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Abstract. One of the factors affecting the sustainable soil water management is agricultural activity, which
leads to a change in the soil hydro-physical parameters through land use. The benefits of subsoiling silty
loam soils are extant in the literature, but detailed studies of subsoiling effects on soil hydro-physical quality
(SHPQ) are limited. The field experiments were conducted on arable land in two regions of southern
Poland: i) the Racibdrz County (5 measuring points) and ii) the Krakow County (3 measuring points) from
2012 to 2015, to study the effect of subsoiling to a depth of 0.50 m and conventional tillage on the SHPQ.
For each of the selected measuring points undisturbed and disturbed soil sampling were taken. The SHPQ
parameters included bulk density (BD), total organic carbon content (TOC), air capacity (AC), plant-
available water capacity (PAW), relative field capacity (RFC), structural stability index (Stl), the Dexter's
index of soil physical quality (S) and saturated hydraulic conductivity (Ks), which was obtained from in-
situ measured. Statistical analyses showed two main groups of SHPQ indicators, of which the most sensitive
on soil subsoiling were the BD and Ks values. In general, after soil subsoiling significantly decreased
(P<0.05) of the BD values was observed in topsoil and subsoil layers, and additionally significantly
increased of the S index and Ks values but only in surface layers of soil.
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1. INTRODUCTION

It is generally recognized that the soil is a non-
renewable natural resource. Most crops need at least
10-15 cm of healthy soil to grow well. In fact, one cm
of soil can take 200-500 years to form (Schoonover
& Crim 2015; Ateh et al., 2016).

Currently, reduction of the total area of arable
lands are observed. This trend is particularly
noticeable in the European Union (EU), including in
Poland. Silt soils are fertile and have susceptibility to
shrinking and swelling. Dependent on land
cultivation and agricultural practices the soil
hydraulic and physical properties are widely
associated with the soil compaction, water movement
into the soil profile and water and air relations
(Cameira et al., 2003; Pagliai et al., 2004; Hakl et al.,
2007; Nawaz et al., 2013; Kahlon & Khurana, 2017).
Soil compaction is one form of physical degradation
it can make changes the soil structure, water and air
relationship, porosity as well as to influence rooting

plants (Hakl et al., 2007; Nawaz et al., 2013). To cope
with soil compaction farmers using subsoiling (deep
loosening of soil) and this way can alleviate high soil
compaction, increase soil water storage, facilitate
deeper rooting, and improve the availability of
subsoil resources to crops (Varsa et al., 1997; Liu et
al., 2016; Schneider et al., 2017; Feng et al., 2018;
Borek et al., 2018). Subsoiling is an important
agricultural treatment for improving yield on a loess
soil, especially in a dry year (Jin et al., 2017; Sun et
al., 2017; Liang et al., 2019). However, this method
of soil cultivation is owned by a laborious and
expensive process (Getahun et al., 2018). To date,
establishment of soil hydro-physical quality (SHPQ)
criteria based on subsoiling is difficult due to limited
of literature data.

From an agricultural-environmental point of
view, the soil as the Earth's surface, is a natural
medium for growth and development of the plants. A
key role in the production the appropriate quality and
guantity of the crop have a SHPQ (Karlen et al., 1997;
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Arshad & Martin 2001; Dexter, 2004a; Dexter,
2004b; Reynolds et al., 2009; Paluszek, 2011; Borek,
2019), which according to Paluszek (2011) SHPQ can
be defined as physical and water properties of soil
enabling to function in natural or agro- ecosystems,
contributing to obtaining a high quality and quantity
crops yields and to ensure food security in Europe and
around the world. Technical and technological
progress that we now see on a global scale also
applies to the agricultural sector. Modern agriculture
should take into account the principle of sustainable
development. There are many concepts of sustainable
agriculture in literature (Velten et al.,, 2015).
According to Schaller (1993) the sustainable
agriculture relies on more careful and efficient
farming with sensitive technologies, which they will
be able to eliminate many undesirable effects of
conventional agriculture. Sustainable agriculture
depends largely on soil quality (Moebius et al., 2007).

The soil physical quality concept and the
calculation methods are cited in the work of Dexter
(2004a, 2004b), Reynolds et al. (2008; 2009) and
Paluszek (2011, 2013). The most well-known and
widely used indicator is dry bulk density of soil (BD)
(Reynolds et al., 2009; Hakl et al., 2007; Nawaz et al.,
2013; Reynolds et al., 2008). This physical parameter
is often used as indicator of soil compaction, aeration,
strength, and ability to store and transmit water. Soils
with unfavourable air and water ratio can affect both
guantity and quality of yields, so soil air capacity (AC)
is very important indicator in sustainable agriculture
(Ferreyra et al., 2011). From an agricultural point of
view, the plant-available water capacity (PAW) is very
important soil hydraulic indicator (Reynolds et al.,
2009) used to direct determination of available water
for plants during growing season. Total organic carbon
(TOC) play a key role in the chemical and biological
quality of soil and has direct effects on soil structure
and therefore also on crop production, aeration and
water infiltration into soil profile (Mursec et al., 2018),
which can be determined by soil structural stability
index (Stl) (Pieri, 1992). To evaluate soil physical
quality Dexter proposed the use the synthetic indicator
(S index) based on soil water retention curve (SWRC)
(Dexter, 2004a; Dexter, 2004b). The soil's ability to
retain water and air relative to the total pore volume is
defined by Reynolds et al., (2008) as relative field
capacity (RFC). A very important hydro-physical
property of soils is saturated hydraulic conductivity
(Ks). The Ks is one of the most important physical
parameter of soil, especially when it comes to
modeling water flow in a porous medium, designing
devices for soil irrigation and drainage, shaping
surface runoff and water erosion, as well as in
agricultural cultivation and environmental processes

occurring in the soil profile (Kanso et al., 2018; Ottoni
etal., 2019).

The objective of this study was to investigate
the effect of subsoiling on hydro-physical quality
indicators of silty loam soils in two agriculture sites
located in the south of Poland.

2. MATERIAL AND METHODS
2.1. Study area

The study was carried out in southern Poland
(Fig. 1A) at two representative sites: i) Wojnowice,
Strzybnik and Owsiszcze objects: located near
Raciborz city in the southern region of the Silesian
state (Fig. 1B); ii) Prusy object: located near Krakdw
city in the northern region of the Matoposkie state (Fig.
1C). Both are currently the most important regions for
cereals and vegetables expansion in Poland. According
to the Polish Soil Classification (2011), WRB (2014)
and USDA soil taxonomy (ST) (1999), examined soils
were classified as: Order 3. Brown forest soils (Brown
earths, Polish: Gleby brunatnoziemne; WRB:
Cambisols; ST: Inceptisols - Udepts) in Strzybnik and
Prusy; Order 5. Brown forest podzolic soils (Soil
lessivé) (Polish: Gleby ptowoziemne; WRB: Luvisols,
Albeluvisols; ST: Alfisols - Aqualfs, Udalfs) in
Wojnowice and Owsiszcze; Order 7. Chernozemic
soils  (Polish:  Gleby czarnoziemne; WRB:
Chernozems, Phaeozems; ST: Mollisols - Aquolls,
Udolls) in Prusy.

The mean altitude of the Prusy object is
between 252.0 to 266.5 m a.s.l., whereas the mean
height of the Wojnowice, Strzybnik and Owsiszcze
objects is between 215.0 to 260.5 m a.s.l.. According
to the geographical division by Kondracki (2011), the
object Prusy is situated in the Polish Upland province
(31), in the macroregion of the Niecka Nidzianska
(342.2) and in the mesoregion of the Proszowice
Plateau (342.23), whereas the Wojnowice, Strzybnik
and Owsiszcze objects are situated in the Central
European Lowlands province (31), in the
macroregion of the Silesian Lowlands (318.5) and in
the two mesoregions: the Gtupczyce Plateau (318.58)
and the Raciborska Basin (318.59).

2.2. Meteorological Conditions

The meteorological conditions of the study
sites are presented in Table 1 and Table 2. The climate
of Poland is described as moderate transient, which
means that mixing of air masses between oceanic
climate dominating in the north and west of the
country, and continental climate in the south and east
(Kundzewicz et al., 2017).
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Figure 1. Location of study areas on the map of Poland (A); the Récibéfz object (B) and the Prusy object (C).

In terms of climate the study areas are
considered the warmest areas in this region. Such a
distribution of precipitation and air temperature causes
that a dry periods and water shortages may occur
during growing season (Ziernicka-Wojtaszek &
Kruzel, 2016). On the other hand, Stefanidis &
Chatzichristaki (2017) reported that less rainfall means
less soil erosion in sculptured area.

2.3. Field experiment and field tests

In the field experiment, a 7-tines passive
subsoiler from Maschio was used in Wojnowice,
Strzybnik and Owsiszcze, while a 3-tines passive
subsoiler was used in Prusy. The effective operating

depth of the working elements of the two subsoilers
was the same i.e. 50 cm, and each of the tines/coulters
were spaced of 50 cm. The dates when the study and
subsoiling treatment were performed are given in
Table 3.

At each sampling point, small soil pits were
opened to collect disturbed and undisturbed soil
samples from top- and subsoil (0-25 and 25-50 cm).

In-situ, at a depth of 0-25 cm (topsoil) and 25—
50 cm (subsoil), the soil saturated hydraulic
conductivity (Ks) was measured using double-ring
infiltrometer (DRI) metod. The DRI consists of an inner
ring of 9.5 cm diameter and an outer ring of 19.5 cm
diameter inserted into the ground at 10 cm depth by
using falling weight type hammer strikingon a wooden

Table 1. Precipitation totals in study years as against multiannual (1971-2000)*.

Year / Months Sum
period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan-Dec

precipitation totals [mm] for the Racib6rz meteorological station

2012 4 24 18 41 3% 75 8 69 58 81 37 18 586

2013 4 29 36 21 132 110 14 48 99 24 31 9 597

2014 21 16 23 27 137 75 58 92 127 35 18 16 645

1971-2000 28 26 32 45 67 79 94 74 56 41 40 34 616
precipitation totals [mm] for the Krakéw meteorological station

2013 59 25 41 12 87 184 27 21 86 14 67 21 644

2014 38 18 31 39 110 64 77 91 67 32 35 24 626

2015 49 26 41 33 102 36 42 68 68 26 56 5 551

1971-2000 35 30 35 50 74 94 8 76 60 50 40 38 663

*acc. to IMGW - Institute of Meteorology and Water Management
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Table 2. Mean air temperatures in study years as against multiannual (1971-2000)*.

Year / Months Mean
period Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan-Dec
Mean air temperature [°C] for the Raciborz meteorological station

2012 -03 -56 54 99 153 177 199 191 147 90 65 -11 9.2
2013 -22 -02 01 90 138 169 197 191 126 108 55 27 9.0
2014 06 40 69 108 138 163 204 174 156 111 7.1 1.6 10.5
1971-2000 -13 -02 38 82 135 161 178 177 136 9.0 36 0.2 8.5
Mean air temperature [°C] for the Krakéw meteorological station
2013 -24 -05 -09 89 143 175 196 191 121 101 49 13 8.7
2014 -12 22 6.6 103 139 163 204 175 151 96 6.0 11 9.8
2015 11 06 47 88 131 176 206 215 151 7.7 54 40 10.0
1971-2000 -23 -09 31 80 134 162 178 175 132 84 28 -06 8.1
* acc. to IMGW - Institute of Meteorology and Water Management
Table 3. Dates of field tests.
Date of the: Wojnowice Strzyl\lbz;:nke 5 theot\?:;isozty;ec - Prusy
study in the no subsoiling field Jun 2012 Jun 2012 Jul 2014 Apr 2011/Apr 2015
subsoiling treatment Oct 2011 Oct 2011 Sep 2014 Sep 2014
study in the subsoiling field Jun 2012 Jun 2012 Oct 2014 Oct 2014/Apr 2015

plank placed on top of ring uniformly without or undue
disturbance to soil surface. Each ring of the infiltrometer
was filled up with a constant head of water level and the
outher ring helps to check the lateral flow from the
inside ring which can estimate better Ks reducing losses.
The Ks can be estimated when water flow rate inside the
inner ring comes to a steady state (Islam et al., 2017),
which in the case of the studied soils lasted about 3
hours.

2.4. Laboratory Analysis

In the laboratory, the particle size distribution of
examined soils were determined on the based on
disturbed soil samples using the Bouyoucose—
Casagrande areometric method modified by Proszynski
(PN-R-04032:1998). The contents of main fractions of
soil, such as: sand (2.0-0.05 mm), silt (0.05-0.002 mm)
and clay (< 0.002 mm) were determined according to
the USDA classification (1999). The BD was calculated
by the gravimetric method in Kopecky's cylinders. The
total organic carbon content (TOC) was calculated by
Tiurin's method from disturbed soil samples and passed
through the sieve a 0.25 mm (Ostrowska et al., 1991).
The total plant-available water capacity (PAW) was
determined as difference between the moisture retained
at at —33 kPa representing field capacity (FC, pF 2.5)
and —1500 kPa representing the permanent wilting point
(PWP, pF 4.2) using set for pF determination with
ceramic plates in the 5 and 15 bar pressure plate

extractor. The pressure plate equipment used in this
study is made by American Soil Moisture Equipment
Corporation. In engineering practice, soil suction has
usually been calculated in pF units (Schofield, 1935).

2.5. Review of Selected Soil Hydro-Physical
Quiality Indicators

Used in this paper SHPQ indicators with
equations (Eg. 1-8) and ranges/classes of soil quality
are presented in Table 4.

2.6. Statistical Analysis

All data sets obtained before and after
subsoiling were submitted to descriptive statistics
(mean, median, standard deviation, coefficient of
variation, and maximum and minimum values) and to
the Shapiro-Wilk test, at the 5% significance level, to
check the normality of each data distribution. To
determine the overall effect of subsoiling on all data
sets, paired t tests were performed (Montgomery et
al.,, 2003). For normal data distributions, the
hypothesis of the applied test was parametric (t
statistics), and for non-normal distributions, the test
was nonparametric (Wilcoxon test). The coefficient
of variation (CV) of each data set was classified
according to Wilding & Drees (1983): CV<15% —
low variability of the data set around their mean;
15% < CV <35% — moderate variability; and
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Table 4. Characteristics of selected SHPQ indicators with calculation equations and ranges.
Bulk density (BD):

M
BD=¢ (Mg:m~) (1)
Where: M — the mass of dry soil wight (Mg); V — the soil volume (m?).
BD < 1.30 Mgm~ - ideal for SiL (USDA, 1999); BD ~ 1.60 Mg'm™ — marginal; BD>1.75 Mg-m™ - restrictive
(Reynolds et al., 2009; Drewry et al., 2008).
Air capacity (AC):

AC =0 - Orc (m3-m‘3) (2)

where: 0s — the saturated volumetric water content or soil porosity (m3m=3); 0rc — the volumetric water content
corresponding to the field capacity at pF = 2.5 (m3-m™3).
AC > 0.10 m®m~—- ideal for arable soils (Reynolds et al. 2009)
Plant-available water capacity (PAW):

PAW = ch - epwp (m3-m‘3) (3)
where: Orc — field capacity at pF 2.5 (m3m3), Opwe — the permanent wilting point water content at pF 4.2 (m3m-3).
PAW > 0.20 m®m= - ideal; 0.15 < PAW < 0.20 m3m=- good 0.10 < PAW < 0.15 m3®m~3 - limited; PAW < 0.10
m3-m~3 — poor (Reynolds et al., 2009).
Relative field capacity (RFC):

RFC = JF¢ -) @)
Os

where: Orc — field capacity at pF 2.5 (m3m); 0, — saturated volumetric water content at pF 0 (m3m-3).
0.6 <RFC < (.7 — optimal; RFC < 0.6 — limited water; RFC > 0.7 — limited aeration (Reynolds et al. 2009).
Soil structural stability index (Stl):

_ 1.724-TOC
~ (silt+ clay)
where: TOC - the soil total organic carbon content (%); clay + silt — the soil's combined clay and silt content (%).

Stl < 5% structurally degraded soil 5% < Stl < 7% high risk of soil structural degradation; 7% < Stl < 9% low risk of
soil structural degradation; Stl > 9% indicates sufficient TOC to maintain the structural stability (Pieri, 1992; Reynolds
et al. 2009).

Total organic carbon (TOC):

stl - 100 (%) (5)

(M{=M,) -n-0.003
TOC = 3 -100 (%) (6)
where: M; and M, — volume of Mohr salt used for titration of the control and soil samples, respectively (cm®); n — titer
of Mohr's salt solution; 0.003 — milligram carbon equivalent; a — weight of soil sample (g); 100 — percentage
conversion.
TOC within range 3-5% is optimal for arable soils (Reynolds et al. 2009).
S index by Dexter:

2n-116-2
$=-n0ube) [ )
where: Osst and Ores — saturated and residual water contents in gravimetric units (kg-kg™?); n — the shape parameter of
soil water characteristic (from RETC).
S > 0.050 — very good soil quality; 0.035 < S < 0.050 — good; 0.020 < S < 0.035 — poor; S < 0.020 — very poor or
degraded physical quality (Van Genuchten, 1980; Dexter, 2004a and 2004b; Castellini et al., 2013).

Soil saturated hydraulic conductivity (Ks):
L
K=~ 1o (m- dayl) (8)
where: Q — the rate of flow (m? - day?); L — the length of the specimen (m); A — the cross section area of specimen
(m?); AH - the constant hydraulic head causing flow (m) (Darcy, 1856).
optimal Ks values for agriculture soils within the range 0.5-5 m-day™! to promote a rapid infiltration and redistribution
of plant available water (Reynolds et al., 2009)

CV>35% - high variability. Further, a Spearman “very weak correlation”, 0.20-0.39 “weak”, 0.40-
correlation test was conducted to evaluate the effect  0.59 “moderate” 0.60-0.79 “strong” and 0.80-1.0
of subsoiling on the relationship between each pair of ~ “very strong”. Cluster analysis was performed using
variables. The strength of the correlation was Euclidean distance and the Ward's method to identify
assessment using the following range: 0.00-0.19 similar groups of indicators before and after
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subsoiling. These analyses were performed using the
statistical package Statistica PL (version 12.5) with a
5% significance level.

3. RESULTS AND DISCUSSION

According to USDA (1999) soil texture
classification system (Fig. 2) and particle-size
analysis of soil, 100% of the samples were silt soils.
All samples were characterized as silty loam (100%)
with an average content of 20% sand, 67% silt, and
13% clay. In generally, soil particle-size distribution,
is one of the most important soil physical properties,
and have great importance to soil hydro-physical
guality (Hu et al., 2011). The high silt content is
characteristics to a loess soils, which are among the
most fertile in the world, principally because the
abundance of silt particles ensures a good air and
water relationship in soil profile (Catt, 2001).
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Figure 2. Distribution of soil samples in the USDA textural
triangle.

Basic descriptive statistics and probabilities (P)
of the paired t test or Wilcoxon test for selected SHPQ
indicators are shown in Table 5 and Table 6. The mean
and median values of all evaluated data sets were
altered due to the intense soil disturbance of the topsoil
(0-25 cm) and the subsoil (25-50 ¢cm) during to the
subsoiling treatment. Among the analyzed properties,
the most frequently estimated as ideal or good/optimal
were the following: soil bulk density, plant available
water content, S index and the saturated hydraulic
conductivity (Table 5 and 6; Fig. 3). Those indicators
were also sensitive to changes in soil structure due to
subsoiling (Peixoto et al., 2019). Both before and after
subsoiling the high variability CV were observed in Ks
and the low variability in BD values. The most
significantly altered indicators (P < 0.05) were

observed BD, S and Ks in top layers of examined soils
and BD in sub layers of soil (Table 5 and 6). Subsoiling
contributed to a decrease of the mean values of soil
compaction (BD) in the topsoil and in the subsoil of
7.0% and 3.1%, respectively (Table 5 and 6; Fig. 3A).
Soil compaction increased with depth. Other results
showed that soil compaction has an adverse effect on
some hydro-physical properties, which have an
adverse effect on quantity and quality of yields as well
as water and nutrient use efficiencies by crops (Ishaq
et al., 2001; Mari et al., 2008). Schneider et al., (2017)
and Feng et al., (2018) observed that deep tillage of soil
without furrow inverts influence on decrease of bulk
density. In consequence, the farmers are saving energy
and tend to reduce production costs. Abu-Hamdeh
(2003) based on the results of its investigation,
reported that subsoiling is a method to alleviate or
reduce effects of soil compaction. Sun et al. (2017)
reported that subsoiling could affecting the root system
distribution and could create favourable conditions for
root growth. Botta et al., (2006) and Liu et al., (2016)
informed that the soil re-compaction is visible again
after just 2 years. Therefore, the subsoiling procedure
should be re-implemented. According to Ma et al.,
(2015) soil loosened improves water retention
capacity, especially in subsoil layers and significantly
decreased soil moisture content in topsoil layers.
Abidela Hussein et al., (2019) noticed that the
posttreatment bulk density of subsoiling was
significantly less than in the traditional tillage systems,
which plays an important role on fields with plenty of
tramlines.

The mean values of AC were very low in all
layers the soils in the traditional cultivation, ranging
from 0.079 m3m= in top soil to 0.071 m3*m= in sub soil
(Table 5 and 6; Fig. 3B). However, after subsoiling
recorded the highest mean value of AC (0.104 m®*m?),
but only in top soil, which was already very close to the
critical limit. The effects of soil loosening on AC is
visible in this study and a similar situation was observed
by Lozano et al., (2016).

The mean values of PAW ranged from 0.218
m3m=2in top soil layers to 0.222 m*m=in sub soil layers
under traditional cultivation. The subsoiling leds to a
decrease of approximately 5% of the PAW (Table 5 and
6; Fig. 3C), associated with partial drainage of wet soil
(Bogdat et al., 2016). In both cases, the PAW values
showed that silty loam soils are ideal (>0.20 m3m®) for
maximum root growth and function.

The RFC values were poor and higher than the
upper limit of the optimal interval (RFC = 0.7) for
both layers — whether before or after the subsoiling
(Table 5 and 6; Fig. 3D). Investigated soils are
insufficient aerated to ensure appropriate amount of
air in root zone and demonstrate poor ability to rapid
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Table 5. Basic descriptive statistics and probabilities (P) of the paired t test (t) or Wilcoxon test (W) for selected
SHPQ indicators for layers of 0—25 cm before (T) and after (S) subsoiling.

SI:dF;g Unit n Min. Max. Mean Median SD (EA)V) P
Mg Y m o L 1s 0w oo O%
ACmrt O oms ome o104 o1 oo as OO
PAW mmt O 10 Clg oze  oms o oo 1wy OA
RFC = ¢ 1o a0 oso oms  omo o s OB
TC %o 1o g% 10 om  o0e o1  ss 0%
W% ¢ om s 1 16 om  zm  O3%
S B T 16 0.052 0.080 0.067 0.067 0.01 9.53 0.0157W
S 16 0.048 0.101 0.078 0.082 0.02 21.41
A T T T T TRt W

Note: bold type indicates significant correlations at P < 0.05

Table 6. Basic descriptive statistics and probabilities (P) of the paired t test (t) or Wilcoxon test (W) for selected
soil SHPQ indicators for layers of 25-50 cm before (T) and after (S) subsoiling.

SHPQ Unit n Min. Max. Mean Median SD cv P
Index (%)
T 20 153 1.70 1.60 1.60 0.06 3.64
3 t
BD Mg-m S 20 145 1.65 155 1.56 0.06 3gp 00003
T 19 0034 0142 0071  0.059 0.03 42.76
3. m-3 w
AC m=m s 19 0031 0148 0075 0071 0.04 a901 05461
T 19 0134 0287 0222 0235 0.04 16.95
3.m-3 W
PAW m=m s 19 0134 0250 0216  0.231 0.04 1713 01198
T 19 0700 0920 0824 0840 0.06 753
_ W
RFC s 19 0680 0920 0825 0830 0.08 916 006026
T 16 014 0.68 0.32 0.25 0.16 50.39
0, t
ToC % s 16 011 0.68 0.34 0.34 0.16 agas 0277
T 16 0.26 1.47 0.68 0.52 0.36 52.78
0, t
st % s 16 021 1.47 0.71 0.72 0.36 so71 025
. ) T 16 0032 0080 0063 0062 0.01 2042 oo
s 16 0053 0081 0066  0.067 0.01 8.95 :
T 16 007 3.99 0.87 0.50 103 11832
. 1 w
Ks m-day s 16 0.16 8.99 1.69 1.03 232 13743 007

Note: bold type indicates significant correlations at P < 0.05

drainage of excess soil water (Reynolds et al., 2003),
which can lead to the onset of anaerobic conditions in
soil profile for most of the growing season (Olness et
al., 1998). In this study after subsoiling the RFC
values were decreased but not significant.

The TOC (< 3%) and Stl (< 5%) indicates a
structurally degraded soil (Table 5 and 6; Fig. 3E and
3F). Shahab et al. (2013) reported that relatively high
organic carbon contents could improve pore size
distribution and finally affect on water storage. How

important is the organic materials in soil to increase
water retention in rural areas, especially in light soils,
informed Seker & Manirakiza, (2020).

The obtained S index values of all soils under
study show a very good hydro-physical conditions
(Table 5 and 6; Fig. 3G). In general, the silt loam soils
(“loess soils™) are characterized by a good ability
water retention (Paluszek, 2013). Dynamic SHPQ
indicators such as Ks and AC were affected by the
subsoiling. However, static SHPQ indicators such as
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PAW and S index (calculated from the water retention
curve) were not capable of distinguishing effects
among treatments. In general, the highest S values
were found in subsoiling soils suggesting that Dexter’s
S-index is improved by decrease bulk density and
increase air capacity promoted by soil cultivation
(Lozano et al., 2016).

In this study, the positive effect of soil
subsoiling was observed in the case of increase of Ks
values in both layers of 380% for topsoil and 94% for
subsoil (Table 5 and 6; Fig. 3H). This emphasises the
important role that subsoiling can play in mitigating
water erosion loess soils (Kruk, 2017). On the basis
of a study carried out by Wang et al., (2014)
subsoiling enhance soil structure and improved
infiltration. Liang et al., (2019) demonstrated that
subsoiling can contribute to increasing the soil water
retention. The study carried out by Wang et al.,
(2019) provided valuable information on soil
sustainable use and management in loess soil.

Results of correlation analysis (for all layers
before and after subsoiling) are reported in Tables 7 and

8. For soil before subsoiling significant correlations
were observed between BD and S index with a negative
relationship (r = -0.65, P < 0.05). Overall, soil variables
shown interesting relationships. As concerns capacitive
indicators derived from the soil water retention curve, a
strong negative correlation was found between RFC and
AC (r=-0.99, P < 0.05) as observed also in studies by
Castellini et al., (2019). The PAW was strongly
negatively related to AC (r =-0.58, P < 0.05) —a similar
relationship has been observed by Zangiabadi et al.,
(2017), but strongly positively related to RFC (r = 0.62,
P < 0.05). Moderate and strong correlation are observed
between silt content and PAW, AC, RFC and Ks, with
a positive and negative relationship respectively (r =
0.54, -0.51, 0.51 and -0.68 at P <0.05); in addition, clay
content was positively correlated with S index (r = 0.52,
P < 0.05). Neither static and dynamic indicators to
evaluate SHPQ not correlated significantly with the
saturated Ks; however, the silt and clay contents showed
significant correlation with Ks, but only before
subsoiling.

Table 7. Correlation matrix (Spearman Rho) for the soil before subsoiling.

Variables: BD PAW  AC RFC S STI TOC Ks sand silt clay
BD 1.00
PAW -0.16  1.00
AC -0.17 -0.58 1.00
RFC 0.08 0.62 -0.99 1.00
S -0.65 0.05 044 -0.35 1.00
Stl -022 -031 020 -0.14 0.18 1.00
TOC -023 -026 011 -0.05 0.17 0.99 1.00
Ks 020 -012 0.03 -004 -0.17 -015 -0.18 1.00
sand 025 -040 030 -031 -0.27 0.35 0.31 0.48 1.00
silt -029 054 -051 051 032 -041 -0.37 -068 -0.87 1.00
clay -049 049 -010 014 052 -0.32 -028 -056 -082 0.74 1.00
Note: bold type indicates significant correlations at P < 0.05
Table 8. Correlation matrix (Spearman Rho) for the soil after subsoiling.
Variables: BD PAW AC RFC S Stl TOC Ks sand silt clay
BD 1.00
PAW 0.00 1.00
AC -0.51 -0.73 1.00
RFC 0.48 0.79 -096 1.00
S -0.79 -0.05 058 -051 1.00
Stl -0.16 -0.20 0.26 -0.18 0.02 1.00
TOC -0.18 -0.15 025 -0.15 0.07 0.99 1.00
Ks -0.21  0.03 0.07 -0.08 0.25 0.07 0.08 1.00
sand -0.03 -043 047 -040 0.16 0.37 0.37 -0.09 1.00
silt -0.06 049 -045 039 -001 -038 -040 014 -095 1.00
clay 0.20 042 -049 043 -040 -036 -029 -030 -0.77 0.60 1.00

Note: bold type indicates significant correlations at P < 0.05
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Figure 4. Dendrogram based on Ward's method considering evaluated soil hydro-physical indicators before (A) and
after (B) subsoiling.

An interesting relationship was observed after
subsoiling treatment. Loosening of the soil profile
and reduce the compactness of the BD had affected
significant on the three capacitive indicators (r = -
0.51, 0.48 and -0.79, respectively for AC, RFC and S
index) (Ghaemi et al., 2014). In addition, a negative
correlation, although not significant (r = -0.21, P >
0.05), was found with Ks.

The levels of similarity are represented using a
dendrogram based on cluster analysis and the Ward's
method (Fig. 4). In this study observed two groups of
indicators: similarity among BD, PAW and RFC as
well as among AC, S index, Stl and TOC. Also noted
the highest dissimilarity of Ks regarding the other
indicators. This indicator changes group after
subsoiling (Fig. 4B). Zhang et al. (2019) reported that
greater macroporosity (~AC) affects the hydraulic
conductivity of saturated soil in the field (Ks). In both
cases high similarity was found between Stl and
TOC. Both statistical correlations and cluster analysis
presented results that corroborate each other.

4. CONCLUSIONS

The results of the research showed a positive
and negative effects of subsoiling in a silty loam soils.
Not all indicators show the very good or optimal
levels of soil quality, it is therefore important that
cumulative effects are comprehensively assessed
with  different soil  properties. Compaction
significantly deteriorated a silty loam soils physical
guality, by, for example, decreasing AC, water
retention expressed by the S index, and Ks. This study
demonstrated that using subsoiling in a compacted
silty loam soils leads to changes the most of their
hydro-physical quality. These data show that
subsoiling tillage can loosen the soil, fracture the
plough pan, increase the availability and infiltration
of soil moisture in subsoil layers. So, application of
soil subsoiling, especially the loess soil, can improve

physical and hydrological properties of silt-textured
soils and reduce their compaction and increase water
drainage by modification of Ks.

Some of soil hydro-physical properties are
strongly associated with their particle size
distribution and determined by soil pedogenesis. The
effects of soil subsoiling are available in the literature,
but now the climate change and sustainability of soil
water management should be addressed. This
highlights the need to consider the short-term changes
in soil hydro-physical properties when modeling soil—-
crop systems.

Monitoring of soil hydro-physical quality in
the agroecosystems is an important part of the
diagnosis process of tillage systems in land-use,
especially soil subsoiling because is laborious and
expensive tillage system.
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