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Abstract: Tillage management practices have a dynamic impact on soil hydraulic properties and
processes. There is a need for information about the effect of tillage practices on soil hydraulic
properties for crops growing under sprinkler irrigation in the northern Great Plains. A long-term
study was conducted from 2014 to 2018 to examine the effect of no tillage (NT) and conventional
tillage (CT) on the saturated hydraulic conductivity (Ks) of a sandy loam soil in a two-year corn (Zea
mays L.)–soybean (Glycine max L.) rotation. In situ Ks measurements were taken in the center of crop
rows within NT and CT plots using a pressure ring infiltrometer at the soil surface (0–15 cm) and a
constant head well permeameter at the subsurface (15–30 cm). Results indicated that Ks values were
well described by a log-normal distribution at both depths. Results showed that logarithmic Ks (log
Ks) was not significantly impacted by tillage. Averaged over the five-year study, the log-transformed
Ks of 100 measurements was not significantly affected by tillage in the surface layer under either corn
or soybean nor in the subsurface layer under soybean. However, the mean soil log Ks in CT plots
(1.784 mm h−1) was significantly greater than that in NT plots (1.186 mm h−1) in the 15–30 cm layer
under corn, while Ks was nearly 50% greater in CT than in NT. Large values for the coefficient of
variation (CV%) of Ks measurements exhibited significant spatial variations of Ks among plots within
each tillage treatment at both the soil surface and subsurface layers under corn and soybean. Thus,
more studies under different soils and cropping systems with a larger sample size per treatment
are needed to lower spatial variability within treatments and validate the effect of tillage on soil
hydraulic properties.

Keywords: saturated hydraulic conductivity; infiltrometer; permeameter; no tillage; conventional tillage

1. Introduction

Tillage is considered one of the most effective agricultural management practices that
can greatly influence physical and hydraulic properties of the soil [1]. The most common
physical properties affecting water movement into the soil surface and through the subsur-
face are pore size distribution, pore continuity and tortuosity, soil texture, soil structure,
and total porosity [2–4]. Saturated hydraulic conductivity (Ks) is an important soil property
that determines the ability of soil to transmit water under saturated conditions [5], is po-
tentially affected by management practices such as tillage that impact physical properties,
and plays an integral role in many soil, environmental, and hydrological processes. In situ
measurements of Ks are important for evaluating and modeling water flow and chemical
movement in the soil [2,3]. Previous studies showed that Ks can vary considerably over
space and time within agricultural fields, indicating spatial and temporal variability [6–11].

Numerous studies have evaluated the effect of various tillage practices on hydraulic
properties of soil and showed mixed and contrary results. Some studies showed that
saturated hydraulic conductivity measurements were greater under no-till practices than
under conventional tillage or other intensive tillage practices [10,12–17].
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Other studies revealed that tillage has no noticeable effect on saturated hydraulic
conductivity compared to untilled soil [8,18–24]. Blanco-Canqui et al. [20] evaluated the
effect of no-till, chisel plow, and disk and moldboard plow tillage practices on total porosity,
water infiltration, saturated hydraulic conductivity, and water retention characteristics
under continuous corn after 35 years in silty clay loam soils in eastern Nebraska. They
reported no significant differences in any of these soil hydraulic properties among the
four tillage systems.

Meanwhile, numerous studies suggested that tillage increases saturated hydraulic
conductivity as a result of increasing soil macroporosity and disturbance induced by me-
chanical effects of tillage processes [10,25–30]. Haruna et al. [30] studied the influence of
tillage and cover crops on soil hydraulic properties including saturated hydraulic conduc-
tivity. They concluded that tillage increased the proportion of coarse soil mesoporosity
by 32%, resulting in 87% greater saturated hydraulic conductivity compared to under
no-tillage practices.

The aforementioned and contrasting results from various tillage studies indicate that
no consensus has yet been reached on the effects of tillage practices on soil hydraulic
characteristics including saturated hydraulic conductivity. Therefore, a long-term tillage
study was carried out to examine the effect of no-tillage (NT) and conventional tillage (CT)
practices on saturated hydraulic conductivity (Ks) at 0–15 and 15–30 cm depths in a sandy
loam soil in a sprinkler-irrigated corn–soybean rotation.

2. Materials and Methods
2.1. Study Site and Field Operations

This study was conducted from 2014 to 2018 at the North Dakota State University
irrigated research farm in western North Dakota, USA (48.1640 N, 103.0986 W, altitude
560 m). The soil at the research site is mapped as Lihen sandy loam (sandy, mixed, frigid
Entic Haplustoll), consisting of very deep, somewhat excessively or well-drained, nearly
level soil that forms in sandy alluvium, glacio-fluvial, and eolian deposits in places over till
or sedimentary bedrock.

The average amounts of sand (0.05–2.0 mm), silt (0.002–0.05 mm), and clay
(<0.002 mm) were approximately 71, 16, and 13% for the 0–15 cm depth and 74, 14, and 12%
for the 15–30 cm depth. The soil structure ranged between weak fine platy and massive
or single grain in the A horizon [4]. Soil bulk density and total porosity for untilled and
conventionally tilled soils at 0–15 cm and 15–30 cm depths in corn and soybean plots are
given in Table 1. Soil bulk density measurements were determined using an intact soil core
(5 cm long × 5 cm diameter) method [31]. Total soil porosity was calculated from soil bulk
density and particle density data [2].

Table 1. Mean and coefficient of variation (CV%) of soil bulk density and total porosity for a Lihen
sandy loam under no tillage (NT) and conventional tillage (CT) at 0–15 and 15–30 cm depths in corn
and soybean plots.

Crop Tillage Depth
(cm)

Bulk Density §

g/cm3

Total
Porosity
cm3/cm3

Volumetric
Moisture Content §

cm3/cm3

Corn NT 0–15 1.655 (4) §§ 0.376 0.189 (14)
15–30 1.640 (4) 0.381 0.185 (16)

CT 0–15 1.566 (4) 0.409 0.178 (15)
15–30 1.601 (4) 0.396 0.174 (11)

Soybean
NT 0–15 1.667 (4) 0.371 0.193 (14)

15–30 1.634 (4) 0.383 0.176 (19)
CT 0–15 1.602 (6) 0.396 0.194 (12)

15–30 1.592 (7) 0.399 0.175 (15)
§ Values between parentheses are coefficients of variation, CV%. §§ Each value is an average of 20 observations.
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Research plots 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 determined by crop type (i.e., corn or soybean), and
subplot treatments were two types of tillage (i.e., NT or CT) with five replications. The
subplots were 24 m long by 15 m wide [4,32].

The tillage treatments used in this study were no tillage (NT) with minimal soil distur-
bance and conventional tillage (CT, tillage depth 30 cm) with intensive soil disturbance.
The only disturbance in NT occurred during the planting operation using a John Deere
MaxEmerge (model 1700, Moline, IL, USA) row crop planter for corn and a Great Plains
no-till grain drill (model 3P806NT, Great Plains, Salina, KS, USA) for soybean. The same
planter and drills were used for both the untilled and tilled plots. Detailed information
regarding tillage operations, planting methods and dates, fertilizer types and applications,
corn and soybean varieties, irrigation type and amounts, and other farming activities is
given by Jabro et al. [4,32,33].

2.2. Saturated Hydraulic Conductivity (Ks) Measurement

In situ soil Ks measurements at the 0–15 cm and 15–30 cm depths were taken approxi-
mately 1 m apart in the center of crop rows within NT and CT plots under both corn and
soybean. Measurements were taken after planting when the initial water content in the soil
was below the field capacity level of 0.23 cm3 cm−3 (Table 1). Soil Ks measurements were
taken on 6–12 June 2014, 12–15 June 2015, 1–2 June 2016, 1–5 June 2017, and 30–31 May 2018.

Soil Ks measurements for the surface layer (0–15 cm) were determined in both corn
and soybean plots with a single-head pressure ring infiltrometer method [3,34]. The Ks
measurements at steady state were calculated using the following equation:

Ks =
GQ

Gπa2 + a(H + α−1)
(1)

where Ks (L·T−1) is the saturated hydraulic conductivity in the surface soil layer, and G
is a dimensionless shape parameter determined by the numerical solution of Richards’
equation [3,34], given as:

G = 0.316
d
a
+ 0.184 (2)

Q is the steady-state water flow rate out of the infiltrometer into the soil (L3·T−1), α is
a soil texture/structure parameter (L−1), d is the depth of ring insertion into the soil (L),
and a is the radius of the stainless-steel infiltration ring (L). The (L) and (T) are length and
time units, respectively.

Saturated hydraulic conductivity measurements for the subsurface soil layer
(15–30 cm) were determined in both corn and soybean plots with a constant head well
permeameter [34–36], adjacent to the position of surface measurements in the same row.

In situ Ks using a steady-state flow rate of water from a cylindrical borehole augered
to a given depth below the soil surface was computed using Richards’ equation as follow:

Ks =
CQ[

2πH2 + Cπr2 +
(

2πH
α

)] (3)

where C is a dimensionless shape factor that depends primarily on the H/r ratio and
soil texture/structure properties and is a function of both H and r (C = 0.803), Q is the
steady-state water flow rate out of the borehole, H is the steady depth of water in the hole
(L), r is the radius of the hole (L), and α is a soil texture/structure parameter (L−1) set to
α = 36 m−1 (0.36 cm−1) for sandy loam soil [34,37].



Soil Syst. 2023, 7, 79 4 of 9

2.3. Statistical Data Analyses

Soil Ks values were checked for normality of distribution using univariate histogram
parameter estimates for a goodness-of-fit frequency distribution procedure [38]. The Ks
measurements were found to be well defined by a log-normal distribution. Therefore, the
log-transformed Ks values for both surface and subsurface soil layers under each tillage
treatment in corn and soybean plots were analyzed using the ANOVA procedure for mixed
models [38]. Treatment effects on Ks were estimated using repeated measures with year as
a repetition factor. Crop and tillage were considered fixed effects and replication (block) a
random effect. Treatment differences for log-transformed Ks values were reported at the
0.05 level of significance.

Coefficients of variation (CV%) were computed based on log-normal distributions [39,40]
using logarithmic transformation of Ks data to express the spatial and temporal variability
as follows:

CV% =
(Variance)0.5

Mean
× 100 =

(
e2µ(e2σ2 − eσ2

)
)0.5

eµ+ σ2
2

× 100 (4)

Using alegbra, Equation (4) can be simplified as:

CV% = (eσ2 − 1)
0.5

× 100 (5)

The µ and σ2 parameters are the arithmetic mean and variance of log-transformed
Ks data, respectively. The base of a natural logarithm is e, which is approximately equal
to 2.71828.

3. Results and Discussion
3.1. Frequency Distribution of Ks Measurements

Probability frequency distribution curves for in situ Ks measurements of both NT
and CT treatments under corn and soybean for 2014, 2015, 2016, 2017, and 2018 combined
at 0–15 cm and 15–30 cm depths were generated. Both frequency distribution curves
showed that Ks measurements were best fitted by log-normal distributions (Figure 1a,b).
The frequency distribution at each depth showed that the 100 measurements of untrans-
formed Ks were not symmetrical or bell shaped but rather positively skewed to the left
toward low values of Ks. The mean, standard deviation, and skewness were 179.5 mm h−1,
110.2 mm h−1, and 0.544, respectively, for the 0–15 cm depth (Figure 1a) and were
8.046 mm h−1, 10.53 mm h−1, and 3.712, respectively, for the 15–30 cm depth (Figure 1b).
These frequency distributions of log Ks measurements coincided with those reported by
Awal et al. [9]. From this point forward, Ks is used as a natural logarithmic-transformed Ks
(log Ks).
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3.2. Effect of Tillage on Soil Ks

Analysis of variance showed that log Ks was not significantly affected by tillage;
however, it was significantly influenced by year and crop at the 0–15 cm depth but not
significantly affected by either parameter at the 15–30 cm depth (Table 2). All interac-
tions were not significant. Soil Ks varied from year to year in NT and CT systems at the
0–15 cm depth under corn and soybean, indicating temporal variability of Ks across the
years of this study. Results from analysis of variance of log Ks for soil depths of 0–15 and
15–30 in the planting rows of NT and CT systems under corn and soybean for the 2014–2018
growing seasons are listed in Table 3. Higher Ks values were observed at the soil surface
(0–15 cm) compared to at the subsurface layer (15–30 cm) in NT and CT systems under
corn and soybean for all five years. The effect of depth on Ks values is associated with
the measurement techniques and equations used for calculation of Ks values. Different
measurement techniques can provide different values for Ks due to various factors related
to the measurement method [41,42].

Soil Ks measurements were not significantly impacted by tillage except at the
15–30 cm depth in 2015 and at the 0–15 cm depth in 2018 under corn, as well as at the
0–15 cm depth in 2014 under soybean. There were significant differences in soil Ks values
between NT and CT treatments at 0–15 cm and 15–30 cm depths under corn in 2018 and
2015, respectively, whereas Ks results in CT plots were significantly greater than in NT plots
at the 0–15 cm depth under soybean in 2014. These significant Ks variations between the
two tillage treatments in these three years could be related to differences in macroporosity
between CT and NT in these plots across the field.

Averaged throughout the five-year period (2014–2018), soil Ks measurements were not
significantly affected by tillage in the surface layer (0–15 cm) under either crop nor in the
subsurface layer (15–30 cm) under soybean (Table 3). This could be due to the high degree
of variability among replications within each tillage treatment across the field. However, the
mean soil Ks of 25 measurements in CT (1.784 mm h−1) was significantly greater than that
in NT (1.186 mm h−1) in the 15–30 cm layer under corn, while Ks was approximately 50%
larger in CT than in NT (Table 3). This variation in Ks could be attributed to soil loosening
and macroporosity caused by the mechanical effect of tillage in CT plots compared to NT
plots at this depth under corn [4,10,20,25,26,28,30,43]. Generally, sandy loam soils are prone
to soil compaction under NT because they have poor soil structure with fewer macropores
and weaker aggregate stability formation compared with clay-textured soils [4].

Table 2. Analysis of variance for logarithmic saturated hydraulic conductivity (Ks) of sandy loam
soil as affected by year (2014, 2015, 2016, 2017, and 2018), crop (corn and soybean), tillage type (no
tillage and conventional tillage) at 0–15 and 15–30 cm depths and their interactions.

Effect

p > F

Log Ks §

0–15 cm 15–30 cm

Year, Y 0.0024 0.2783
Tillage, T 0.1772 0.0528
Crop, C 0.0339 0.2801
Y × T 0.2289 0.5098
Y × C 0.1654 0.3373
T × C 0.1496 0.2156

Y × T × C 0.7721 0.7527

Significant treatment effects at p ≤ 0.05. § Natural log-transformed data.
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Table 3. Effect of no tillage (NT) and conventional tillage (CT) on natural logarithmic saturated
hydraulic conductivity (Ks) of sandy loam soil at 0–15 and 15–30 cm depths for the 2014–2018
growing seasons and their means across five years in corn and soybean plots.

Depth Year Tillage
Logarithmic Ks (mm/h)

Corn Soybean

0–15 cm
2014 NT 4.868 4.551 b

CT 5.376 5.041 a
2015 NT 5.149 5.113

CT 5.265 5.490
2016 NT 4.717 3.031

CT 4.816 4.276
2017 NT 5.431 4.787

CT 5.312 5.266
2018 NT 5.656 b 4.733

CT 4.950 a 4.633
Mean NT 5.165 4.439

CT 5.145 4.943
15–30 cm

2014 NT 1.269 1.980
CT 1.079 2.078

2015 NT 0.840 b 1.798
CT 1.852 a 1.886

2016 NT 0.659 1.275
CT 1.265 0.970

2017 NT 1.539 1.539
CT 2.429 2.078

2018 NT 1.507 1.551
CT 2.249 1.724

Mean NT 1.186 b 1.633
CT 1.784 a 1.770

Different lowercase letters within same tillage type indicate significance at p ≤ 0.05.

The large coefficients of variation (CV%) presented in Table 4 indicate high spatial
variation in Ks measurements under the two tillage practices in both surface and subsurface
layers over the study period. Averaged over 5 years, the CV% values of Ks measurements
under corn (n = 25) were approximately 59% and 121% for NT and 44% and 74% for CT
at the 0–15 cm and 15–30 cm depths, respectively, and, under soybean, were approxi-
mately 153% and 128% for NT and 71% and 84% for CT at the 0–15 cm and 15–30 cm
depths, respectively.

The degree of variability for both tillage systems and depths within corn and soybean
plots (Table 4) varied from medium (15–75%) to high or even to extremely high (>75%) for
Ks based on the category suggested by Dahiya et al. [39].

The above Ks results align with those of Alletto and Coquest [6], Jabro et al. [7,8],
Awal et al. [9], Schluter et al. [10], and Kargas, et al. [11], who reported that Ks varies
considerably over space and time. Further, the discrepancies in Ks measurements among
replications within each treatment may have been caused by the complexity of the distur-
bances in the soil ecosystem induced by the external dynamic effect of tillage and due to
spatial variability in soil properties across the experimental site [7]. However, part of the
variability of soil properties within and among treatments could also have been induced by
internal factors associated with pedogenic soil-forming processes [44].

Our results concur with those found by Celik [29], Karuma et al. [19], Jabro et al. [8],
Blanco-Canqui et al. [20], Nouri et al. [21], Castillani et al. [22], Ordoñez-Morales et al. [23],
and Sadiq et al. [24], who reported that tillage practices do not have a significant effect on
soil Ks compared to untilled soils.
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Table 4. Coefficients of variation (CV%) of natural logarithmic saturated hydraulic conductivity (log
Ks) under no tillage (NT) and conventional tillage (CT) at 0–15 and 15–30 cm depths of sandy loam
soil for 2014, 2015, 2016, 2017, and 2018 growing seasons and their means across five years in corn
and soybean plots.

Year Depth, cm Tillage
Coefficient of Variation, CV (%) §

Corn Soybean

2014 0–15 NT 106 42
CT 24 59

15–30 NT 102 129
CT 82 129

2015 0–15 NT 62 131
CT 65 36

15–30 NT 134 135
CT 67 48

2016 0–15 NT 27 244
CT 59 121

15–30 NT 72 101
CT 84 126

2017 0–15 NT 78 153
CT 32 75

15–30 NT 137 89
CT 100 85

2018 0–15 NT 23 191
CT 40 63

15–30 NT 158 186
CT 48 34

Mean 0–15 NT 59 153
CT 44 71

15–30 NT 121 128
CT 74 84

§ The CV% values were calculated using Equation (4) or (5).

4. Summary and Conclusions

The mean values of Ks across 5 years (2014–2018) were not significantly affected by
type of tillage under either corn or soybean, except in the 15–30 cm layer under corn, where
Ks was about 50% greater in CT than in NT. This variation in Ks measurements at this
depth could be attributed to soil loosening and manipulation of the macroporosity and
pore size distribution caused by the mechanical effect of CT compared with NT at this
depth under corn.

The large coefficients of variation (CV%) indicate significant spatial variability of
Ks measurements among replications within each tillage treatment at the 0–15 cm and
15–30 cm depths under corn and soybean across the experimental site during the course of
the study. Overall, Ks values showed medium to high degrees of spatial variability and
significant temporal variation at surface and subsurface depths in both tillage systems
under corn and soybean.

Based on our findings and those reported by previous studies, the effect of tillage on
soil Ks measurements is not well understood due to profound natural soil variability and
heterogeneity resulting from pedogenic soil-forming factors across agricultural fields.

Therefore, more studies with larger sample sizes within each tillage treatment are
needed in order to minimize the effect of spatial variability on Ks measurements in field
soils and to fully understand the direct impact of tillage practices on this highly variable
and important soil property.
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