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Abstract: Long-term no-till (NT) systems in the semiarid central Great Plains of the United States
require flexible management strategies to minimize the impacts of herbicide resistant (HR) kochia
(Kochia scoparia L.) and tumble windmill grass (Chloris verticillata Nutt.) as well as nutrient stratifica-
tion on soil and crop productivity. This study examined strategic tillage (ST) to control HR weeds
and improve crop yields in an otherwise long-term NT cropping system. Treatments were three crop
rotations: (1) continuous winter wheat (Triticum aestivum L.) (WW); (2) wheat-fallow (WF); and (3)
wheat-grain sorghum (Sorghum bicolor L.)-fallow (WSF); as main plots. Subplots were reduced tillage
(RT), continuous NT, and ST of NT. Results showed ST and RT treatments provided significant control
of HR weeds. Soil water content at wheat planting was significantly less with RT compared to NT or
ST. Strategic tillage did not affect wheat or grain sorghum yields, but RT decreased sorghum yields by
15% compared to NT. Increasing cropping intensity reduced wheat yields. Strategic tillage reduced
bulk density and had no effect on aggregate size distribution or mean weight diameter (MWD)
compared to NT though RT reduced the proportion of large macroaggregates and MWD. Similarly,
ST compared to NT had no effect on soil organic carbon (SOC) or nitrogen (N) concentrations. Soil
phosphorus (P) was not different among the tillage treatments though RT increased potassium (K)
concentration near the soil surface. The SOC, MWD, and micronutrient availability were greatest with
WW though it had significantly lower pH and K concentration. Our results suggest ST could provide
a mitigation option for HR weeds in NT systems with little impact on crop yields and soil properties.

Keywords: dryland; herbicide-resistance; no-tillage; strategic tillage; occasional tillage

1. Introduction

Adoption of no-tillage (NT) has allowed for more efficient soil water storage and
greater cropping intensity in dryland production systems across the semiarid central Great
Plains (CGP) of the United States [1,2]. No-tillage systems have provided several benefits
including the ability of growers to manage greater hectares of cropland with fewer total
inputs [1], reductions in soil erosion from wind and water, accretion of soil organic carbon
(SOC), and improvements of soil structure [2–4]. However, there are concerns about the
long-term sustainability of such NT systems due to build-up of herbicide-resistant (HR)
weed populations, soil compaction, soil ruts, and varmint (Taxidea taxus) holes causing a
rough surface for field operations, as well as stratification of pH, nutrients, and SOC in
the top few centimeters of the soil profile [5,6]. These conditions can lead to reductions in
the availability and uptake of nutrients to growing crops as well as an increased risk of
nitrogen (N) and phosphorus (P) losses in surface runoff to the environment.

These emerging challenges in long-term NT systems have prompted the need for more
flexible management strategies without compromising improvements in soil properties
accrued under NT management. Strategic tillage (ST), which refers to the practice of
occasional tillage in otherwise NT cropping systems, is one possible solution for HR weed
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and nutrient stratification issues in long-term NT [5,7–9]. Strategic tillage with a sweep
plow timed when soil erosion risk is low in an otherwise NT cropping system could help
manage HR weed populations and reduce stratification of soil properties [5,7]. After
the one-time tillage operation, the field would go back to NT production [5]. This ST
approach could increase productivity and profitability of dryland cropping systems in the
semiarid CGP.

However, ST effects on crop yields and soil properties are unclear particularly in water-
limited environments where susceptibility to wind erosion can be high. Few studies have
investigated the effects of ST on soils that have been in long-term continuous NT under
dryland conditions. Previous studies showed ST in otherwise NT systems had neutral or
positive effects on crop yields [7,9–12]. For example, a study in eastern Nebraska showed
one-time tillage of NT soils with a moldboard plow had no effect on crop yields and water
stable aggregates [13]. Similarly, five years after the introduction of one-time tillage with a
moldboard plow, Wortmann et al. [14] reported no differences in corn (Zea mays L.) and
soybean (Glycine max L. Merr.) yields, water stable aggregates, and SOC compared to strict
NT management. However, others like Grandy et al. [15] suggest tillage of any type in
long-term NT systems can significantly decrease soil aggregation and increase SOC and N
losses in such a way that all improvements in soil properties gained through NT can be
lost within a short period following the implementation of tillage.

In western Kansas, Obour et al. [6] reported greater P concentration and soil acidi-
fication near the upper surface of soils under NT. Correcting the stratification of P and
soil pH with a ST operation could increase nutrient availability for plant uptake in soils
under NT. One-time tillage of NT with a moldboard plow was reported to significantly
aid in the redistribution of soil acidity [16]. However, in Saskatchewan, Canada, Baan
et al. [10] reported no difference in pH and SOC when one-time ST with a 1.8 m cultivator
equipped with 30 cm sweeps was implemented in otherwise NT systems. In New South
Wales, Australia, no significant difference in soil water content, pH, bulk density, electrical
conductivity, P concentration, or SOC was observed when one-time tillage with a chisel
cultivator or disc chain was implemented [9]. The authors reported marginal differences in
weed populations as well as no impact on wheat yields.

In western Nebraska, ST with a moldboard plow in a NT dryland winter wheat-fallow
cropping system resulted in significant control of winter annual grass weeds while retaining
many of the soil property benefits of NT [7]. It is therefore plausible that ST operations
could be utilized to alleviate issues of HR perennial grass weeds such as three-awn grass
(Aristida purpurea Nutt.) and tumble windmill grass (Chloris verticillata Nutt.), as well
as kochia (Kochia scoparia L.) and Palmer amaranth (Amaranthus palmeri S. Watson) that
have become a major challenge in NT crop production [17]. For example, inadequate
control of invasive tumble windmill grass could cause significant competition with wheat
and sorghum resulting in yield reductions. Moreover, effective weed control is the key
to NT crop production, hence the presence of HR kochia and Palmer amaranth pose a
challenge to profitability of dryland NT systems. There is evidence that some producers
are reintroducing tillage as a cost-effective means of controlling HR weeds in otherwise
NT systems. The overall impetus for tillage by growers is the economic cost of managing
HR weeds in NT systems. With the current low grain commodity prices, growers are
considering ST as an economical option to manage HR weeds that developed through
continuous NT. Although research efforts investigating the use of ST to manage weeds
has been conducted in Australia and the northern Great Plains region of Canada, to our
knowledge, few studies [7] have investigated the effects of ST on soils that have been
in long-term continuous NT (>40 year) under dryland conditions in the semiarid CGP.
Current HR weeds and nutrient stratification issues in long-term NT require developing
flexible management options that will maintain crop productivity and soil properties. We
hypothesized that ST with a sweep plow would be effective in controlling HR kochia as
well as shallow rooted three-awn and tumble windmill grass weeds with no negative
impacts on soil properties or crop yields. Therefore, the objectives of the current study were
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to determine (1) the effects of ST in long-term NT cropping systems on soil water content
at winter wheat planting and crop yield; (2) the effectiveness of ST to redistribute soil
nutrients and acidity as well as to control perennial grass and HR kochia, and (3) the effects
on soil chemical and physical properties following tillage of otherwise long-term NT.

2. Materials and Methods
2.1. Study Set-Up

This study was conducted from summer of 2016 through fall 2018 using long-term
tillage and crop rotation experimental plots established in 1976 at the Kansas State Univer-
sity Agricultural Research Center-Hays near Hays, KS (38◦86′ N, 99◦27′ W, 609 m above
sea level). The soil at the study site was mapped as a Crete silt loam (Fine, smectitic,
mesic Pachic Udertic Argiustolls), which consists of deep, moderately well drained soils
formed from loess material. The experimental design was a randomized complete block
with three replications in a split-plot treatment structure. Main plots were three crop
rotations [continuous winter wheat (WW), wheat-fallow (WF), wheat-sorghum-fallow
(WSF)] and two tillage treatments (RT and NT) as sub-plots. Every phase of each crop
rotation and tillage system combination were present in each replication every year of
the study. For example, the other phase of WF is fallow-wheat (FW), WSF has two other
phases, fallow-wheat-sorghum (FWS) and sorghum-fallow-wheat (SFW). However, WW
has only one phase (see Supplemental Figure S1). Individual plots sizes were 12.2 m wide
by 24.4 m long.

In the summer of 2016 (July), the study was modified to implement one-time strategic
tillage (ST) to manage HR kochia and perennial grass weeds such as three-awn and tumble
windmill grasses by splitting the long-term NT plots into two equal plots of 6.1 m wide
by 24.4 m long. One-half was left in continuous NT and the other half was tilled. This
resulted in three main plots of crop rotations and three tillage sub-plots (RT, continuous
NT, and ST of NT; see Supplemental Figure S2). The ST plots were first tilled to a depth
of 7.5 cm with a Quinstar Fallow Master sweep plow (Quinstar Equipment Company,
Quinter, KS, USA) equipped with pickers to ensure complete control of the HR kochia
and shallow-rooted HR three-awn and tumble windmill grasses. This was followed by a
second tillage operation 3 days later with the same sweep plow to a depth of 15 cm for soil
mixing and redistribution of pH and nutrients. All tillage operations in these wheat-based
rotations were performed in July prior to winter wheat planting in October. For the crop
rotation with sorghum (WSF), tillage operations occurred in May before sorghum planting
in June. Tillage in the RT treatment was accomplished with residue saving implements
including a V-blade (Premier Tillage, Quinter, KS, USA) and Fallow Master sweep plow.
Two to three tillage operations were performed in the RT plots over the fallow period
before winter wheat planting in the WF or WSF rotation. One tillage operation occurred in
the RT plots ahead of sorghum planting in WSF or wheat planting in the WW plot [18].

2.2. Weed Density Evaluation

In order to assess the effectiveness of ST as a weed management tool, weed seedlings
including kochia and perennial grass weeds in each plot were evaluated 1 month fol-
lowing tillage operations. Weed densities were measured in each plot by counting the
total number of weeds within three randomly placed 1 m2 quadrats in each plot (see
Supplemental Figure S2). The average of the three counts were computed to represent
weed density within each plot [19]).

2.3. Soil Physical Properties

Soil water content at winter wheat planting from each plot was determined gravi-
metrically to 150 cm in 30 cm depth increments in all plots prior to planting in the 2016
and 2017 growing seasons. Two soil cores were taken with a Giddings probe (Giddings
Machine Company, Windsor, CO, USA) from the center of each plot and data averaged
for a single soil water content measurement. Soil cores were weighed wet, then placed in
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an oven at 105 ◦C for at least 48 h, and then weighed dry. Data was used to estimate soil
water content at wheat planting for each tillage and crop rotation combination [19].

Soil compaction and structural changes are major concerns when long-term NT fields
are disturbed by tillage. Soil cores were taken from 0 to 15, and 15 to 30 cm depths
three months after ST for determination of bulk density and at 0 to 5 cm for water stable
aggregates in the fallow phase of the rotations before winter wheat planting in both 2016
and 2017. Briefly, a portion of the samples taken at each depth were dried at 105 ◦C for 48 h.
and bulk density determined by mass of oven-dry soil divided by volume of the core [20].
Soil samples collected at 0 to 5 cm with a flat shovel were air-dried and passed through
sieves with 4.75 to 8 mm mesh to obtain air-dry aggregates of 4.75 to 8 mm diameter. These
samples were used for the determination of water stable aggregates by the wet-sieving
method [21]. Sand corrections were done for each aggregate size fraction and the data
used to compute aggregate size distribution and MWD of water stable aggregates for each
treatment [21].

2.4. Soil Chemical Properties

Soil samples were taken from the 0 to 5 cm, 5 to 15, and 15 to 30 cm soil depths
three months following tillage operations but before wheat planting, air-dried, and ground
to pass through a 2 mm sieve. The sieved soil samples were analyzed for pH and soil
extractable nutrients at the Kansas State University Soil Testing Laboratory using standard
soil testing procedures [22]. Briefly, soil pH was determined potentiometrically by an
electrode [23]. Soil nitrate-N (NO3-N) and ammonium-N (NH4-N) concentrations in
samples were determined colorimetrically after the soil samples were extracted with
2 M KCl. Available P was determined by the Mehlich-3 extraction method [24], and P
concentration following extraction was measured using inductively coupled plasma-optical
emission spectrometry (ICP-OES). The exchangeable Ca, Mg, and K concentrations were
determined by ICP-OES after NH4OAc extraction [25]; Fe, Mn, and Zn were determined
with the DTPA extraction method [26]; and nutrient concentrations were measured using
atomic absorption spectrometry. A portion of the samples were ground with a mortar and
pestle to pass through a 0.25 mm sieve and SOC concentration was determined by dry
combustion using a CN analyzer after pretreating samples with 10% (v/v) HCl to removed
carbonates [27].

2.5. Evaluation of Crop Yields

Winter wheat and grain sorghum yields were determined by harvesting an area 1.5 m
wide by 24.4 m long from the center of each plot using a Massey Ferguson 8XP small plot
combine harvester (Massey Ferguson, Duluth, GA, USA). Winter wheat was harvested in
July while grain sorghum harvesting was done in October in each year of the study. Grain
moisture content were determined using a DICKEY-john grain moisture tester (DICKEY-
john Inc., Auburn, IL, USA), and yield of both wheat and grain sorghum adjusted to 13.5%
moisture content [3].

2.6. Statistical Analysis

Data were subjected to ANOVA as a split-plot design using the PROC MIXED proce-
dure of SAS ver. 9.4 [28]. The ANOVA for crop yield and soil water content was combined
across years with crop rotation, tillage, and year as fixed effects and replications as random.
Soil properties were analyzed with crop rotations, tillage, and soil sampling depth as
fixed effects while replications and their interactions were considered random effects. The
LSMEANS procedure of PROC MIXED along with adjusted Tukey was used for mean
comparisons. Interactions and treatment effects were considered significant when F test
p-values were ≤ 0.05.
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3. Results
3.1. Precipitation

Precipitation amounts varied over the study period. The long-term (30 year) average
precipitation at the experimental site was 580 mm which was less than the total annual
rainfall received in the years of this evaluation (2017 and 2018). Total precipitation in March
through June of 2017 was greater than the long-term average (Table 1). Notwithstanding,
rainfall in July 2017 was only 39 mm, representing 46% of the long-term average rainfall.
This short-term drought created water stress conditions for grain sorghum. The 2018
growing season was relatively wet with precipitation exceeding the long-term monthly
average amounts except from February through April (Table 1). Typical of the CGP, year-
year variation in precipitation had a significant impact on grain yield over the 2 year study.

Table 1. Monthly precipitation amounts at Hays, KS from 2016 to 2018.

Month Precipitation

2016 2017 2018 30-Year Average
mm

January 17 32 11 11
February 18 3 4 19

March 14 38 20 32
April 190 199 19 54
May 77 116 123 82
June 87 97 100 88
July 88 39 195 85

August 96 78 135 75
September 53 55 98 57

October 17 50 171 37
November 30 6 21 22
December 15 1 58 18

Total 702 714 955 580

3.2. Weed Counts, and Soil Water Content

Tillage × crop rotation interaction had a significant effect (p < 0.001) on weed counts.
Averaged across the 2 years, weed counts were significantly less with RT and ST compared
to soils under NT irrespective of crop rotation (Figure 1). In general, three-awn and tumble
windmill grasses as well as HR kochia were the dominant weeds at the experimental site
and densities were greater in the WSF systems compared to WF.

Soil water content at winter wheat planting was significantly (p = 0.001) affected by
tillage × crop rotation interaction. The soil water stored with NT was similar to that of
ST but both were greater than that measured with RT in crop rotations that had fallow
(Figure 2a). However, with the WW system, tillage operations as either ST or RT decreased
soil water content at winter wheat planting compared to NT (Figure 2a). Averaged across
crop rotations, soil water content was 336 mm with NT or ST, and 306 mm with RT over the
2 years (Table 2). Similarly, the year × crop rotation interaction affected soil water content.
In 2016, soil water content decreased with increasing cropping intensity, mostly due to
increased crop water use. However, in 2017, soil water content at winter wheat planting
was not different among the crop rotations (Figure 2b). Averaged across the 2 years and
tillage treatments, soil water content with WF was 343 mm, which was greater than 330 mm
for WSF or 307 mm for the WW system (Table 2).
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Figure 1. Tillage and crop rotation effects on weed count one month after tillage in 2016 and 2017. Means followed by the
same lower-case letter(s) within a crop rotation are not significantly different using the least squares means (LSMEANS)
and adjusted Tukey multiple comparison procedure (p > 0.05). WF = Wheat-fallow; WSF = wheat-sorghum-fallow; WW =
Wheat-wheat.

Table 2. Soil bulk density in the 0 to 15 and 15 to 30 cm depth, mean weight diameter (MWD) of soil aggregates from
the 0 to 5 cm depth and soil water content from the 0 to 150 cm depth at wheat planting as affected by tillage and crop
rotation system.

0 to 15 cm 15 to 30 cm MWD Soil Water Storage (mm)

Tillage System Bulk Density (g cm−3) mm 2016 2017 2-Year Avg.

NT § 1.26 ± 0.10 a ‡ 1.19 ± 0.09 a 1.05 ± 0.4 a 340 ± 27 a 332 ± 18 a 336 ± 23 a
ST 1.19 ± 0.09 b 1.19 ± 0.09 a 1.06 ± 0.6 a 345 ± 25 a 328 ± 16 a 336 ± 22 a
RT 1.19 ± 0.11 b 1.18 ± 0.06 a 0.69 ± 0.2 b 310 ± 38 b 306 ± 19 a 308 ± 29 b

Crop Rotation Bulk Density (g cm−3) MWD Soil Water Storage (mm)

WF 1.22 ± 0.12 ab 1.21 ± 0.07 a 0.93 ± 0.5 b 358 ± 15 a 328 ± 10 a 343 ± 20 a
WSF 1.25 ± 0.08 a 1.17 ± 0.11 a 0.72 ± 0.3 b 337 ± 22 a 323 ± 18 ab 330 ± 21 a
WW 1.17 ± 0.09 b 1.18 ± 0.05 a 1.17 ± 0.4 a 300 ± 32 b 315 ± 29 b 307 ± 30 b

‡ Means followed by the same letter (s) within columns are not significantly different using the least squares means (LSMEANS) and adjusted
Tukey multiple comparison procedure (p > 0.05). Means are followed by ± one standard deviation from the mean. § NT = no-tillage,
ST = Strategic tillage; RT = reduced tillage; WF = Wheat-fallow; WSF = wheat-sorghum-fallow; WW = Wheat-wheat.
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Figure 2. Soil water content at winter wheat planting as influenced by (a) tillage × crop rotation and
(b) crop rotation at sowing time of wheat in 2016 and 2017. Means followed by the same lower-case
letter(s) within crop rotation or year are not significantly different using the least squares means
(LSMEANS) and adjusted Tukey multiple comparison procedure (p > 0.05). WF = Wheat-fallow;
WSF = wheat-sorghum-fallow; WW = Wheat-wheat.

3.3. Bulk Density and Aggregate Size Fractions

Soil bulk density in the 0 to 15 cm depth at about three months after tillage averaged
1.26 g cm−3 with NT and 1.19 g cm−3 with ST or RT (Table 2). Bulk density in the 0
to 15 cm depth was less for WW compared with WF or WSF. Bulk density in the 15 to
30 cm depth was unaffected by crop rotation or tillage (Table 2). The distribution of
aggregate sizes in the 0 to 5 cm depth was similar for NT and ST but RT had relatively
less macroaggregates of > 2 mm and more of aggregates < 0.25 mm compared with NT
and ST (Figure 3a). The MWD of aggregates differed among tillage practices, and was
1.05 mm for NT, 1.06 mm for ST and 0.69 mm for RT (Table 2). Aggregates > 2 mm were
greater and aggregates < 0.25 mm tended to be less in soils under WW compared to WF
or WSF (Figure 3b). In general, the proportion in each aggregate size fraction was not
different between WF and WSF crop rotations. The MWD differed among crop rotations
and averaged 1.17 mm with WW, 0.93 for WF and 0.72 mm for WSF (Table 2).
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Figure 3. Soil aggregate size distribution as affected by (a) tillage and (b) crop rotation. Means followed by the same
lower-case letter(s) within aggregate size classes are not significantly different using the least squares means (LSMEANS)
and adjusted Tukey multiple comparison procedure (p > 0.05). WF = Wheat-fallow; WSF = wheat-sorghum-fallow;
WW = Wheat-wheat.

3.4. Soil pH and Soil Organic Carbon

The mean soil pH in 2017 measured at 0 to 5 cm depth was 5.6 and was unaffected by
tillage and the tillage × rotation interaction. Soil pH in the upper 0 to 5 cm was markedly
lower than that measured at 5 to 15 cm or 15 to 30 cm, but the depth effect was greater with
WW compared to WF or WSF accounting for the rotation ×sampling depth interaction
(Table 3). The SOC concentration was significantly affected by rotation × sampling depth
with 27% greater SOC in the 0 to 5 cm depth with WW compared to WF and WSF at the
same depth (Table 3). Similarly, the tillage × sampling depth interaction was significant
with 17% less SOC with RT compared to ST and NT (Table 4). The SOC concentrations
below 5 cm depth were unaffected by tillage or crop rotation.
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Table 3. Soil organic carbon, pH, potassium, iron, manganese, and copper concentrations as affected by crop rotation and soil sampling depth.

Rotation 0–5 cm 5–15 cm 15–30 cm 0–5 cm 5–15 cm 15-30 cm 0–5 cm 5–15 cm 15–30 cm

Soil pH Soil organic carbon Potassium

g kg−1 mg kg−1

WF § 5.71 ± 0.20 a ‡ 6.17 ± 0.12 ab 6.89 ± 0.10 a 13.6 ± 0.8 b 11.4 ± 0.6 a 8.9 ± 0.8 a 558 ± 40 a 559 ± 28 a 544 ± 36 a
WSF 5.87 ± 0.22 a 6.29 ± 0.18 a 6.86 ± 0.10 a 13.7 ± 1.6 b 11.2 ± 0.5 a 9.2 ± 0.5 a 539 ± 43 ab 511 ± 28 b 523 ± 21 a
WW 5.27 ± 0.22 b 6.06 ± 0.44 b 6.99 ± 0.21 a 17.4 ± 5.1 a 12.2 ± 1.9 a 10.0 ± 1.2 a 516 ± 46 b 528 ± 26 b 544 ± 30 a

Iron Manganese Copper

mg kg−1

WF 53.3 ± 7.1 b 39.1 ± 7.5 b 22.3 ± 1.5 a 27.2 ± 4.1 b 20.9 ± 2.6 ab 11.7 ± 1.9 a 1.5 ± 0.06 b 1.4 ± 0.13 a 1.2 ± 0.06 a
WSF 46.8 ± 6.9 b 34.6 ± 5.3 b 22.2 ± 3.0 a 25.8 ± 4.4 b 20.1 ± 2.8 b 12.0 ± 1.6 a 1.5 ± 0.11 b 1.4 ± 0.13 a 1.3 ± 0.07 a
WW 77.3 ± 11.3 a 45.7 ± 14.6 a 22.2 ± 3.4 a 42.6 ± 6.8 a 24.6 ± 9.7 a 11.5 ± 3.1 a 1.6 ± 0.11 a 1.4 ± 0.18 a 1.2 ± 0.07 a

‡ Means followed by the same letter (s) within columns are not significantly different using the least squares means (LSMEANS) and adjusted Tukey multiple comparison procedure (p > 0.05). Data for each
depth are averaged across three tillage treatments and three replications (n = 9), followed by ± one standard deviation from the mean. § WF = Wheat-fallow; WSF = wheat-sorghum-fallow; WW = Wheat-wheat.

Table 4. Soil organic carbon, nitrogen (N), and potassium concentrations as affected by tillage operation and soil sampling depth.

Tillage 0–5 5–15 15–30 0–5 5–15 15–30 0–5 5–15 15–30 0–5 5–15 15–30

cm

Soil Organic Carbon Nitrate-N Ammonium-N Potassium

g kg−1 mg kg−1

NT § 16.7 ± 4.9 a ‡ 11.8 ± 0.9 a 9.2 ± 0.8 a 33.2 ± 9.4 ab 16.3 ± 6.8 a 7.6 ± 2.2 a 13.2 ± 6.9 a 3.3 ± 1.6 a 2.6 ± 0.7 a 516 ± 29 b 538 ± 40 a 543 ± 34 a
ST 15.1 ± 2.8 a 12.0 ± 1.7 a 9.9 ± 0.9 a 37.4 ± 9.4 a 16.9 ± 6.4 a 9.9 ± 2.9 a 8.3 ± 4.3 b 3.2 ± 1.9 a 2.6 ± 0.6 a 515 ± 27 b 517 ± 27 a 535 ± 31 a
RT 13.2 ± 1.1 b 11.0 ± 0.6 a 9.1 ± 1.1 a 30.7 ± 6.9 b 15.8 ± 3.1 a 11.2 ± 1.1 a 4.4 ± 1.6 c 2.7 ± 0.7 a 2.5 ± 0.8 a 582 ± 39 a 543 ± 28 a 535 ± 25 a

‡ Means followed by the same lower-case letter(s) within columns are not significantly different using the least squares means (LSMEANS) and adjusted Tukey multiple comparison procedure (p > 0.05). Data for
each depth are averaged across three crop rotations and three replicates (n = 9), followed by ± one standard deviation from the mean. § NT = No-tillage; ST = Strategic tillage; RT = Reduced tillage.
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3.5. Nitrogen, Phosphorus and Potassium

Tillage × sampling depth interaction had an effect on NO3-N concentration measured
at the soil surface (Table 4). Across rotations, NO3-N concentration in the 0 to 5 cm depth
with ST was greater than NT or RT. The concentration of NO3-N was unaffected by tillage
in either the 5 to 15 or 15 to 30 cm depths. Averaged across crop rotations, soil NH4-N
in the 0 to 5 cm depth with ST or RT was less compared to NT (Table 4). Tillage had no
effect on NH4-N concentration below the 5 cm depth. Soil P concentration was unaffected
by tillage or crop rotation. Soil P concentration averaged 41 mg kg−1 in the 0 to 5 cm
depth, which was greater than P concentrations of 16.7 mg kg−1 at the 5 to 15 cm or 15
to 30 cm (6.3 mg kg−1) depths. The Mehlich-3 K concentration in the 0 to 5 cm depth
was less with ST compared to soils under RT accounting for the tillage × sampling depth
interaction (Table 4). Averaged across tillage treatments, K concentration in the 0 to 15 cm
was greater with WF compared to WSF or WW (Table 3). Crop rotation or tillage system
had no effect on K concentration at 15 to 30 cm depth. There was a significant positive
correlation between SOC and P or NO3-N concentration (Table 5).

Table 5. Correlation coefficients of soil organic carbon (SOC), pH, nitrate, phosphorus (P), Potas-
sium (K), iron (Fe), zinc (Zn) and manganese (Mn) concentrations measured three months after
tillage operations.

Parameter SOC pH NO3-N P K Zn Fe

pH −0.71 ***
NO3 0.62 *** −0.69 ***

P 0.73 *** −0.76 *** 0.83 ***
K −0.17 −0.03 0.05 0.09

Zn 0.53 *** −0.54 *** 0.53 *** 0.63 *** 0.11
Fe 0.79 *** −0.89 *** 0.61 *** 0.76 *** −0.08 0.55 ***
Mn 0.76 *** −0.92 *** 0.53 *** 0.66 *** −0.07 0.46 *** 0.90 ***

*** p ≤ 0.001.

3.6. Micronutrients: Fe, Cu, Mn, Zn

The concentration of Zn, Mn and Cu were unaffected by tillage. Across crop rotations
and sampling depth, Fe concentration was less with RT compared with soils under NT or
ST. The concentrations of Cu, Fe or Mn in the 0 to 15 cm were greater with WW compared
with WF or WSF. Micronutrient concentrations were similar among the crop rotations in
the 15 to 30 cm depth (Table 3).

3.7. Grain Yields

Winter wheat grain yield differed among tillage practices. Across the 2 year and crop
rotations, yield with NT was 1702 kg ha−1, which was less than that obtained with ST or
with RT (Figure 4a). The crop rotation × year interaction had an effect on winter wheat
grain yield with greater rotation effects in 2017 than in 2018 (Figure 4b). Winter wheat grain
yields decreased with increasing cropping intensity with WF > WSF > WW irrespective of
year (Figure 4b). Mean sorghum grain yield in 2017 was 2941 kg ha−1 and 4525 kg ha−1 in
2018. Sorghum grain yield with ST and NT were not different, but both were greater than
RT (Figure 5).
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Figure 4. Winter wheat grain yield averaged over 2017 and 2018 growing season at Hays, KS affected (a) tillage and
(b) crop rotation system. Means followed by the same lower-case letter(s) within a crop rotation or year are not signifi-
cantly different using the least squares means (LSMEANS) and adjusted Tukey multiple comparison procedure (p > 0.05).
WF = Wheat-fallow; WSF = wheat-sorghum-fallow; WW = Wheat-wheat.
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Figure 5. Grain sorghum yield as affected by tillage averaged over 2017 and 2018 growing seasons at
Hays, KS. Means followed by the same lower-case letter (s) within are not significantly different using
the least squares means (LSMEANS) and adjusted Tukey multiple comparison procedure (p > 0.05).

4. Discussion
4.1. Strategic Tillage Effects

Findings of this study confirm our hypothesis, suggesting occasional ST could be used
to manage perennial grasses and HR kochia as well as three-awn and tumble windmill
grass weeds that have developed because of long-term NT with little effects on crop
yields or soil properties. In the present study, ST of long-term NT or RT resulted in
significantly less weed density than NT. This is consistent with previous findings that
reported decreases in weed population densities with one-time tillage of NT soils [7,11].
Three-awn and tumble windmill grasses had been a significant weed problem at the
experimental site, and one-time ST with the sweep plow used in this study provided
effective control. Notwithstanding, ST provided good soil-to-seed contact that increased
the amount of volunteer wheat in the WW system. This required an herbicide application
to control the volunteer wheat prior planting the next crop.

In the present study, soil water content at wheat planting three months following ST
was similar to long-term NT in the WF and WSF rotations. This agrees with the findings of
Crawford et al. [11], who reported soil water content measured 3-months after imposition
of ST was not significantly different from that of NT in a study in Australia.

Still, NT had 4.4% more soil water stored than ST and 15.7% more than RT for soils
under WW (Figure 2a). The different response to tillage among the crop rotations was
due to differences in the length of the fallow period. The fallow period between crops
in WF was 14 months compared to the 10 month fallow in WSF or 3 month fallow in
WW. Tillage operations during fallow will reduce soil water content for the next crop,
particularly in WW which has a short window for soil water recharge before planting of
the next wheat crop. Therefore, potential for soil water loss with tillage operations would
be WW >WSF > WF.

Our results also showed the potential for ST or RT to reduced soil bulk density within
the top 0 to 15 cm of the soil compared to long-term NT. This was possibly because of the
disturbance from tillage operations loosening the soil resulting in a short-term decrease
in soil bulk density to the tilled depth. Other studies in dryland systems also reported
decreased bulk density associated with tillage of long-term NT soils [7,10,11]. In Australia,
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Crawford et al. [11] reported a decrease in bulk density due to one-time ST in the top 10 cm
depth compared with NT, consistent with results in the present study.

One-time ST had no effect on aggregate size distribution or MWD of aggregates. This
agrees with others [10,13,29] who found single tillage of NT soils had no negative effect
on aggregate stability. In contrast to our findings, ST with a moldboard plow decreased
MWD of aggregates at the surface 0 to 10 cm soil depth compared to NT, while significantly
increasing MWD measured at 10 to 20 cm or 20 to 30 cm depths [12]. This may have
occurred because moldboard plowing turned over surface soil with greater SOC and stable
aggregates into the subsoil resulting in the observed greater aggregate stability in this layer
for the ST treatments compared to NT. Although not significant, we observed a nominal
shift in the proportion of small macroaggregates (2 mm to 0.25 mm) with ST in the present
study (Figure 3a). This suggests that increasing the frequency of ST could have negative
impacts on aggregate stability similar to RT operations by reducing the proportion of larger
macroaggregates in the soil. Previous studies in New South Wales, Australia, showed
effects of a single ST operation on water stable aggregates ranged from 0 to 14% loss in
the proportion of macroaggregates, and a recovery time of 1 to 2 year [29]. Therefore,
we recommend ST croplands revert to NT until such time that grass and other HR weed
infestations reduce crop productivity before implementing another tillage operation.

In the present study, tillage had no significant effect on soil pH. This was expected
because, even though soil pH was vertically stratified, the ST tillage operations in this study
caused little soil mixing and redistribution of soil from the subsoil which had relatively
greater pH or basic cations to provide some buffering against pH changes. In contrast to
previous studies that suggest tillage of any type in NT systems can decrease soil aggregation
and increase SOC losses [15], implementing ST in the current study had no effect on SOC
concentration (Table 4) or aggregate stability (Figure 3a). The SOC with NT measured in
the soil surface was similar to ST, suggesting limited SOC loss occurred with ST. Crawford
et al. [11] found one-time ST had no negative effect on SOC concentrations at 0 to 20 cm
measured 3 or 12 months after tillage treatments across 5 sites in Australia. Similarly, Liu
et al. [9] in Australia, and Baan et al. [10] in Canada, and Quincke et al. [13] and Wortmann
et al. [14] in Nebraska, USA, reported SOC concentration was not affected by a single ST
operation, consistent with our findings. The significantly greater concentration of SOC in
the 0 to 5 cm depth observed with NT or ST compared to RT treatments was because of less
soil disturbance and more residue retention with NT that resulted in greater accumulation
of SOC near the surface of soils under NT or ST. Several studies in the semiarid Great Plains
have reported gains in SOC in the upper surface of soils under NT but no difference among
tillage systems for the subsurface [6,30]. This observation is partly due to low precipitation
that reduces the amount of biomass production and residue return to the surface limiting
SOC accretion to the upper 0 to 10 cm of the soil.

The tillage effect on NO3-N was only significant in the surface 0 to 15 cm and tended
to be greater in soils under ST particularly in the top 0 to 5 cm. This observation was
possibly due to greater mineralization of SOC following ST of the long-tern NT soil that had
accumulated more SOC. This is supported by results of the correlation analysis that showed
SOC was positively correlated with NO3-N concentration (Table 5). Expectedly, NH4-N
concentration measured in the surface 0 to 5 cm was greatest with NT. This corresponded
well with greater concentration of SOC in soils under NT. Soil K concentration at the
surface was increased with RT, possibly because of turnover of soil K from the subsurface
with annual tillage. The tillage effects on available P were not significant though the P
concentration was greater in the surface 0 to 15 cm compared to the subsurface. This
finding suggests one time ST operations with the sweep plow used in the present study
was not effective to provide sufficient soil mixing to redistribute soil nutrients to prevent P
stratification. Results in the present study showed tillage had no effect on Cu, Mn or Zn
concentrations. However, ST or NT significantly increased soil Fe concentration compared
to RT. The differences could be due to greater SOC concentration in soils under the NT or
ST treatments. In the present study, there was a significant positive correlation between
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SOC and the concentrations of Fe, Mn or Zn (Table 5). This is consistent with previous
studies that showed greater Fe concentrations in soils under NT were due to increases in
SOM content associated with NT systems [6].

In the semiarid central Great Plains, wheat and sorghum yields are directly pro-
portional to the amount of available soil water at planting as well as growing season
precipitation [31,32]. Soil water content at wheat planting with NT was similar to ST but
greater than with RT (Figure 2a). However, wheat yields over the 2 year with NT was
30% and 16% less than with ST and RT, respectively. This result of no negative effects of
tillage treatments on wheat yield agrees with reports [18,33–35] that concluded tillage had
minimal effect on wheat yield. In the present study, tumble windmill grass competed with
wheat in the NT plots for water and nutrients, which caused yield reductions compared
with ST or RT treatments that had less weed pressure (Figure 1). Similar to wheat, ST
had no effect on sorghum grain yield though RT reduced sorghum yield compared to NT.
Across the 2 year., sorghum yield was 13 and 17% greater with NT and ST, respectively,
compared to RT (Figure 5).

This result is consistent with previous studies that concluded NT sorghum yields
are greater than that from RT [34,36]. In the present study, soil water content with NT
was greater compared to RT. Plants rely on stored profile water at planting when growing
season precipitation is low. This was most evident in July of the 2017 growing season when
dry conditions existed (Table 1) that caused greater water stress in the RT treatments and a
subsequent reduction in grain yield. Overall, the results of no negative effect of ST on either
wheat or sorghum yield is in agreement with previous reports [9–11,14,29] that concluded
a single ST event of an otherwise NT system had little effect on crop yield.

4.2. Crop Rotation Effect

Findings of the present study showed cropping sequence had a significant impact on
crop productivity and soil properties because of differences in soil water dynamics and
amounts of residue returned to the soil. In general, soil water content at wheat planting was
least in the more intensive WW cropping system (Figure 2a) that resulted in a corresponding
decrease in wheat yield compared to WF or WSF (Figure 4b). The fallow period in WF
or WSF stores soil water for the next wheat crop and, in this study, replacing fallow by
continuous cropping caused yield depressions. This is consistent with other studies [37–41]
that concluded wheat yields from intensified rotations are less than those that have a fallow
period ahead of wheat to replenish soil water depletions. Notwithstanding, the continuous
WW system had reduced soil bulk density as well as improved MWD and proportions of
large macroaggregates near the soil surface (Figure 3a). Similarly, the concentrations of SOC
increased in soils under WW compared to WF or WSF. This observation was because of
the greater amount of residue inputs in the WW system that increased SOC accumulation.
Others [42–45] have reported greater SOC concentration in surface soils of intensified crop
rotations in the Great Plains as well.

In the present study, however, soil K concentration in the 0 to 15 cm of the soil
decreased with increasing cropping intensification compared to WF (Table 3), and could
possibly be explained by greater K removal from continuous cropping. Soil pH measured
in the surface 0 to 5 cm was markedly less in soils under WW (Table 3), possibly because
of more frequent annual application of urea-based N fertilizer to the WW plots. The
nitrification of NH4

+ to NO3
− from fertilizer application releases H+ that lower the soil

pH [46]. The DTPA extractable Cu, Fe and Mn concentrations were greater in soils under
WW compared to WF or WSF. The differences were partly due to the decrease in soil pH
which is known to cause significant increases in micronutrient availability [6]. There was a
negative correlation between soil pH and concentrations of Fe, Mn or Zn (Table 5), hence
WW which had lower pH will increase micronutrient availability. Soils under WW had
greater SOC concentration, which may also increase micronutrient levels similar to that
reported in previous studies [47,48].
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5. Summary and Conclusions

Findings showed one-time ST was effective at controlling tumble windmill grass
and HR kochia and had no negative impacts on soil water content at wheat planting.
Strategic tillage decreased bulk density and had no effect on water stable aggregates.
However, long-term RT negatively affected the proportion of large macroaggregates and
MWD. Similarly, ST did not influence SOC and N concentrations compared to long-term
NT. Soil P concentration was not different among the tillage treatments though RT had
increased K concentration near the upper surface. The ST treatment did not affect wheat
and sorghum yields though RT decreased sorghum yield compared to NT or ST. Wheat
yields differed among the crop rotation systems with the least yield obtained in the more
intensified rotation of WW. The SOC, MWD, and micronutrient availability were greatest
with WW. However, continuous annual cropping caused a significant decline in pH and K
concentration. Based on our results, ST could provide a mitigation option for HR weeds
in NT crop production with little impact on crop yields and soil properties. However,
additional research is needed to determine how frequently ST can be utilized without
negative soil and crop yield impacts. Still, future agriculture production is projected to
shift from conventional farming practices to more sustainable production systems that
will increase food, fiber and livestock production with less impact on the environment. In
these systems, weed management will likely involve integrated management programs
that combines less tillage, less herbicide use and diversified crop rotations with nutrient
dense alternative crops for human consumption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11040662/s1, Figure S1: Experimental layout of one replication with crop rotation
and tillage systems randomized. Bolded letters within each crop rotation label indicate crop phases
(wheat, sorghum, or fallow). Tillage operations (reduced tillage, strategic tillage or no-tillage) is
indicated by different patterns, Figure S2: No-till (a, left) and strategic tillage (a, right) following
tillage and fertilizer applications in fallow. A 1 m−2 quadrat (b) in the field to measure density of
herbicide tolerant windmill grass and other annual weeds.
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