
there is scarce literature regarding the effects of cover crop-
ping on soil physical properties with contrasting soil types.
On the other hand, this kind of study determines, in gen-
eral, soil hydraulic properties describing water capture, trans-
port, or storage separately. Few studies have investigated the
relationship within these processes under different manage-

Core Ideas
∙ Effects of cover crops on soil hydraulic properties

depended on the soil type.
∙ Soybean monocultures decreased water capture

and transport.
∙ Cover crops increased water transport in the Typic

Argiudoll.
∙ Cover crops increased water capture in the Typic

Hapludoll.

ments and reported contrasting results (Kreiselmeier et al.,
2019; Tarawally et al., 2004; Villamil et al., 2006). Moreover,
studies on cover crops or crop rotation investigated s either
hydraulic properties or aggregation and organic matter. Steele
et al. (2012) pointed out this problem and found that after
13 yr, winter cover cropping consistently improved aggre-
gate stability, but with an asynchronous relationship with
soil water infiltration. In this sense, it has been reported
that a more holistic approach is needed, integrating differ-
ent soil physical properties (Ogilvie et al., 2021). For these
reasons, the determination of different soil hydraulic prop-
erties describing water capture, transport, and storage (i.e.,
soil sorptivity, soil hydraulic conductivity function [K(h)],
and soil water retention curve [SWRC], respectively), together
with aggregate stability and soil organic C (SOC), in different
soil types and crop sequences could help us to better under-
stand the soil water dynamics, which is a key factor in dryland
agroecosystems. Additionally, this kind of study will improve
the knowledge of soil conservation of Mollisols, especially in
the Argentinean Pampas region. Our hypotheses are that
(a) the inclusion of cover cropping management under NT
improves the soil capacity to capture, transport, and store
water, as compared with different crop sequences with bare
fallow in Mollisols from the Pampas region; and (b) changes
in water capture, transport, and storage due to the inclusion of
cover cropping management are related to topsoil SOC con-
tent and aggregate stability, depending on the soil type. The
objectives of this work were (a) to evaluate the soil capac-
ity to capture, transport, and store water under different crop
sequences, including winter cover cropping management, in
two different and representative Mollisols of Argentinean
Pampas region (one Typic Argiudoll [TA] and one Typic Hap-
ludoll [TH]); and (b) to determine the relationships between
water capture, transport, and storage and the relationship of
these processes with SOC and aggregate stability in two dif-
ferent and representative Mollisols of the Argentinean Pampas
region.
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VILLARREAL ET AL. 1399

F I G U R E 1 Location and climatic information (April 2018–October 2019) for the two studied sites (Pergamino [PER] and General Villegas
[VIL])

2 MATERIALS AND METHODS

2.1 Experimental sites and treatments

The experiment was carried out at two different experimental
stations with long-term field trials of the Instituto Nacional
de Tecnología Agropecuaria (INTA), Argentina (Figure 1).
Two different Mollisols, representative of the Argentinean
Pampas region, were evaluated: a silty loam TA located near
Pergamino City (33˚57′ S, 60˚33′ W); and a sandy loam TH,
located near General Villegas City (34˚54′ S, 63˚44′ W). The
horizon sequences and their depths in each soil type are as
follows: for TA, A (0–0.25 m), BAt (0.25–0.34 m), Bt (0.34–
0.95 m), BC (0.95–1.60 m), and Ck (1.60–2.00 m) hori-
zons (Soil Survey Staff, 2014), Pergamino series (fine, illitic,
thermic Typic Argiudoll; INTA-SAGyP, 1990); and for TH,
A (0–0.30 m), Bw (0.30–0.70 m), BC (0.70–1.09 m) and
Ck (1.09–1.30 m) horizons (Soil Survey Staff, 2014), Lin-
coln series (sandy, mixed, thermic Typic Hapludoll; INTA-
SAGyP, 1990). The A horizon particle size distribution is
57.0% silt, 22.6% clay, and 20.4% sand for the TA and 22.4%
silt, 14.3% clay, and 63.3% sand for the TH. At both sites, the
climate is temperate humid without a dry season, with a mean
annual temperature of 16.4 and 16.2 ˚C and a mean annual
rainfall of 950 and 929 mm at Pergamino and General Ville-

gas, respectively. Daily precipitation and air temperature are
detailed in Figure 1.

For the TA, three crop sequences were evaluated: soybean
monoculture (M) for the last 32 yr (since 1987); soybean
monoculture with winter cover cropping (vetch [Vicia villosa
L.] + barley [Hordeum vulgare L.]) (MCC) for the last 9 yr
(before 2010, this treatment was under soybean monoculture
for 23 yr); and maize–wheat/soybean (Rot) for the last 40 yr
(since 1979). At the TH, four crop sequences were evaluated:
soybean monoculture (M); soybean monoculture with win-
ter cover cropping (rye [Secale cereale L.]) (MCC); maize–
soybean (Rot); and maize–soybean with winter cover crop-
ping (rye) (RotCC). All crop sequences in the TH had been
under the same rotation for the last 15 yr. At both sites, cover
crops seeding is carried out in April, whereas the termination
(chemically dried with glyphosate) is carried out in Septem-
ber. Soybean seeding and harvest are carried out in November
and April, respectively. Maize seeding and harvest are carried
out in October and April, respectively. Wheat seeding and har-
vest (for the TA) are carried out in June and December, respec-
tively. Soybean seeding and harvest in the Rot treatment for
the TA are carried out in December and April, respectively.

The experiment at both sites consisted of a completely ran-
domized design with 30-m × 10-m plots in the TA and 5-
m × 20-m plots in the TH. Soil sampling was carried out at
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1400 VILLARREAL ET AL.

the end of October 2019 in both sites, after cover crop termi-
nation. Plots with the same relative position in the landscape
from each crop sequence were selected. In each plot, a homo-
geneous and representative 5-m × 5-m area in the center was
selected, avoiding visible wheel tracks. Within this area, sites
were selected randomly in order to carry out soil sampling. Six
undisturbed soil samples were collected (5-cm height, 5-cm
diam., 98-cm3 volume) from the first 5 cm (0–5 cm) in order
to determine soil physical and hydraulic properties. Samples
were air dried during 30 d at room temperature and stored at
4 ˚C until further processing.

Three undisturbed soil samples were taken from the topsoil
(0–10 cm) in each treatment at both sites in order to determine
aggregate stability. Six additional undisturbed soil samples
were collected for bulk density (BD) determination. Disturbed
soil samples were extracted from the direct surroundings of
the intact cores in order to determine SOC content.

2.2 Soil properties determination

2.2.1 Aggregate stability, SOC content, and
BD

For aggregate stability determination, Le Bissonnais method-
ology (Le Bissonnais, 1996) was used. Soil aggregates of
∼3- to ∼5-cm edge length were carefully detached from the
undisturbed soil samples. Aggregates were dried at 40 ˚C for
24 h, and subsamples of ∼6 g were subjected to different sta-
bility tests: (a) fast wetting, MWDFast (where MWD stands for
mean weight diameter); and (b) stirring in water after ethanol
submersion, MWDStirr. These tests provide information about
disaggregation mechanisms: (a) slaking (with the fast-wetting
test), and (b) cohesion without slaking (stirring aggregates
after ethanol submersion) (Behrends Kraemer et al., 2019).
Aggregates were then sieved with a 0.05-mm-mesh sieve
while immersed in ethanol with a shaker. The aggregates
retained were dried at 40 ˚C for 48 h, and air sieved through
a column of sieves to obtain the size distribution of dried
aggregates. Results were expressed as mean weight diameter,
according to Behrends Kraemer et al. (2019).

The SOC content, was measured by oxidation with chromic
acid (Walkley & Black, 1934). For BD determination, the
samples were dried at 105 ˚C until constant weight and the
BD was determined according to Blake and Hartge (1986).

2.2.2 Hydraulic conductivity and
water-conducting porosity

A micro-infiltrometer (Soracco et al., 2019) was used in order
to determine water infiltration under different water pressure
heads in the air-dried undisturbed soil samples. The device
consisted of a tube with a 1-cm-radius disc, with a membrane

of the same material as the commercial tension disc infil-
trometer (Perroux & White, 1988) attached to its base. This
tube was connected to a water reservoir placed on an analyt-
ical balance (±0.001 g), connected to a computer. Each soil
sample was placed on a scissor jack and brought into con-
tact with the tension disc by raising the jack. Infiltration runs
were performed at −0.6, −0.3, and 0 kPa water pressure head
(h), applied in this order and in the same sample. Every deter-
mination at pressure head took approximately 5 min to reach
the steady state and the mass of water that infiltrated the soil
by capillarity was recorded as the mass variation in the ana-
lytical balance at every second. Cumulative infiltration was
determined as the ratio between the infiltration volume and
the disc area. The temperature during the experiments ranged
between 20 and 24 ˚C. Hydraulic conductivity (K, cm h−1)
at the three pressure heads, namely, K0.6, K0.3, and K0, was
determined from the cumulative water infiltration using the
multiple-head method (Ankeny et al., 1991) with the steady-
state data.

Water-conducting macro- (εma) and mesoporosities (εme)
were determined, through the classical capillary rise equa-
tion, which approximates the maximum water-filled pore size,
r [L], at a specific h [L]:

𝑟 = 2σcos (α)
ρ𝑔 |ℎ| (1)

where σ is the surface tension of water [M T−2], α is the con-
tact angle between water and the pore wall (assumed to be
zero), ρ is the density of water [M L−3], and g is the acceler-
ation due to gravity [L T−2]. The equivalent pores with radii
smaller than r derived from Equation 1 are full of water and
are responsible for all the flux of water under a given water
pressure head, and the equivalent pores with radii larger than
the value calculated from Equation 1 are not contributing to
the water flux. Then, according to Watson and Luxmoore
(1986), the water-conducting porosity due to pores between
two radii ra and rb (ra ≤ rb), θ (ra,rb), (assuming pore radius
equals to the minimum pore radius), resulting in a difference
in total soil water flux or hydraulic conductivity ΔK (ra,rb), is

ε (𝑎, 𝑏) =
8ηΔK

(
𝑟a, 𝑟b

)
ρ𝑔

(
𝑟a
)2 (2)

Because ra is the minimum equivalent pore radius in the
range, ε (ra,rb) is an estimation of the maximum water-
conducting porosity, because pore radius (ra) appears in the
denominator of Equation 2. Steady-state conditions during
infiltration are assumed. We defined εma as those pores drain-
ing at h > −0.3 kPa (equivalent r > 0.5 mm) and εme as those
draining at h from −0.3 and −0.6 kPa (0.5 mm > equivalent
r > 0.25 mm).
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VILLARREAL ET AL. 1401

2.2.3 SWRC and pore size distribution

After the micro-infiltration test, SWRC determination was
carried out. The soil cores were saturated with degassed water
from the bottom for 48 h. Then, the samples were brought to
different water pressure heads, h (0, −0.1, −0.3, −0.5, −0.7,
−10, −30, and −500 kPa) using a sand box apparatus for h
values between 0 and −10 kPa, and a pressure chamber for
h values ≤−30 kPa. The retention curve code (RETC) (van
Genuchten et al., 1991) was used to fit the van Genuchten
(1980) model to the water retention data obtained for each soil
sample. From the fitted data, PAWC and field capacity (FC)
were determined as follows:

PAWC = θFC − θWP (3)

FC = θFC (4)

where θFC [L3 L−3] and θWP [L3 L−3] are the volumetric water
contents at h of −10 and −1,500 kPa, respectively (Lozano
et al., 2016).

Additionally, transmission (diameter between 50 and
500 μm) and storage (diameter between 0.5 and 50 μm) pores
were determined from the first derivative of the SWRC, using
the fitted data and Equation 1 for pressure head transforma-
tion into equivalent pore size. These pore size reflect the main
functions of those classes such as water movement (transmis-
sion pores) and retention (storage pores) (Kreiselmeier et al.,
2019).

2.2.4 Soil sorptivity

After the SWRC determination, the samples were air dried
at room temperature for 30 d for soil sorptivity [L T−1/2]
determination, which reflects the soil’s ability to rapidly cap-
ture water (Shaver et al., 2013). The used methodology cor-
responds to an improvement of the original Leeds-Harrison
et al. (1994) method, proposed by Villarreal et al. (2017).
The same device as the one for infiltration tests were used for
sorptivity (S) determination. The tube with the membrane was
changed for a small sponge (4-mm radius). Each soil sample
was placed on a scissor jack and then put into contact with the
sponge by raising the jack. Infiltrated water volume by cap-
illarity was recorded as the mass variation in the balance at
every second. Every determination took approximately 4 min.
S was determined for each sample according to

𝑆 =
√

𝑄𝑓

4𝑏𝑟
(5)

where Q is the steady-state rate of flow from the circular
pond of radius r, f is the difference between the final and ini-

tial volumetric soil water content, and b is a shape parameter
taken as 0.55 (White & Sully, 1987). Volumetric water con-
tent difference was determined in each sample by removing
very carefully the wet bulb at the end of each determination
(the removed depth was approximate 2 cm, depending on the
soil type) to determine the gravimetric water content (weight-
ing before and after oven dried at 105 ˚C for 24 h), and later
transformed in volumetric water content through the BD. The
initial water content after air drying for all the samples was
around 0.1 m3 m−3, whereas the mean final water content was
around 0.3 m3 m−3. Villarreal et al. (2019) showed for similar
soils that in this range of moisture, the influence of the initial
water content on S determination can be neglected.

2.2.5 Pore connectivity

Connectivity pore index (Cw) based on water flux (Lozano
et al., 2013) was calculated for each pore size family with radii
between ra and rb (ra > rb) as the ratio between K (ha) – K (hb)
(where ha and hb are the pressure heads at which pores with
equivalent radii greater than ra and rb, respectively, drain) and
the pore volume fraction occupied by this family, according to

Cw,𝑟a−𝑟b
=

𝐾
(
ℎb

)
−𝐾

(
ℎa
)

θ
(
ℎb

)
− θ

(
ℎa
) (6)

The continuity of total porosity (𝐶wTP
) and large macro-

pores (r > 0.5 mm, 𝐶wma
) and large mesopores was calcu-

lated according to Lozano et al. (2013). The volumes of large
macroporosity and large mesoporosity were determined from
the first derivative of the SWRC, using the fitted data and
Equation 1 for pressure head transformation into equivalent
pore size. This index allows comparison of different soils
and managements in terms of connectivity of pore fractions
(Lozano et al., 2013) and has been proven to be particularly
useful as a soil physical quality indicator, because it integrates
dynamic (hydraulic conductivity) and capacity (pore volume)
information in a single value (Soracco et al., 2019).

2.3 Statistical analysis

One-way ANOVA was carried out in order to determine if
soil properties were influenced by crop sequences (three lev-
els for the TA: M, MCC, and Rot; four levels for the TH: M,
MCC, Rot, RotCC) as fixed effects. (Sokal & Rohlf, 1995).
Each soil type was analyzed separately. Visual analysis in
normal quantile–quantile (Q–Q) plots and Levene tests were
performed to assess normality and homogeneity of variance,
respectively. Because the statistical distribution of K(h), εma,
and Cw data was skewed and non-normal, logarithmic values
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1402 VILLARREAL ET AL.

were used for the analysis. Fisher’s LSD test (Sokal & Rohlf,
1995) was used to compare the means.

To investigate the relationships between the hydraulic prop-
erties describing the soil’s capacity to capture, transport, and
store water, Spearman’s correlation coefficient was calculated
between the studied variables. Correlation analyses were per-
formed in each soil type separately. All analyses were carried
out in STATISTICA software (Statsoft, 2004), using p = .05
for significance level.

To evaluate the effect of different crop sequences on soil
quality, a Z score was determined, following Wulanningtyas
et al. (2021) in each soil type separately. The Z score is how
far and in what direction a determined item deviates from the
mean of the distribution, expressed in units of standard devi-
ation of the distribution (Rahman et al., 2009). The Z score
allows us to determine the value of certain variables with a
specific treatment factor and to compare it with the average
value of certain variables in all treatments. Each Z score was
calculated as follows:

𝑍𝑖 =
𝑥𝑖 − �̄�

𝑆
(7)

where Zi is the standardized value, xi is the measured value
of a certain variable with a specific treatment factor, �̄� is the
average value of a certain variable in all treatments, and S is
the standard deviation of the variables in all treatments. There-
fore, a score for each studied process (soil water capture, trans-
mission, and storage) was calculated from the sum of a subto-
tal score for each variable that was measured [sorptivity for
water capture; K(h), water-conducting porosity, pore connec-
tivity, and transmission porosity for water transmission; and
PAWC, FC, and storage porosity for water storage] together
with SOC and aggregate stability, based on the treatment fac-
tors (different crop sequences). In this way, the Z score allows
us to make the results of the different studied processes more
consistent and comparable.

3 RESULTS AND DISCUSSION

3.1 Soil water capture

Mean S values for the two studied Mollisols under differ-
ent crop sequences are shown in Figure 2. Different effects
were observed on S, depending on the soil type. In the TA,
no differences between treatments were observed on S. In
contrast, in the TH, MCC treatment showed higher values
of S as compared with the other crop sequences, showing
that the inclusion of cover cropping management in soybean
monoculture improves the water capture in this soil type.
Shaver et al. (2013) found a positive relationship between S
and crop residues, mentioning that increasing cropping inten-
sity increases S indirectly via improvements in soil physi-

cal properties that are conducive to water infiltration. On the
other hand, Ruis et al. (2020), reported no effects of cover
crop inclusion on S, as compared with bare fallow, in any of
the studied soil types, including Hapludolls and Argiudolls.
Furthermore, García-González et al. (2018) also reported no
effects of cover crop inclusion on S, working in a Haplic Cal-
cisol in a 10-yr experiment, disagreeing with our results. In
the case of the TA, the lack of differences between treat-
ments could be related to the presence of platy structure and
its nonuniform distribution along the sample depth, leading
to high spatial variation of the measured soil properties. This
behavior is reflected in high values of CV in the TA; Villar-
real et al. (2017) mentioned that the proposed methodology
for S determination presents low CV values (around 15%) and
higher precision as main advantages, because it is based on
steady infiltration data. In the TA, CV values were around
50%, whereas in the TH, they were around 22%. It is important
to remark that the results mentioned above from other authors
were obtained from the transient flow data of field infiltra-
tion experiments. Villarreal et al. (2017) showed that the S
values obtained from transient data could be overestimated
because the gravity effect in the infiltration process cannot
be neglected (Smettem et al., 1995; Vandervaere et al., 2000;
Zhang, 1997) and the chosen time interval has strong influ-
ence (Bonell & Williams, 1986). For these reasons, compar-
ison of the results obtained in our study and results obtained
by previous work must be made with care.

Regarding the soil type, the TA showed higher values of S
as compared with the TH. This lower ability to rapidly capture
water by capillarity was reflected in volumetric water content
differences during the S determination. Mean water content
differences were 0.29 and 0.19 m3 m−3 for the TA and the
TH, respectively, showing that S is strongly dependent on the
soil type (Stewart et al., 2013).

3.2 Soil water transport

The values of the hydraulic properties describing the soil’s
ability to transport water are shown in Figure 3 (K0, K0.3, and
K0.6), Figure 4 (εma and εme), and Table 1 (𝐶wTP

, 𝐶wma
, and

transmission porosity [50–500 μm]). In both soil types, the
same hydraulic properties were affected by the crop sequences
(p < .05), but with different trends, showing that the effects
of different crops sequences are complex because changes
in soil pore configuration depend not only on the growing
crop but on the soil type and climatic conditions (Jirku et al.,
2013). In the TA, the inclusion of cover cropping management
increased the soil water transport, because the treatment MCC
showed higher values of K0, K0.6, εma, 𝐶wTP

, and transmission
porosity as compared with Rot and M. This is in agreement
with previous reports mentioning that cover cropping man-
agement increases soil K and infiltration (Haruna et al., 2018).
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VILLARREAL ET AL. 1403

F I G U R E 2 Mean values of S (soil water sorptivity) for different soils (Typic Argiudoll [TA] and Typic Hapludoll [TH]) and treatments (for the
TA, soybean monoculture [M], soybean monoculture with winter cover cropping [vetch + barley] [MCC], and maize–wheat/soybean [Rot]; for the
TH, soybean monoculture [M], soybean monoculture with winter cover cropping [rye] [MCC], maize–soybean [Rot], and maize–soybean with
winter cover cropping [rye] [RotCC]). Different letters indicate significant differences among treatments (LSD test, p < .05). No significant
differences among treatments are denoted by ns

F I G U R E 3 Mean K (hydraulic conductivity) values at different water pressure heads (h) for different soils (Typic Argiudoll [TA] and Typic
Hapludoll [TH]) and treatments (for the TA, soybean monoculture [M], soybean monoculture with winter cover cropping [vetch + barley] [MCC],
and maize–wheat/soybean [Rot]; for the TH, soybean monoculture [M], soybean monoculture with winter cover cropping [rye] [MCC],
maize–soybean [Rot], and maize–soybean with winter cover cropping [rye] [RotCC]). Different letters indicate significant differences among
treatments (LSD test, p < .05). The order of the letters, from top to bottom, is the same as the order of the legend from left to right. No significant
differences (p > .05) among treatments are denoted by ns

Increasing K0, εma, and 𝐶wTP
could be attributed to root

growth, creating stable and continuous biopores (Landl et al.,
2019), which remain after the decomposition and contribute
to the flow path of water (Yu et al., 2016). These results show
that cover cropping could be a suitable management to coun-
teract compaction processes in this soil type with high suscep-
tibility to platy structure development. Sasal et al. (2017) men-
tioned that decreasing the frequency of platy structure could
take up to 30 yr after the adoption of NT, and for this reason,
living crops during the fallow period should be implemented.

On the other hand, in the TH, the Rot treatment showed
higher values of K0, εma, 𝐶wTP

, and 𝐶wma
, but not signif-

icantly different from the MCC treatment, whereas M and
RotCC showed the lowest values of these variables. More-
over, in the TH, the Rot and RotCC treatments showed lower
values of transmission porosity as compared with the M and
MCC. Our findings suggest that the alternation of soybean
with maize in the crop sequence could be enough to improve
soil water movement in coarser soils. Imhoff et al. (2010)
reported that the greater proportion of graminaceous species
in the crop rotation has a positive effect on pore network
by generating continuous pore, enhancing soil water infil-
tration. Bronick and Lal (2005) mentioned that the maize
inclusion in the crop sequence improves soil structure due to
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1404 VILLARREAL ET AL.

F I G U R E 4 Mean values of εma (water-conducting macroporosity) and εme (water-conducting mesoporosity) for different soils (Typic
Argiudoll [TA] and Typic Hapludoll [TH]) and treatments (for the TA, soybean monoculture [M], soybean monoculture with winter cover cropping
[vetch + barley] [MCC], and maize–wheat/soybean [Rot]; for the TH, soybean monoculture [M], soybean monoculture with winter cover cropping
[rye] [MCC], maize–soybean [Rot], and maize–soybean with winter cover cropping [rye] [RotCC]). Different letters indicate significant differences
among treatments (LSD test, p < .05). No significant differences among treatments are denoted by ns

T A B L E 1 Mean values of natural log-transformed𝐶wTP
(total porosity connectivity), 𝐶wma

(macroporosity connectivity), and transmission pores
(diameter between 50 and 500 μm) for different soils (Typic Argiudoll [TA] and Typic Hapludoll [TH]) and treatments ()

Site Treatmenta 𝐥𝐧(𝑪𝐰𝐓𝐏
) 𝐥𝐧(𝑪𝐰𝐦𝐚

) Transmission pores
cm h−1 m3 m−3

TA Rot 0.93 ± 0.26 b 4.70 ± 0.58 a 0.08 ± 0.03 b

MCC 1.34 ± 0.21 a 4.03 ± 0.40 a 0.13 ± 0.02 a

M 0.82 ± 0.37 b 3.93 ± 0.87 a 0.10 ± 0.01 ab

TH Rot 1.03 ± 0.36 a 6.45 ± 0.45 a 0.04 ± 0.01 b

MCC 0.84 ± 0.35 ab 4.55 ± 0.83 b 0.07 ± 0.01 a

M 0.50 ± 0.30 b 4.55 ± 0.84 b 0.07 ± 0.01 a

RotCC 0.47 ± 0.25 b 4.32 ± 1.57 b 0.05 ± 0.01 b

Note. Different letters indicate significant differences among treatments (LSD test, P < .05). ± denotes standard deviation.
aFor the TA, soybean monoculture (M), soybean monoculture with winter cover cropping (vetch + barley) (MCC), and maize–wheat/soybean (Rot); for the TH, soybean
monoculture (M), soybean monoculture with winter cover cropping (rye) (MCC), maize–soybean (Rot), and maize–soybean with winter cover cropping (rye) (RotCC).

the presence in their residues of important amounts of phe-
nols, a high carbon/nitrogen ratio, and high organic carbon
and carbohydrates. However, our results are in disagreement
with previous results in similar soils under soybean–maize
sequence with and without cover cropping management. Vil-
lamil et al. (2006) and Liesch et al. (2011), working in an
Aquic Argiudoll and a Calcic Hapludoll, respectively, found
that the inclusion of rye as winter cover crop in a maize–
soybean rotation improved K0, and general physical quality,
as compared with the rotation with bare fallows. Addition-
ally, Chalise et al. (2019) reported in two Hapludolls higher
infiltration rates under cover cropping management as com-
pared with bare fallow in a maize–soybean rotation, mention-
ing that this improvement was related to a better soil struc-
ture with more and continuous macro- and micropores, root
channels, and less compaction. Another possible explanation

for these discrepancies is the pore clogging caused by cover
crop roots. Soil sampling was carried out immediately after
the cover crop termination; Bodner et al. (2014) mentioned
temporal pore clogging due to roots growing into preexisting
pores, limiting water transport. However, this behavior was
not observed in the TA, showing that pore clogging phenom-
ena could depend on the soil type. At both soil types, no effects
of crop sequence on εme were observed, showing that soil
management mainly changes the macropores fraction (Imhoff
et al., 2010).

3.3 Soil water storage

Mean values of FC, PAWC, and storage porosity for different
crop sequences and soil types are shown in Table 2. The val-
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VILLARREAL ET AL. 1405

T A B L E 2 Mean values of FC (field capacity), PAWC (plant available water content), θWP (volumetric water content at −1,500 kPa), and
storage pores (diameter between 0.5 and 50 μm) for different soils

Site Treatmenta FC PAWC Storage pores θWP

m3 m−3

TA Rot 0.40 ± 0.03 a 0.24 ± 0.03 a 0.31 ± 0.01 a 0.17 ± 0.003 c

MCC 0.39 ± 0.02 a 0.16 ± 0.02 c 0.24 ± 0.01 c 0.23 ± 0.002 a

M 0.39 ± 0.01 a 0.20 ± 0.01 b 0.28 ± 0.01 b 0.19 ± 0.004 b

TH Rot 0.42 ± 0.01 a 0.30 ± 0.02 a 0.34 ± 0.01 c 0.12 ± 0.003 b

MCC 0.38 ± 0.02 b 0.27 ± 0.02 b 0.34 ± 0.01 c 0.11 ± 0.002 b

M 0.39 ± 0.01 b 0.31 ± 0.02 a 0.39 ± 0.01 a 0.07 ± 0.002 c

RotCC 0.43 ± 0.01 a 0.32 ± 0.02 a 0.36 ± 0.01 b 0.11 ± 0.003 b

Note. TA, Typic Argiudoll; TH, Typic Hapludoll. Different letters indicate significant differences among treatments (LSD test, P < .05). ± denotes standard deviation.
aFor the TA, soybean monoculture (M), soybean monoculture with winter cover cropping (vetch + barley) (MCC), and maize–wheat/soybean (Rot); for the TH, soybean
monoculture (M), soybean monoculture with winter cover cropping (rye) (MCC), maize–soybean (Rot), and maize–soybean with winter cover cropping (rye) (RotCC).

ues of these variables were similar to the reported by other
authors in the same region (Villarreal et al., 2020). In the TA,
and PAWC and storage porosity were affected by the crop
sequence (p < .05). The MCC treatment showed the lowest
values of these variables, as compared with the M and Rot
treatments. No effects of the crop sequence were observed on
FC. These results are in disagreement with previous reports
mentioning that crop sequences including winter cover crops
increased the volume of water held at FC compared with bare
fallow crop sequences (Villamil et al., 2006). In the TH, the
values of FC were higher in Rot and RotCC treatments. The M
and MCC treatments showed the lowest values of FC. Higher
values of PAWC were observed under M and RotCC, whereas
MCC treatment showed the lowest PAWC. Storage porosity
was higher under M treatment, followed by RotCC, whereas
Rot and MCC showed the lowest values of this variable. This
is partially in agreement with Basche and DeLonge (2017),
who showed in a meta-analysis study that continuous living
cover significantly improved the water retained at FC, as com-
pared with annual cropping systems. The MCC treatments
showed in both studied Mollisols the lowest values of PAWC
as compared with the other crop sequences. In the case of the
TA, the decrease was due to higher values of θWP, whereas in
the TH, it was due to reducing values of FC. Similar behavior
was observed for storage porosities. R. Alvarez et al. (2017),
in a meta-analysis of cover crops effects on soil properties in
the Argentinean Pampas Region, reported that the cover crops
produced a significant decrease in available water storage,
being in agreement with our results. However, these authors
mentioned that this reduction would not restrict water supply
because of the large amount of rainfall in the region. Addi-
tionally, both FC and PAWC values were in the optimal ranges
proposed by Reynolds et al. (2008). In this sense, our results
show that the different crops involved in the rotation can affect
the soil water retention differently, attributed to different root
systems inducing different pores’ networks of distinct charac-
teristics and stability (Imhoff et al., 2010).

3.4 SOC, aggregate stability, and BD

Mean values of SOC content, aggregate stability, and BD
for each management treatment for both soils are shown in
Table 3. Regarding the SOC values, two different trends were
observed between the soil types. In the TA, the MCC treat-
ment showed a strong SOC increment as compared with the
other crop sequences. No differences between M and Rot
treatments were observed. In the TH, Rot treatment showed
the higher SOC values, followed by MCC, whereas M and
RotCC treatments showed the lowest values of SOC. These
results show that cover cropping management increases SOC
content as compared with monocultures. This is in agreement
with Duval et al. (2016), who reported an increment in SOC
content after 4 yr of cover cropping management in a soybean
monoculture, related to the amount of carbon supplied by the
cover crops (oat and oat + vetch). In the TA, the SOC incre-
ment under MCC treatment was unexpectedly twofold higher
than in the other crop sequences. This could be attributed not
only to the input of fresh plant residues in the soil where
plant biomass of the cover crops is not harvested, but also
to the slow buildup of SOC (Six et al., 2004). Additionally,
the presence of platy structure could help to the SOC incre-
ment. Strong fine laminar structure with abundant horizontal
roots from 3 to 8 cm was observed in the M treatment. The
presence of platy structure is widespread in these soils with
high silt content under NT but also depends on the cropping
system (Sasal et al., 2017). Before the cover cropping inclu-
sion, MCC treatment was under soybean monoculture during
23 yr; this management led to the formation of platy struc-
ture and could produce an accumulation of root biomass of
the cover crop in the topsoil, due to the impedance for root
penetration, resulting in a high SOC stratification in the 0-to-
5-cm depth. On the other hand, our results are in disagree-
ment with Romaniuk et al. (2018). These authors reported
in a TA in an 8-yr field experiment, no significant incre-
ments of SOC in the topsoil (0–5 cm) under cover cropping

 14350661, 2022, 6, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/saj2.20373 by U

N
LP - U

niv N
acional de La Plata, W

iley O
nline Library on [29/05/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



1406 VILLARREAL ET AL.

T A B L E 3 Mean values of SOC (soil organic carbon content), MWDFast (mean weight diameter for fast wetting), MWDStirr (mean weight
diameter for stirring in water after ethanol submersion), and BD (bulk density) for different soils

Site Treatmenta SOC MWDFast MWDStirr BD
% mm Mg m−3

TA Rot 1.73 ± 0.03 b 0.55 ± 0.14 a 2.39 ± 0.18 a 1.20 ± 0.02 a

MCC 3.36 ± 0.36 a 0.63 ± 0.11 a 2.57 ± 0.21 a 1.17 ± 0.02 a

M 1.68 ± 0.03 b 0.30 ± 0.05 b 1.75 ± 0.16 b 1.21 ± 0.01 a

TH Rot 1.46 ± 0.20 a 0.44 ± 0.10 a 1.59 ± 0.12 a 1.36 ±0.02 a

MCC 1.24 ± 0.01 b 0.66 ± 0.14 a 0.97 ± 0.12 a 1.35 ± 0.01 a

M 1.00 ± 0.02 c 0.59 ± 0.20 a 1.50 ± 0.54 a 1.33 ± 0.03 a

RotCC 0.96 ± 0.11 c 0.77 ± 0.22 a 1.44 ± 0.41 a 1.31 ± 0.03 a

Note. TA, Typic Argiudoll; TH, Typic Hapludoll. Different letters indicate significant differences among treatments (LSD test, P < .05). ± denotes standard deviation.
aFor the TA, soybean monoculture (M), soybean monoculture with winter cover cropping (vetch + barley) (MCC), and maize–wheat/soybean (Rot); for the TH, soybean
monoculture (M), soybean monoculture with winter cover cropping (rye) (MCC), maize–soybean (Rot), and maize–soybean with winter cover cropping (rye) (RotCC).

management in a soybean monoculture, as compared with
soybean monoculture with bare fallow and no other crop
sequences, including maize–soybean–wheat/soybean with
and without cover crops. For the TH, the inclusion of cover
cropping management under soybean monoculture had a pos-
itive effect on SOC, as was observed for the TA. The unex-
pected lower values of SOC under RotCC treatment in the TH
could be related to the priming effect under the RotCC rota-
tion. Poeplau and Don (2015) mentioned that the addition of
rapidly decomposable plant material (low C/N ratio) leads to
microbial community growth, producing the breakup of more
stable compounds of old SOC as compared with the no-cover-
crop treatments.

Aggregate stability was only affected by the crop sequences
in the TA. The M treatment showed the lowest aggregate sta-
bility (both MWDFast and MWDStirr), whereas under MCC,
these two variables increased with similar values as compared
with the Rot treatment, showing the susceptibility to disag-
gregation of soil under soybean monoculture in this type of
Mollisol. In this sense, higher values of MWDFast observed
in MCC treatment are in agreement with previous reports
from the same studied region, mentioning that the addition of
fresh residues on Mollisols decrease slaking and microcrak-
ing (Cosentino et al., 2006). Behrends Kraemer et al. (2021)
showed that the presence of living roots in Mollisols from
the Pampas Region decreases the sudden rupture of aggre-
gates, increasing aggregate stability. On the other hand, in TH,
the lack of differences between crop sequences showed the
fragility of this soils to the aggregate disruption by fast wet-
ting, probably related to the low clay content, which is one
of the main variables for soil aggregation in Mollisols. These
results are in agreement with Behrends Kraemer et al. (2019)
who found no differences in MWDFast between good and poor
agricultural practices under NT in an Entic Haplustoll, while
in a TA the differences were more evident. Both soil types
increased soil aggregate stability for the stirring test, show-
ing that cohesion is one of the main stabilization mechanisms

of soil structure in the Pampas region (Novelli et al., 2013).
The TA showed higher values of MWDStirr as compared to
the TH, probably related to the higher clay content (Behrends
Kraemer et al., 2021). This test reflects the aggregates’ cohe-
sion, which is related to intrinsic soil characteristics (Kay &
Angers, 2000).

Regarding the BD, no significant differences between
treatments were observed in none of the studied soil types
(p > .05). Several authors mentioned that BD is not a sen-
sitive soil physical quality indicator in order to evaluate the
effects of rotation and cover crops (R. Alvarez et al., 2017;
Calonego et al., 2017). This is related to the fact that manage-
ment practices could improve soil aggregation, changing the
pore size distribution and configuration rather than the total
porosity and BD (Soracco et al., 2015).

3.5 Correlation analysis between soil water
capture, transport, and storage and Z-score
analysis

Through the correlation analysis, it was possible to elucidate
the relationship between the water capture, transport and stor-
age processes affected by different crops sequences. Spear-
man’s correlation coefficients between the studied soil prop-
erties for each soil type are shown in Figure 5.

Different behaviors in the relationship between the
hydraulic properties describing the water capture, transport
and storage were observed, depending on the soil type. In the
TA, a negative relationship was observed between storage and
water transport. PAWC and storage porosity showed a nega-
tive correlation with K0, εma, 𝐶wTP

, and transmission poros-
ity. Additionally, in this soil, FC was negatively correlated to
the transmission porosity. For the TH, PAWC and FC were
only negatively correlated with transmission porosity. This is
in agreement with Kreiselmeier et al. (2019) who analyzed the
evolution of soil structural porosity, and found that soils under
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VILLARREAL ET AL. 1407

F I G U R E 5 Correlation matrix (expressed in Spearman’s rank correlation coefficient) for natural log-transformed K0, K0.3, and K0.6 (hydraulic
conductivity at 0, −0.3 and −0.6 kPa water pressure head, respectively), natural log-transformed εma (water-conducting macroporosity), εme

(water-conducting mesoporosity), natural log-transformed 𝐶wTP
(total porosity connectivity), 𝐶wma

(macroporosity connectivity), Tr pores
(transmission pores, diameter between 50 and 500 μm), PAWC (plant available water content), FC (field capacity), St pores (storage pores, diameter
between 0.5 and 50 μm), S (soil water sorptivity), BD (bulk density), SOC (soil organic carbon content), MWDFast (mean weight diameter for fast
wetting), and MWDStir (mean weight diameter for stirring in water after ethanol submersion) for different studied soils (Typic Argiudoll [TA] and
Typic Hapludoll [TH]). Only correlations with p < .05 are shown

NT showed lower transmission pores but higher storage pores,
as compared with different tillage. Tarawally et al. (2004)
found that when soil compaction occurs, the storage pores
increases at the detriment of the water transmission porosi-
ties. In contrast, Imhoff et al. (2010) mentioned that soils

with better structural quality in NT systems due to a greater
proportion of graminaceous in the rotation, present higher
hydraulic active big pores, with similar water storage pore in
comparison with simplified crop rotations. On the other hand,
our results are in disagreement with Villamil et al. (2006),
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1408 VILLARREAL ET AL.

F I G U R E 6 Z score representation of the soil water capture,
transport (transp), and storage; SOC (soil organic carbon) content; and
aggregate stability (AS) for different soils (Typic Argiudoll [TA] and
Typic Hapludoll [TH]) and treatments (for the TA, soybean
monoculture [M], soybean monoculture with winter cover cropping
[vetch + barley] [MCC], and maize–wheat/soybean [Rot]; for the TH,
soybean monoculture [M], soybean monoculture with winter cover
cropping [rye] [MCC], maize–soybean [Rot], and maize–soybean with
winter cover cropping [rye] [RotCC])

who reported that the use of winter cover crops increases the
percentages of transmission pores and aeration and also is
effective in increasing storage porosity.

In the case of soil’s ability to rapidly capture water, in
both soil types a positive relationship between S and trans-
mission properties was observed. In the TA, S was related
to K0, and 𝐶wTP

CwTP, while in the TH, S was only related
to K0.3. Additionally, water capture was negatively correlated
to the storage only in the TH, where a negative relationship
between S and PAWC was observed. These results indicate
that the water capture process is related to specific pore frac-
tions. This is partially in agreement with Shaver et al. (2013)
who found increasing S values with increasing total porosity
and macroaggregation. These authors mentioned that increas-
ing crop residue accumulation produces higher water capture

via improvement in soil physical properties that are conducive
to higher water infiltration. In addition, S is a measure of the
soil wettability. It has been stated that organic coatings on soil
particles increases soil water repellency (Tillman et al., 1989).
In this sense, it is expected that SOC affects soil S. How-
ever, from our results, no correlation between S and SOC was
observed. Similar results were found by Behrends Kraemer
et al. (2019), who reported no significant correlation between
S and SOC or aggregate stability.

Finally, through the Z score analysis, it was possible to
determine that the inclusion of cover cropping management in
soybean monocultures in both studied Mollisols improves the
soil capacity to capture and transport water, but decreases the
storage capacity, as compared with different crop rotations,
partially supporting our hypothesis (Figure 6). The MCC
treatments in both soil types showed positive Z score values
for all studied characteristics, except for water storage in the
TA and water storage and aggregate stability in the TH. In con-
trast, M treatments in both soil types presented lower and neg-
ative values of Z score for the studied characteristics, showing
clearly that soybean monoculture jeopardizes Mollisols con-
servation. This is in agreement with several studies from the
Argentinean Pampas region mentioning that soil physical con-
ditions are negatively affected in soybean monocultures sys-
tems (Novelli et al., 2017; Sasal et al., 2010, 2017), which
contributes to soil degradation (Wilson et al., 2020).

Agricultural management must adapt in response to climate
change, which is causing more droughts, less water availabil-
ity, and more extreme climatic events (IPCC, 2013). Our study
evaluates robustly three key process in soil water dynam-
ics (i.e., water capture, transport, and storage), because their
determination was carried out in the same soil sample using
different approaches, providing reliable information. In this
sense, our results show that soil cover cropping inclusion dur-
ing fallow periods in soybean monocultures could be a suit-
able management in order to recover degraded soil due to over
simplified crop rotations in Mollisols, improving their ability
to capture and transport water.

4 CONCLUSIONS

The effects of cover crops inclusion on soil hydraulic prop-
erties in Mollisols from the Pampas region will be differ-
ent, depending on the soil type. Cover cropping management
in soybean monocultures, as compared with crop rotations,
increases the soil water capture only in TH and improves
the soil capacity of transport water in the TA. Addition-
ally, soybean monocultures reduce the soil’s ability to cap-
ture, transport, and store water in Mollisols from the Pam-
pas region, threating their conservation. Changes in soil water
transport are directly related to aggregate stability and SOC
content only in the TA. Increasing transport capacity in Mol-
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VILLARREAL ET AL. 1409

lisols from Pampas region reduces soil water storage. The
inclusion of cover cropping management during the fallow
period in soybean monocultures could be an appropriate agri-
cultural management in order to improve water capture and
transport in Mollisols of the Argentinean Pampas region,
especially in typic Argiudolls.
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