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Abstract: Defining the optimal sampling time across the growing season is crucial to standardize
sampling protocols for soil physical status monitoring and to achieve comparable results under
different experimental conditions and on different sites. In this study, the seasonal variability of soil
physical and hydraulic properties under two conservative soil management strategies, minimum
tillage and no-tillage, was evaluated in a long-term field experiment. On two sampling dates,
autumn 2021 and summer 2022, soil bulk density (BD) and volumetric soil water content at the time
of the experiments (0i) were measured in each experimental unit and Beerkan infiltration
experiments were performed. The soil water retention curve and the hydraulic conductivity
function were then estimated using the Beerkan estimation of soil transfer parameters (BEST)
methodology. In this way, the saturated hydraulic conductivity (Ks) and a set of capacitive
indicators —plant available water capacity (PAWC), soil macroporosity (Pmac), air capacity (AC) and
relative field capacity (RFC)—were obtained. Results underlined the role of soil moisture conditions
as a main factor affecting variability in soil physical properties. Different soil moisture under
autumn and summer samplings significantly affected BD (1.0093 and 1.1905 g cm3, respectively, in
autumn and summer) and Ks (0.0431 and 0.0492 mm s™'). Relationships observed between BEST-
derived variables, such as Pmac (or AC) and RFC, and measured variables, such as BD, showed
consistent results, with increases in Pmac to BD decreases. However, a comparison of capacity-based
indicators obtained by BEST with those obtained from measured soil water retention curves, in a
previous year but under comparable soil conditions, highlighted some discrepancies. This finding
drives the focus towards the need to use more robust datasets deriving from experimental
measurements or from coupling information obtained from measured and estimated data. Finally,
this study provided further evidence that, in the long-term field experiment investigated, the two
soil management systems allowed keeping the values of key soil physical quality indicators, such
as bulk density and saturated hydraulic conductivity, within the optimal or near- optimal reference
ranges.
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soil bulk density; saturated hydraulic conductivity; capacity-based soil indicators
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1. Introduction

In 2020, the Food and Agriculture Organization of the United Nations (FAO)
published the first version of its “Protocol for the Assessment of Sustainable Soil
Management” (FAQ, 2020). In practice, the protocol lists several key indicators and a set
of tools to assess soil functions based on its physical, chemical and biological properties
[1]. The protocol is defined as “a fundamental tool to assess if any intervention
implemented in the field, such as improvement of productive systems, innovation and
new technologies, ecosystem restoration and carbon sequestration, is carried out in a
sustainable manner according to the definition of sustainable soil management” [1].
Therefore, it could be taken into due account for agro-environmental investigations.
Among the “physical” indicators for sustainable soil management, the bulk density of the
soil was primarily mentioned, as it can account for the changes in soil structure, porosity
and compaction, and indicate how readily water, air and plant roots can move through
the soil. However, when soil degradation is caused by specific and identified threats,
additional indicators are needed to more specifically assess the impact of the implemented
management practices, including the plant-available water capacity, infiltration rate and
penetration resistance of the soil. Overall, measurements collected directly in the field
were mentioned as suitable to reflect the real physical conditions of the soil. In this view,
it is important to identify the time of the year in which evaluations, or comparisons, are
made, because the seasonal variability in the soil’s physical and hydraulic properties is a
key factor for a reliable assessment of sustainable soil management.

Knowledge of the seasonal variability in the soil’s physical and hydraulic properties
is important (or even essential) for crop modelling or to evaluate the sustainability of
cropping systems. However, it is relatively expensive both in terms of costs and
experimental efforts. The main reason lies in the fact that, for a given sampling date,
several measurements are required to consider the spatial variability of the field [2,3].
Consequently, such reasons have stimulated the scientific community to propose new
measurement techniques, or substantially improve those that are already well known, to
share relatively accurate, quick and inexpensive tools for soil hydraulic characterization
(4].

In general, several researchers (including agronomists, hydrologists, etc.) could be
interested in establishing the presence of seasonal variability in soil properties to
adequately simulate the growth cycle of crops, or for soil water optimization [5]. For this
purpose, multiple measurement dates should be planned at specific growth stages of the
crops [6-9]. A further interest could be linked to the evaluation of the temporal stability
of soil properties. In particular, for a given stage of a crop cycle (or for a given month of
the year when crops are not in place), soil properties can change over time due to the
different soil status, and soil moisture can be counted as one of the main factors in soil
properties variability over time [10]. Therefore, insights into this topic can assume
relevance when aimed at evaluating the soil property modifications as the boundary
conditions change.

The Beerkan estimation of soil transfer parameters (BEST) procedure pioneered by
Lassabatere et al. [11] allows the estimation of the hydraulic functions of the soil, i.e., water
retention curve (WRC) and hydraulic conductivity function (HCF) with a simple Beerkan-
infiltration experiment under saturated soil conditions (i.e., cumulative infiltration), and
the determination of soil particle-size distribution (PSD), soil bulk density (BD), as well as
the volumetric water content of the soil at the time of infiltration (0:). The BEST-procedure
was found to be quite accurate for estimating the main properties of the soil (WRC-HCEF)
[12] and, overall, to be suitable for applications aimed at investigating the impact of soil
management on WRC-HCF changes, or to evaluate the spatial-temporal variability of
several agricultural systems [13]. Therefore, it can be usefully applied with the aim of
performing multiple samplings in space and time. For instance, Castellini et al. [2] first
applied BEST for the spatialization of soil hydraulic properties, and then to investigate the
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relationships between soil properties and wheat yield at the field scale. This allows us to
improve agricultural resources allocation (water, fertilizers, etc.) to optimize crop yield.

No-tillage and minimum tillage (NT and MT, respectively) are soil management
systems currently valued as low-impact agro-environmental alternatives (by, among
others, Rinaldi et al. [14], Veresoglou et al. [15], Wardak et al. [16], and Ferrara et al. [17]).
However, although soil tillage represents the major source of soil structure modification
[18], the physical and hydraulic changes in soil properties also depend on variations
between the precipitation regimes (variability in soil moisture), temperature, agricultural
management (i.e., post-tillage structural evolution, plant root growth, microbial activity,
organic input), timing of sampling, etc. Therefore, measurement of the physical and
hydraulic properties of the soil should be repeated over time to consider soil structural
changes, environmental influences [19] and biophysical feedbacks [20].

The main objective of this investigation was to develop a robust field data set across
two seasons to investigate the spatial and temporal variability of some main physical and
hydraulic soil properties in a typical Mediterranean agro-environment. Specific goals of
this study were: (i) to detect possible summer-autumn temporal variability in physical
and hydraulic soil properties, and (ii) to quantify the impact of different soil
managements, i.e. minimum tillage and no-tillage, that were repeatedly applied over time
under a long-term field experiment.

2. Materials and Methods
2.1. Experimental Site

The study was carried out at the experimental farm of the Council for Agricultural
Research and Economics (CREA-AA), Foggia (Figure 1), in a long-term field experiment
performed on a monoculture of durum wheat (Triticum turgidum subsp. durum Desf.) and
on a rotation with chickpea (Cicer arietinum L.). According to USDA classification, the soil
texture is clay, with 42.7% and 27.7% of clay and silt, respectively. The climate of the area
is “accentuated thermo-Mediterranean” [21], with annual rainfall mostly concentrated
during the autumn-winter months (mean 550 mm over a 50-year period 1965-2015) [22].

CREA-AA - Council for Agrit and
41°26'46.8"N  15°30'18.9"E

Figure 1. Location of experimental farm of the Council for Agricultural Research and Economics in
Foggia, Apulian region, southern Italy.

From the 2002-2003 to the 2019-2020 growing season, a monoculture of durum wheat
(namely, 18 consecutive growing seasons) was performed to compare the effects of two
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different soil management practices, minimum tillage (MT) and no-tillage (NT). The treat-
ments were compared in a randomized complete block design (RCBD) with three repli-
cates and unit plots of 500 m2. Subsequently, from 2020-2021, each plot of the RCBD was
split into two subplots (250 m? size), where wheat was cropped in rotation with chickpea.
In this new experimental design, soil management (MT and NT) was considered as the
main-plot factor, while the crop was the subplot factor. Durum wheat and chickpea were
sown during December 2020 and March 2021, respectively. In the following year (the
2021-2022 growing season), crop rotation was managed by replacing wheat with legumes
(chickpea) and vice versa. The experimental design used over the years is schematized in
Figure 2.

I I
| 1
w W Wi cC CIWwW CIW||WIC
| 1
1 1
I I
| |
L W wlic|lctw clw|lwlc
| |
1 1
I I
| 1
W W wicC cClw CIw]||lwlc
| 1
| 1
Season 2002/2003 —Season 2019/2020 Season 2020/2021 Season 2021/2022

‘W= Durum wheat; C= Chickpea

Figure 2. Experimental design of long-term field experiment located in the farm of CREA-AA, Fog-
gia.

MT consists of a two-layer soil tillage at a 35-40 cm depth through a chisel and at 10—
15 cm through a rotary tiller combination (without the inversion of layers along the soil
profile), before the sowing of the crops; in the 2021-2022 growing season, soil tillage was
performed in December. Apart from this, NT consists of direct sowing with a special no-
till seeder, after a chemical weeding treatment. At the end of each growing season, crop
residues remained on the soil surface. All other agronomic techniques (fertilization, pest
control and weed management during crop growth) were carried out uniformly for the
two soil managements compared. Further information on plot management can be found
in Castellini et al. [23].

2.2. Soil Sampling, BEST Procedure Application and Soil Properties Determination

Soil sampling and measurements were carried out on two sampling dates: autumn
2021, before preparing the soil and sowing, and summer 2022; therefore, respectively at
the beginning and at the end of the 20212022 growing season. Six Beerkan infiltration
experiments were performed to apply the BEST-procedure for each of the 12 experimental
units and for each sampling date at spatialized points. Consequently, a total of 144 Beer-
kan runs were carried out in this investigation. Beerkan infiltrations were performed us-
ing a 15-cm inner diameter cylinder with a cutting edge that was inserted into the soil to
a depth of about 1 cm, to avoid lateral loss of ponded water. Fifteen volumes of water (200
mL each) were repeatedly poured into the ring from a height of about 2-3 cm and the time
needed for the complete infiltration of each pouring was recorded with a stopwatch. For
each infiltration point, BEST requires the sampling of undisturbed soil samples. Specifi-
cally, a soil core of 5 cm in diameter and 5 cm in height (V = 98 cm?®) was collected at the 0
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to 5 cm and 5 to 10 cm depths, to determine the soil water content at the time of the infil-
tration (0:) as well as the soil bulk density (BD). As is common for the application of the
method, 0s was estimated from the BD, assuming a soil particle density of 2.65 g cm=. The
soil particle size distribution, measured in other studies conducted on the same experi-
mental site and consisting in frequency of a 14-particle size fraction [2,24], was used to
run BEST.

Data deriving from each infiltration experiment and from soil sampling were pro-
cessed with BEST-steady to estimate the water retention curve (WRC) and hydraulic con-
ductivity function (HCF). Therefore, some physical and hydraulic soil properties were
collected in this investigation to evaluate the impact of soil management and the temporal
changes, including 0;, BD and saturated hydraulic conductivity (Ks).

Additionally, for each WRC estimated, four capacity-based indicators were deter-
mined using soil water retention values corresponding to a specific soil pressure head: the
macroporosity (Pmac), air capacity (AC), plant-available water capacity (PAWC) and rela-
tive field capacity (RFC) [25]. They were determined with the following equations:

Pyac = 05— 049 1)
AC = b5 — 0199 2)
PAWC = 0190 — 915,300 ©)]
7]
RCF = =2 (4)
O

where s, 010, O100 and 015,300 are soil water contents corresponding to pressure head 1 =0,
10, 100 and 15,300 cm.

2.3. Statistical Analysis

In this study, the Beerkan infiltration runs were considered randomized within each
plot. In addition, only the effect of soil management over the two seasons was investi-
gated. Data on the physical and hydraulic soil properties (Ks, 0i, 010, O100, O15300) and soil
quality indicators (BD, Pwmac, AC, PAWC, RFC) were tested for normality using the
Shapiro-Wilk test. Subsequently, a nested analysis of variance (ANOVA) was separately
conducted for each season considering the replicates within plots as pseudo-replicates.
The homogeneity of the variances across the sampling seasons, a condition for valid anal-
ysis of variance for combining the data from a series of experiments, was verified through
the F test [26]. When the variances were homogeneous, a combined analysis of variance
(combined ANOVA) of data was used. Conversely, when dependent variables indicated
that there was a significant difference in variance obtained from experiments repeated
over two seasons (the variance was heterogeneous), a weighted least square (WLS) anal-
ysis was run. The weights are reciprocals of the root mean square errors [26]. These new
variables were used to run a combined ANOVA. The combined ANOVA corresponded
to a nested design with two factors nested within one another [26], where the main-plot
factor was soil management, while the sub-plot factor was the sampling season. The
means of BEST parameters and capacity-based soil indicators, measured for different
times of sampling and soil management, were separated by an LSD test. The ANOVA was
conducted using R Studio software (Version 3.6.3) [27]; the F test for homogeneity of var-
iances was conducted using Microsoft Excel software (Microsoft Company, Redmond,
WA, USA). For the combined ANOVA and LSD test, MSTAT-C software (Version 2.10)
[28] was used. The coefficient of variation (CV%), computed as a relative measure of the
experimental error, was calculated for the measurements collected both across the soil
management (CVa) and across the different seasons and their interaction with the soil
management (CVs).

3. Results
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Non-homogeneous variances were recorded for BD, Ks, 010, and PAWC. Therefore,
these data were transformed. Results of the combined ANOV A showed that the soil man-
agement had significant effects on BD, Ks, and PAWC. The sampling season significantly
affected 010 and 015,300; highly significant effects were recorded for 0: and Ks, BD, 010 and
PAWC (see Table 1). The interaction between the soil management and the sampling sea-
son was not significant for all physical and hydraulic soil properties and capacity-based
indicators investigated in this study.

Table 1. Combined ANOVA carried out on soil management and sampling season for physical and
hydraulic soil properties and capacity-based indicators.

Soil Management

Parameters Soil Management Sampling Season .
xSampling Season
0i ns ** ns
Ks * ** ns
BD * $4% ns
O10 ns * ns
O100 ns ok ns
015,300 ns * ns
Pumac ns ns ns
AC ns ns ns
PAWC * o ns
RFC ns ns ns

* significant at p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001; ns = not significant. Soil manage-
ment (df) = 1; Sampling season (df) = 1; Soil management x Sampling season (df) = 1.

Minimum-tilled soil showed on average a significantly higher saturated hydraulic
conductivity (0.0497 mm s) than no-tilled soil (0.0427 mm s') and a lower bulk density
(1.0794 vs. 1.1204 g cm3, respectively; Table 2). Greater PAWC values were also recorded
in MT soil (Table 3).

0i was greater in autumn than in summer (0.3471 and 0.2912 cm?® cm™3, respectively).
Conversely, BD recorded greater mean values in summer (1.1905 g cm3) than in autumn
(1.0093 g cm3). Ks was significantly lower in autumn than in summer. The mean Ks values
ranged from 0.0345 mm s (recorded for NT in summer) to 0.0640 mm s (recorded for
MT in summer) (Table 2).

Table 2. Mean separation and coefficients of variation of variables measured in field (6;, BD) and
estimated with BEST procedure (Ks).

- 0i BD Ks
Source of Variation 5 " -
cm3 cm (g cm) (mm s7)
MT 0.3216 1.0794 b 0.0497 a
NT 0.3166 1.1204 a 0.0427 b
CV) (%) 11.0 0.9 8.8
Autumn 0.3471 a 1.0093 b 0.0431 b
Summer 0.2912 b 1.1905 a 0.0492 a
Autumn MT 0.3598 0.9913 0.0354
Autumn NT 0.3343 1.0273 0.0509
Summer MT 0.2834 1.1674 0.0640
Summer NT 0.2989 1.2135 0.0345
CVe) (%) 5.0 2.8 50.7

within each column, data followed by different letters are significantly different at a p-value of 0.05
(LSD test). CV(a) and CV ) represent, respectively, coefficients of variation calculated on the exper-
imental errors both across the soil management (CV()) and across the different seasons and their
interaction with the soil management (CV@®)).
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010, O100 and O15300 showed the greatest values in autumn. Macroporosity (Pmac), air
capacity (AC) and relative field capacity (RFC) were not significantly affected by the sam-
pling season. Mean values were 0.0216 and 0.0174 cm?® cm™ for Pmac, 0.1943 and 0.1784 cm?
cm for AC and 0.6856 and 0.6751 for RFC in autumn and summer, respectively. On the
other hand, significantly higher values of the plant-available water capacity indicator
(PAWC) were recorded in autumn (0.2780 cm?® cm2) than in summer (0.2491 cm3 cm-3)
(Table 3).

Table 3. Mean separation and coefficients of variations of volumetric soil water contents (010, G100,
015300) and capacity-based indicators.

Source of Variation O O100 015,300 Pmac AC PAWC RFC

(cm?® cm3) (cm? cm3) (cm? cm=3) (cm? cm3) (cm® cm3) (cm? cm3)  (-)

MT 0.5734 0.4017 0.1362 0.0194 0.1911 0.2650a 0.6774

NT 0.5585 0.3947 0.1314 0.0197 0.1816  0.2620b  0.6833
CV) (%) 1.8 0.7 4.7 48.4 12.0 0.6 5.7

Autumn 0.5986a 0.4249a 0.1469a 0.0216 0.1943 0.2780a 0.6856

Summer 0.5333b 0.3716b 0.1207b  0.0174 0.1784 0.2491b 0.6751

Autumn MT 0.6084 0.4359 0.1517 0.0176 0.1901 0.2842  0.6957

Autumn NT 0.5887 0.4138 0.1421 0.0256 0.1985 0.2717  0.6755

Summer MT 0.5383 0.3676 0.1207 0.0211 0.1920 0.2458  0.6591

Summer NT 0.5283 0.3756 0.1206 0.0138 0.1647 0.2523  0.6910

CV@) (%) 4.7 4.8 7.6 322 8.3 3.2 34
within each column, data followed by different letters are significantly different at a p-value of 0.05
(LSD test). CV) and CV ) represent, respectively, coefficients of variation calculated on the exper-
imental errors both across the soil management (CV()) and across the different seasons and their
interaction with the soil management (CV@)).

Figure 3 shows the differences in terms of WRC and HCF for each season of sampling
and soil management. The sampling season showed relatively greater differences than
soil management. BEST returned WRCs having lower soil water contents for the summer
season and no-tillage management, especially for 0 < || <100 mm (% >-100 mm). On the
other hand, for |1| >100 mm (k < -100 mm), more evident differences were observed only
by comparing the sampling seasons, with the soil water content values higher in autumn
than in summer. Likewise, higher discrepancies for HCFs were detected only by compar-
ing the sampling seasons, despite the fact that significant differences between MT and NT
were also recorded in terms of saturated hydraulic conductivity (Ks). Specifically, HCF
estimated in summer was higher than that estimated in autumn.

1.E+00 - b)
1.E-01 - .

& 1.E-02 -

@ 1.E-03 -

g — Autumn-NT

g LE-04 - === Autumn-MT

N LE-05 - ——Summer-NT
L.E-06 - -=-=-Summer-MT
1.E-07 T T T T )

100 1,000 10,000 100,000 02 03 0.4 05 0.6 0.7
[h| (mm) 0

Figure 3. Water retention curves (a) and hydraulic conductivity functions (b) obtained with BEST-
steady for minimum tillage (MT) and no-tillage (NT) in autumn and summer.

WRCs and HCFs relating to the interaction between the sampling season and soil
management are shown in Figure 3. Relatively lower soil water contents were shown in
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summer close to water saturation for MT and NT, while BEST returned insubstantial dif-
ferences for h <-100 mm. Although low discrepancies were observed in summer between
minimum tillage and no-tillage, soil managed with MT was more conductive in summer
and less conductive in autumn than with NT.

4. Discussion

The aim of measures repetition in large-scale experiments is to investigate the sus-
ceptibility of treatment effects to space and time variation. In our study, we mainly eval-
uated the seasonal variability in the physical and hydraulic properties of a soil, where
minimum tillage and no-tillage were used repeatedly over time in a long-term experi-
ment. Combined analysis of variance of data (combined ANOVA) was used to estimate
the average response to treatments and to test the consistency of the responses in two
different sampling times as well as the interaction of the treatment effects with the sea-
sons.

In general, measurement campaigns were selected to account for a similar time
elapsed from the last main soil tillage, so as to be relatively confident of having overtaken
the phase of rapid consolidation of the soil and, consequently, of studying relatively com-
parable soil conditions. However, the different sampling seasons, summer and autumn,
represented the prerequisite for investigating different soil moisture conditions that are
known as a main factor affecting the variability in soil physical properties. Consequently,
the effect induced by soil management (NT and MT) on the soil structure (summarized
by BD and Ks) was simultaneously evaluated.

With specific reference to the variables directly determined during the investigation
(6;, BD and Ks) and regardless of soil management, the effects of seasonality (autumn vs.
summer) were consistent with expectations. It was confirmed that the significantly higher
soil moisture contents, typical for the autumnal season, were associated with significantly
lower soil bulk density values, and with corresponding significantly lower saturated hy-
draulic conductivities. One of the main factors hypothesized for the significant differences
in BD values could be linked to the general expandability of the clay soil because, although
it was considered to be generally negligible based on several water retention laboratory
measurements, 0i values differed by a factor of 1.12 between seasons. However, the rela-
tionship between soil compaction and soil water content is well established in the litera-
ture, as a negative (inverse) correlation between 0iand BD is reported [29,30]. On the other
hand, the significant differences in saturated hydraulic conductivity between seasons
agreed with the literature (among others, Kreiselmeier et al. [8], Kool et al. [31], Kargas et
al. [32]), as well as specifically consistent with previous results obtained for the same soil,
with Ks that decreased as soil water content increased [33]. Conversely, although the di-
rect relationship between Ks and BD could not be self-explanatory or considered to be
inconsistent with the results discussed, the significantly higher soil water content in au-
tumn than summer could have reduced the soil pores space (i.e., the volume reduction in
macropores or cracks, pores occlusion, or a reduction in hydraulic continuity within po-
rosity). Overall, rigid soils (coarse-textured soils such as sandy soils) show the same soil
volume regardless of the soil water content, while finer-texture soils tend to swell (or con-
tract), depending on the degree of wetness [34]. The soil under study did not show evident
swelling characteristics in past investigations, and infiltration measurements were made
on soil surfaces without evident surface cracks. However, swelling phenomena affecting
the pore system cannot be excluded, and our findings seem to move in this direction. In
general, this plausible soil behaviour is not uncommon in the literature [35]. For instance,
Hu et al. [35], while investigating the seasonal changes in surface BD and Ks in natural
landscapes, concluded that the temporal pattern of Ks followed the temporal changes in
BD but that the opposite was not always true, because temporal changes in BD cannot
fully explain the temporal changes in Ks [35]. In other words, because BD provides a meas-
ure of the oven-dry soil mass in relation to its volume, it does not provide any information
on the pores network, i.e., volume and continuity, that characterizes the corresponding
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soil volume [25]. Therefore, although bulk density-based experimental information is
widely used or was implemented in the Protocol for the Assessment of Sustainable Soil
Management [1], it should be treated with caution because it does not always represent a
strong indicator for summarizing the dynamics of water in the soil.

Although the interaction between soil management and the sampling season was not
significant (p-value = 0.2084), the reduction in saturated hydraulic conductivity observed
in autumn under greater soil water content appeared to be on average more pronounced
under minimum tilled soil (0.0640 mm s vs. 0.354 mm s, respectively in summer and
autumn) (Table 2).

In general, relationships between BEST-derived variables and other measured varia-
bles met expectations because, for example, Pmac (or AC) increased as BD decreased [36];
in the same way, similar relationships were detected when relative field capacity was con-
sidered, as relatively higher RFC values highlight a reduced availability of soil air (and
vice versa) [37]. However, regarding the accuracy of capacity-based soil indicators ob-
tained by BEST, a further evaluation was carried out by comparing the summer data from
this investigation (BD, Puac, AC, RFC) with the corresponding measurements (i.e., from
measured soil water retention curves) carried out in the same plots in spring 2015 (see
data reported in Table 2 by Stellacci et al. [37]). Starting from very similar BD values (dif-
ferences within a factor 1.2 or 1.3 under NT or MT), the three remaining indicators
showed, on average, relatively higher discrepancies under NT (a factor of 2.3) than MT
(1.7), with the highest difference (overestimation by a factor of 4) for the air capacity under
no-tillage.

The effects of soil management, NT and MT, on the main physical (BD) and hydraulic
(Ks) soil properties were quite interesting because, starting from similar (not different) soil
moisture conditions, no-tilled soil was significantly more dense and less conductive, as
compared to MT. This is not in itself a novel result, even considering findings obtained in
the past in the same plots, applying different methods, and measures that span almost the
entire cropping season [38]. However, it provided further evidence that, in the long-term
field experiment investigated, the two soil management systems did not show substantial
differences in their physical and hydraulic behaviour, as summarized by hydraulic func-
tions (Figure 3). Furthermore, the comparison between measurements and reference val-
ues in the literature has emphasized that BD and Ks fall within the suggested optimal
thresholds to avoid risks to crops: (i) bulk density was practically always within the opti-
mal range 0.9-1.2 g cm™ [25], and (ii) saturated hydraulic conductivity was not very dis-
similar from reference values suggested by Reynolds et al. [39] for a wide range of agri-
cultural soils (i.e., 0.05-0.005 mm s), for promoting the rapid infiltration and redistribu-
tion of crop-available water, reduced surface runoff and soil erosion, and rapid drainage
of excess soil water [39].

Many soil properties exhibit a two-stage response to soil management [17,40] and
thus a complete understanding of the processes investigated requires that almost stable
conditions are obtained. In this respect, the key role of long-term field experiments is well
known and recognized [23,37,41]. In this study, as previously reported, the time elapsed
from the last main soil tillage allowed for the study of relatively comparable soil condi-
tions. Although a shift from a wheat monoculture to a wheat-legume rotation was re-
cently introduced in the experiment, the effect of the crop grown on soil hydraulic prop-
erties was not investigated in this study. A further deepening of this issue will be carried
out considering additionally the information brought by the measures repeated in each
experimental unit in order to take into account the spatial autocorrelation of the studied
variables.

5. Conclusions

Knowledge of the interaction between the seasonal and the soil use dependent vari-
ability in physical and hydraulic properties assumes a remarkable interest in crop-growth
modelling studies and in the optimization of the management of agronomic practices. In
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addition, defining the optimal sampling time across the growing season is crucial to stand-
ardize sampling protocols for soil physical status monitoring and to achieve comparable
results under different experimental conditions and at different sites.

In this study, the seasonal variability in soil physical and hydraulic properties under
minimum tillage and no-tillage, repeated over time in a long-term field experiment, was
evaluated. Results underlined the role of soil moisture conditions as a main factor affect-
ing variability in soil physical properties. Specifically, different soil moisture in autumn
and summer samplings significantly affected the bulk density and saturated hydraulic
conductivity.

Relationships observed between BEST-derived variables, such as Pmac (or AC) and
RFC, and measured variables, such as BD, showed consistent results, with increases in
macroporosity to BD decreases. However, a comparison of capacity-based indicators ob-
tained by BEST with those obtained from measured soil water retention curves, in previ-
ous investigation but under comparable soil conditions (e.g., bulk density) and soil man-
agement (both MT and NT in durum wheat), highlighted some discrepancies. This finding
drives the focus towards the need to use more robust datasets deriving from experi-
mental measurements or from coupling information derived from measured and esti-
mated data.

Finally, this study provided further evidence that the two soil management systems,
in the long-term experiment investigated, did not show substantial differences in their
physical and hydraulic behaviour and allowed us to keep the values of key soil physical
quality indicators, such as bulk density and saturated hydraulic conductivity, within op-
timal or near-optimal ranges.
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