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Abstract: Tillage practices can influence the pore size distribution (PSD) of the soil, affecting soil
physical and hydraulic properties as well as processes that are essential for plant growth, soil hydrology,
environmental studies and modeling. A study was conducted to assess the effect of no-tillage (NT)
and conventional tillage (CT) on PSD derived from soil-water retention curves (SWRCs) using the van
Genuchten’s equation (vG) at 0-15 cm and 15-30 cm depths in a sandy loam soil. Values of PSD or
slopes (C(h)) were calculated from the SWRCs by differentiating the vG equation. Soil water retention
curves under both tillage systems and within two depths were determined using the evaporation
HYPROP method. The vG equation was well fitted to measured soil water retention data. The diameter
(D) of soil pores retaining water at various matric suctions (/1) of water in soils was calculated by
the capillary equation. A significant effect of tillage on soil PSD was observed in the macro-pore
(D >1000 um, at | 1| <3 hPa) and meso-pore (D between 10 and 1000 um, at | 2| between 300 and 3 hPa)
size classes, while the micro-pores size class (D < 10 um, at |2 > 300 hPa) was unaffected at the 0-15 and
15-30 cm depths. Larger values of C(h) or PSD in CT were associated with greater soil loosening induced
by the CT operations and greater proportion of large pores (structural porosity) occurred in soils under
CT compared to soils under NT. Macro-pore and meso-pore proportions were significantly greater in
soils under CT than in soils under NT within both soil depths. The hydraulic parameters of the vG
equation and its derivative function can be used to compare soil-water retention curves and pore size
distributions between soils under untilled and tilled conditions.

Keywords: pore size distribution; soil-water retention curve; van Genutchen equation; no-tillage;
conventional tillage

1. Introduction

Knowledge of the soil-water retention curve (SWRC) and pore size distribution is
crucial for many soil-water flow modeling, irrigation management, and hydrological and
environmental studies [1-5]. The SWRC is a non-linear relationship between soil-water
potential and volumetric water content [1,2,5]. As water content decreases, soil matric
potential decreases negatively and as a result, water is held more strongly to soil matrix.
The shape of the curve is related to particle size and pore size distributions in the soil [2,6].

Tillage practices can considerably change soil physical and hydraulic properties in-
cluding SWRC parameters, pore size distribution, and total porosity due to soil mechanical
disturbance [5,7-10].

Hill et al. [11] found that after two years of continuous corn at one study site, soils
under reduced tillage management retained more water, regardless of matric potential
than soils that were conventionally tilled. Meanwhile, no significant differences were
found among tillage treatments after eight years of continuous corn at the second location.
They also found that conventional tillage resulted in a greater proportion of large pores
compared with soils under conservation tillage. More recently, Josa et al. [12] studied
the influence of different tillage systems on soil macro-pore size and shape in the surface
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layer. They found a higher proportion of macro-pores distribution and variability in
conventional tillage compared to no-tillage in the topsoil layer. Conversely, Galdos et al. [13]
determined that soil macro-porosity was higher in no-tillage (19.7%) than conventional
tillage (14.3%), whereas, Pranagal et al. [14] found that soil macro-porosity (>20 pm) and
pore size distribution were not significantly affected by tillage at 0-10 cm and 10-20 cm
depths in loam and silt loam soils over a 7-yr period. In another study, Azooz et al. [15]
concluded that the volume fraction of total porosity with pores >150 um in diameter were
greater under no-tillage than under conventional tillage in silt loam and sandy loam soils.
Pena-Sancho et al. [16] concluded that tillage had a significant effect on the shape of the
SWRC curve, pore size distribution, and other soil hydraulic properties. Furthermore,
Weninger et al. [17] studied the effect of tillage on pore system in silt textured soils. Their
pore size distribution results revealed a distinct lack of large pores in untilled soils compared
to conventionally tilled soils.

Recently, Jabro and Stevens [5] found that the estimated hydraulic parameters of a
SWRC for a sandy loam soil were greater under conventional tillage than under no-tillage
due to soil loosening induced by tillage operations, thereby forming macro-pores and
increasing pore volume.

To our knowledge, there are no or limited studies that evaluate the effect of different
tillage practices on soil hydraulic properties under a corn-soybean rotation in the North-
ern Great Plains region of the USA. Further, the above conflicting results indicate the
need for additional research to understand how different tillage practices can influence
the SWRC’s estimated hydraulic parameters, pore size distribution, and other hydraulic
properties. Thus, the objective of this study was to evaluate the effect of no-tillage (NT)
and conventional tillage (CT) practices on pore size distribution (PSD) derived from the
SWRC using the van Genuchten’s equation (vG) in a sandy loam soil within the 0-15 and
15-30 cm depths. We hypothesized that soil PSD values would differ between untilled and
conventionally tilled soils.

2. Materials and Methods
2.1. Site Characteristics and Experimental Design

The 4-yr study was initiated in 2014 on a Lihen sandy loam soil (sandy, mixed, frigid
Entic Haplustoll) at a North Dakota State University irrigated research farm in western
North Dakota (ND), USA (48.1640 N, 103.0986 W, altitude 560 m). It was a portion of a
long-term comprehensive cropping systems study. The average amounts of sand, silt, and
clay were approximately 71, 16, and 13% for the 0-15 cm depth and 74, 14, and 12% for the
15-30 cm depth, respectively. The soil structure ranged between weak fine platy to massive
or single grain in the A-horizon [5,18].

Research plots for the original cropping systems study were arranged as a split-plot
of rotation and tillage treatments in a randomized complete block design with each phase
of the rotation and tillage present each year. The whole plot treatment was the crop
rotation of corn (Zea mays L.)-soybean (Glycine max [L.]) and subplot treatments were
two tillage practices including no-tillage (NT) and conventional tillage (CT) in sub-plots
(24 m long by15 m wide) that were randomly replicated in five blocks [5,18,19]. The two
tillage management systems used in this study were CT and NT or direct seeding. The CT
treatment comprised of one pass with a tandem disk at 7 cm deep. Two passes were then
made with a ripper with 7 shanks spaced 60 cm apart. The shanks were fitted with shatter
blocks and shatter wings to help loosen the soil between the shanks. A tine leveler and
rolling mulcher were mounted behind the ripper shanks. The ripper was set to till 30 cm
deep. The tilled plots received a finishing pass with a cultipacker [18,19].

Furthermore, Jabro et al. [18,19] provided detailed information regarding tillage op-
erations, planting, fertilizer applications, corn and soybean varieties, irrigation amounts,
weed control, and other farming activities.



Water 2022, 14, 3517

30f10

2.2. Soil Sampling, Sample Preparation, Procedure and Measurement

Undisturbed soil cores were collected from 0-15 cm and 15-30 cm depths using
stainless steel cylinders (8 cm in diameter and 5 cm in height) in corn rows at one sample
per plot in the fall of 2014, 2015, 2016, and 2017 (total of 5 measurements or replications
per tillage for each depth and year). Soil water retention curves were determined using
the evaporation HYPROP method [20,21]. Details regarding soil core sampling, dates of
sampling, sample preparation, HYPROP procedure and measurements were provided in
Jabro and Stevens [5].

2.3. The van Genuchten and Capillary Rise Equations

The van Genuchten (vG) equation [22] is often used to define the SWRC function in
unsaturated soils. The vG equation is expressed as:

1

1 1=
0= [95 - 97)} |:1—i—(¢x|h|)n:| + 9;«, forh <0 (1)
0=06,, forh >0 2

where 0 is the water content (cm3 cm’3), h is the matric potential (cm), 65 is the water
content at saturation (c:rn3 cm’3), 0, is the residual water content (Cm3 Cm’3), « is the
scaling parameter (cm™!), n is a fitting dimensionless parameter, related to curve shape,
porosity and pore size distribution.
Detailed definitions of Equation (1) were given in Jabro and Stevens [5].
Differentiation of Equation (1) with respect to matric potential (k), provides a quantita-
tive measure of change in slope of the SWRC, as:
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The Z—Z is generally termed the differential or specific water capacity [23,24] that is
estimated from the SWRC and is related to soil-water storage and availability to plants.
The slope is defined as the rate at which water content decreases per unit suction increase
(C(h) = %), noted as the specific water capacity, cm~!). The a parameter is inversely
related to the maximum value of slope (C(h)) in Equation (3) according to [25,26].

Equation (3) can be used to calculate the slope of the SWRC for any given h value.
Soil hydraulic parameters to be used for the study site in Equation (3) are presented in
Table 1. This approach has been widely used for quantifying pore size distribution in
various soils [8,26-28].

The maximum equivalent diameter (D) of soil pores retaining water at potential (k) of
water in soils was calculated by the capillary equation [26,29,30] as:

_ 4ocosA
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where D is the soil pore diameter (cm), ¢ is the surface tension of water, A is the con-
tact angle between water and pore wall or the wetting angle, & is soil water potential
(cm), g is acceleration due to gravity, py, is the density of water. For water at 20 °C, o is
72.86 dyne/cm or g/s%, Ais 0 and cos A is 1, g is 980.7 cm/s?, and py, is 0.998 g/cm3. By
inserting these constant values, Equation (4) can be simplified as:

0.3

D%W (5)
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Further, Equation (5) can be rewritten as:

3000

D~ ——
I

(6)
where D is the soil pore diameter (um). Equation (6) can be used to calculate the diameter of
the largest equivalent pore size for soils or porous media at any given soil water potential.

Table 1. Parameters of the van Genuchten model of the soil-water retention curve for a sandy loam
soil at 0-15, and 15-30 cm depths averages under no-tillage (NT) and conventional tillage (CT).
The o parameter is related to the inverse matric potential at inflection point (cm™1); 1 is associated
with pore size distribution; 6, is the residual water content (cm® em™3); and 6 is water content at
saturation (cm® cm~3). Each value is an average of 20 measurements (average of 4 years of data and
5 replications per treatment at each depth). After Jabro and Stevens (2022).

Depth Tillage o n 0, 0s
(cm—1) (cm3 cm—3) (cm3 cm—3)
0-15 NT 0.0229 (0.0064) 1.737 (0.255) 0.0724 (0.034) 0.3906 (0.0289)
CT 0.0263 (0.0065) 1.823 (0.349) 0.0649 (0.031) 0.4164 (0.0285)
15-30 NT 0.0172 2 (0.0059) 1.736 (0.250) 0.0539 (0.034) 0.3581 2 (0.0127)
CT 0.0238 ® (0.0049) 1.842 (0.363) 0.0606 (0.036) 03973 (0.0311)

Note(s): Different letters within a soil depth indicates significant at p < 0.05. Numbers between parentheses
represent standard deviations.

2.4. Statistical Analyses

A mixed model was used to assess the effect of tillage on soil hydraulic parameters
of SWRCs [31]. Tillage treatment was considered a fixed effect and replication a random
effect. A paired t-test using of SAS software [31] was also used to compare the slopes of the
curves and pore size distribution results between two tillage systems. The least significant
differences were used to compare between tillage treatments means at p < 0.05.

3. Results and Discussion

Averages of measured SWRC data obtained by the HYPROP system and their fitted
hydraulic parameters across 2014, 2015, 2016, and 2017 at 0-15 cm and 15-30 cm depths
under NT and CT soil conditions in irrigated corn rows are presented in this manuscript.

Detailed information and discussion regarding the effect of tillage on soil hydraulic
parameters of the vG equation for 2014, 2015, 2016, and 2017, their averages, and on the
available water capacity were given in Jabro and Stevens [5].

3.1. Soil Water Characteristic Curves and Fitting Parameters

Measured and fitted soil-water retention data for NT and CT at 0-15 cm and 15-30 cm
depths are depicted in Figures 1 and 2, respectively. Noticeable differences in soil-water
retention curves existed between two tillage systems within each depth. The paired ¢-test
indicated that significant differences were found between « values of the NT and CT
estimated SWRC curves at the 15-30 cm depth (Table 1).

The estimated soil vG parameters of the SWRCs determined by fitting the measured
data to the vG equation (Equation (1)) for NT and CT systems at 0-15 and 15-30 cm depths
are given in Table 1. Results of analysis of variance showed that the vG parameters «
and 6; were significantly affected by tillage at the 15-30 cm depth whereas no significant
differences were observed between two tillage systems at the 0-15 cm surface depth
(Table 1). It appears that tillage has more impact on a and 65 variations in the subsurface
layer than in the surface layer of a sandy loam soil used in this study [5]. These parameters
were significantly larger under CT than under NT due to the soil loosening effect inflicted
by tillage operations, thereby forming higher proportion of larger pores in CT than in NT
practices in the tilled top soil layer [5,11,12,18].
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Figure 1. Soil-water retention curves for no-till (NT) and conventional tillage (CT) at a 0-15 cm soil depth.
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Figure 2. Soil-water retention curves for no-till (NT) and conventional tillage (CT) at a 15-30 cm soil depth.
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3.2. Selection and Estimation of Pore Size Distribution (PSD)

Soil pores vary in size and are generally divided into macro-pores and micro-pores
based on their relationship with soil water and their sizes [2]. Macro-pores are large pores
that have drained when the soil reaches field capacity. They are air-filled and associated
with movement of excess water due to gravitational force. In contrast, micro-pores are
small pores that remain filled with water at field capacity and are related to unsaturated
flow and matric potential [2,23,32]. However, Luxmoore [33] added a middle category
designated as meso-pores, which are smaller than macro-pores and are able to hold water
against gravity and supply plants with water.

Soil pore diameters calculated from SWRCs are often used to divide pores sizes into
different categories [26]. Although there is no standard size separation between large pores
and small pores, many classifications are available in the literature that vary in sizes and
separations. In this study, a classification suggested by [33] that portioned soil porosity
into three categories was selected to quantify pore size: micro-pores that have a diameter
<10 pm, which lose water at matric suctions >300 hPa, meso-pores with diameter between
10 and 1000 pm, which lose water at suctions between 300 and 3 hPa, and macro-pores
with a diameter >1000 pm, which lose water at suctions <3 hPa. The pore diameter (D) at a
given matric potential (h) was estimated using Equation (6).

As matric potential decreases negatively, soil macro-pores and meso-pores empty first
prior to losing water from micro-pores, therefore, micro-pores and meso-pores often supply
the majority of plant available water in most soils [1,2,23].

Soil-water retention curves have also been used to calculate PSD [23]. The specific
water capacity (C(h), cm™!) was calculated using Equation (3) and soil hydraulic param-
eters listed in Table 1. The results from Equation (3) were plotted against soil matric
potentials to show the PSDs for both NT and CT practices at 0-15 cm and 15-30 cm depths
(Figures 3 and 4). The PSD relationships were well described by a unimodal of van
Genutchen function. The majority of soil porosity values were within the meso-pore class
(1000-10 pm) at matric suctions between 3 and 300 hPa for both tillage systems at both
depths. Whereas soil macro-pores and micro-pores represented smaller fractions of total
porosity within each tillage system and depth (Figures 3 and 4). The peaks of the PSD
curves represent the matric suction values at which the greatest number of soil pores
emptied [1,10,23] and are equivalent to the points with largest slopes, usually defined as
inflection points of the SWRCs. The largest slopes (C(h)) for the NT and CT curves at
0-15 cm depth were 0.00154 and 0.00215 cm ™!, respectively, at a matric suction value of
about 20 hPa and a corresponding pore diameter of 150 um. Meanwhile, the largest slopes
for the NT and CT curves at 15-30 cm depth were 0.00113 and 0.00189 cm ™!, respectively,
at a matric suction value of about 30 hPa and a corresponding pore diameter of 100 um
(Figures 3 and 4). The C(h) could also be plotted with the soil pore diameter (D) calcu-
lated from Equation (6) as the x-axis, but there is little to be gained by adding these two
curves [23]. At both soil depths, larger slope values in CT were associated with greater soil
loosening and forming higher proportion of larger size pores in CT due to a mechanical
effect of this tillage than in NT, indicating that soils under CT produced higher structural
porosity (large and medium pores) and lower matrix porosity (small pores) than soils under
NT [5,11,12,18,34].

A paired t-test was also used to compare PSDs (C(h)) for micro-pore, meso-pore, and
macro-pore classes between NT and CT systems at the 0-15 cm and 15-30 cm depths.
Statistical results indicated that significant differences in PSD were found between CT and
NT systems for macro-pores and meso-pores at both depths. However, the micro-pore
fraction did not vary significantly between the two tillage systems at either depth (Table 2).
The positive mean difference (Md) values indicated that CT produced greater macro- and
meso-pore volumes than NT at both depths.
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Figure 3. Unimodal pore size distribution showing the slope (C(h)) as a function of matric potential
(h) for no-tillage (NT) and conventional tillage (CT) at 0-15 cm soil depth. The dotted lines represent
size separation of soil pores.
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Figure 4. Unimodal pore size distribution showing the slope (C(h)) as a function of matric potential
(h) for no-tillage (NT) and conventional tillage (CT) at 15-30 cm soil depth. The dotted lines represent
size separation of soil pores.
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Table 2. Results of paired t-test analysis (mean difference, Md) comparing pore size distribution
(PSD) between untilled (NT) and conventionally tilled (CT) soils at 0-15 and 15-30 cm depths for
macro-, meso-, and micro-pore classes.

Pore Size Class D(;I;lt)h Me;/? d])(zgeff;l ce t-Value p>t
Macro-pores 0-15 0.000091 2.79 0.0386
15-30 0.000145 3.24 0.0230

Meso-pores 0-15 0.000347 4.48 0.0029
15-30 0.000474 4.38 0.0032

Micro-pores 0-15 —0.00000115 —2.46 0.0699
15-30 —0.00000491 —-1.77 0.1509

Further, soil macro-, meso-, and micro-pore volumes were estimated for both NT
and CT management practices at 0-15 and 15-30 cm depths (Table 3). Soil meso- and
macro-pore volumes were greater under CT than NT at 0-15 cm and 15-30 cm depths,
while soil micro-pore volume was lower in CT than in NT at both depths (Table 3).

Table 3. Soil pore volume of macro-, meso-, and micro-pore classes of untilled (NT) and convention-
ally tilled (CT) soils at 0-15 and 15-30 cm depths.

Depth, cm Tillage MicroporesS  MesoporesS ~ Macropores S Total Porosity

>300 hPa 300-3 hPa <3 hPa
cm3/cm?3
0-15 NT 0.1482 0.2412 0.0012 0.3906
CT 0.1285 0.2864 0.0015 0.4164
15-30 NT 0.1427 0.2147 0.0007 0.3581
CT 0.1242 0.2720 0.0011 0.3973

Note(s): § Macropore volume was estimated as the difference between volumetric water contents at matric
suctions between saturation and <3 hPa; mesopore volume was estimated as the difference between volumetric
water contents at matric suctions between 300 and 3 hPa; and micropore volume was estimated as the difference
between total porosity (saturation) and volumes of macropores and mesopores.

The findings of this study agree with those found by [11,12,17,28,34,35], who reported
that soils under conventional tillage have larger structural pores and greater PSDs compared
to untilled soils. The findings also confirm the hypothesis of this study that PSD values
differed between soils under NT and CT management in sandy loam soils.

4. Conclusions

In this study, the differential functions of the van Genutchen (vG) equation [22]
for fitted soil-water retention curves (SWRCs) were used to quantify the soil pore size
distribution (PSD) under CT and NT practices at 0-15 cm and 15-30 cm depths in a sandy
loam soil.

The vG equation and its derivative function are useful for comparing SWRCs, hy-
draulic parameters and PSDs between soils affected by various tillage practices. Regardless
of the type of tillage, knowledge of PSD in soils can be beneficial for estimating water flow,
soil-water storage and availability to plants.

Results from this study concurred with previous research studies and confirmed that
tillage practices have major impact on SWRC slopes or PSD, soil pore volume, types of
soil pores, and plant water availability due soil loosening and mechanical disturbance by
various tillage operations.

This work improves our understanding of how various farming management practices
(i.e., tillage) affect water storage in the soil, water availability to plants, environmental
quality and soil health. The study also provides useful and currently lacking information
regarding the effects of tillage intensity on physical and hydraulic properties of soils in the
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Northern Great Plains region of the USA. This information can aid growers in determining
better irrigation management practices.

Findings from this study also indicate that more studies are needed on different
textured soils to better understand the effects of tillage intensity on soil structure or PSD
and other soil physical and hydraulic properties.
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