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Cropping system diversity and tillage intensity affects wheat
productivity in Texas
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!'Soil and Crop Sciences Dep., Texas A&M

Univ., College Station, TX 77843, USA Abstract
2Texas A&M AgriLife Research, Hwy 59 E, Wheat (Triticum aestivum L.) production in Texas depends heavily on conventional
Beeville, TX 78102, USA tillage (CT) and a long summer fallow period, which contributes to soil degrada-

3Dep. of Crop and Soil Sciences,

tion. This study compared the impact of reducing tillage intensity (CT, no-tillage,
Washington State Univ., Pullman, WA

09164. USA and strip-tillage) combined with summer cropping to CT—summer fallow on wheat
4Texas A&M AgriLife Research and establishment, grain production, and herbage mass from 2016 to 2020 in three Texas
Extension Center, Lubbock, TX 79403, ecoregions (Coastal Plains, Southern High Plains, and Blackland Prairie). Tillage
USA

and summer cropping resulted in variable impacts on wheat stand establishment,
Dep. of Ecology and Conservation

Biology, Texas A&M Univ., College grain yield, and herbage mass across years and locations. At Beeville, in the Coastal

Station, TX 77843, USA Plains, wheat grain and herbage mass yields were not impacted by tillage. Sorghum

(Sorghum bicolor [L.] Moench) cropping resulted in less wheat grain yield in 2020.
Correspondence . . . L .
Jamie L. Foster, Texas A&M AgriLife In 1 yr at Lubbock in the Southern High Plains, wheat grain yield was greater with
Research, Hwy 59 E, Beeville, TX 78102, CT than reduced tillage. Sorghum summer cropping resulted in lower wheat grain
USA.

yield than cover crop mixture or cowpea (Vigna unguiculata [L.] Walp.) in 2017, but
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yield was greater in 2020. At Thrall, in the Blackland Prairie, wheat stand establish-

Assigned to Associate Editor Gurjinder ment and yield with reduced tillage were greater than CT in 2016, whereas CT was
Baath. greater in 2017 and 2020. Sorghum or cover cropping resulted in reduced wheat grain
Funding information yield compared with fallow in 2018, but sorghum and sesame (Sesamum indicum L.)
Natural Resources Conservation Service, resulted in increased yield compared with fallow in 2019 and 2020. Summer crop-
Grant/Award Number:

NRI$3A750008G013 ping in wheat production systems rarely had a negative impact on wheat production

compared with summer fallow in all three ecoregions.

Abbreviations: CT, conventional tillage; NT, no-tillage; ST, strip-tillage.
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1 | INTRODUCTION

Wheat (Triticum aestivum L.) is one of the most sought-after
agricultural products in the world and has been identified as
one of the major sources of food supply and security due
to its high-quality nutrition and health benefits, especially in
developing countries (FAO, 2011; Farvid et al., 2016; Slavin,
2004). In 2020, 17.9 million ha was planted in the United
States with 1.98 million ha planted in Texas (USDA-NASS,
2020). The majority of wheat production systems in Texas are
managed under conventional tillage (CT) and followed by 3—7
mo of fallow, leaving the soil without cover and increasing its
susceptibility to erosion and evaporative water loss (Massee
and Cary, 1978).

Management practices in agroecosystems, such as tillage,
crop rotation, and cover crops, can improve soil structure and
physiochemical characteristics of the soil leading to signif-
icant impacts on soil organic C, which is the major driver
of soil health (Kibblewhite et al., 2008; McClelland et al.,
2021). No tillage (NT) has long been considered one of
the most important management practices for sustainable
cropping intensification to meet future global food demands
(Derpsch et al., 2014) while preserving soil quality and secu-
rity by reducing soil erosion (Lal, 2001). Around the world,
adoption of NT has increased from 45 Mha in 1999 to >180
Mha in 2015, equal to approximately 13% of arable land
globally (Kassam et al., 2019). In NT systems, residues left
on the soil surface after crop harvest are a driving force for
promoting microbial activity, accumulating organic C and
nutrients near the soil surface, improving aggregate stability,
protecting against erosion, and increasing water infiltration
rate (Tebrugge & During, 1999). No tillage has been shown
to increase yields under water-limited environments (Farooq
et al., 2011; Rusinamhodzi et al., 2011). However, studies
have also shown NT practices resulted in low productivity
because of possible soil water-logging and cooler soil tem-
peratures, which can have negative impacts on crop stands in
temperate environments (Anken et al., 2004; Hay et al., 1978;
Riley et al., 1994; Soane et al., 2012; Van Ouwerkerk & Per-
dok, 1994). Other research indicates no difference between
crop yield in NT or CT management (Foster et al., 2018). At
present, NT is implemented on only 15% of cropland in Texas,
placing it among the lowest of all states in the United States
(Myers & LaRose, 2019).

Diverse crop rotations, including cover crops and double
cropping, have been shown to magnify the beneficial impacts
of reduced tillage and prevent soil erosion through ground
coverage (Keeling et al., 1989; Magdoff & Van Es, 1993).
Double cropping can be defined as planting and harvest-
ing more than one crop from the same land area annually.
Studies have shown that residues or ground coverage on
the soil’s surface creates a physical barrier resulting in less
water evaporation and improved protection from wind ero-

Core Ideas

* Tillage and summer cropping had variable effects
on yield and herbage mass across semi-arid envi-
ronments.

* Conservation tillage practices, no-tillage, or strip-
tillage are feasible practices for wheat production
systems.

* Wheat—summer crop rotations are potentially fea-
sible systems in the Coastal Plains and Blackland
Prairie regions.

* Wheat—summer crop rotations are not feasible in
the Southern High Plains due to limited precipita-
tion and timing.

sion, which serves as erosion control (Massee & Cary, 1978;
Shangning & Unger, 2001). A USDA national survey given
between 1999 and 2012 estimated only 2% of all cropland was
farmed with double cropping (Borchers et al., 2014). Farm-
ers’ skepticism about double cropping systems was attributed
to water availability or low precipitation that may affect their
primary crop (Borchers et al., 2014; Unger et al., 20006).
Researchers also found that the combination of double crop-
ping and reduced tillage intensity helped increase productivity
and net returns of cropping systems (Baumhardt et al., 1985;
Dhuyvetter et al., 1996; Unger, 1984) and specifically wheat
production (Alexandratos & Bruinsma, 2012). In contrast, tra-
ditional management practices such as fallow periods and
CT over time can lead to soil degradation and decline in
productivity, which may decrease long-term sustainability,
economic viability, and consequently diminish the ability to
produce food for an exponentially increasing world popula-
tion (Alexandratos & Bruinsma, 2012; Alvarez & Steinbach,
2009; Tebrugge & During, 1999). Despite the benefits of no
tillage and cover or double cropping during the fallow period,
most wheat is produced under conventional tillage and a long
fallow period.

The overall objective of this study was to determine the
effects of reduced tillage and summer double cropping on
cropping system productivity across Texas. In Texas, winter
wheat and fall-planted spring wheat are harvested in May or
June; therefore, selecting a summer crop that is adapted to
heat and drought stress during Texas summers and will be
harvested prior to wheat planting in November or December is
key to ensuring wheat—summer double crop rotation function-
ality. The specific objectives were to quantify the impact of
CT, NT, and strip-till (ST) as well as summer double crops on
(a) wheat and double crop establishment, (b) wheat and dou-
ble crop grain yield, and (c) wheat and double crop herbage
mass in three agriculturally important ecoregions in Texas.
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TABLE 1
sampled at experiment initiation in 2016

Soil characteristics Beeville

Soil type Parrita sandy clay loam
Clay, gkg™! 300

Silt, g kg™ 170

Sand, g kg™! 530

pH 7.1

Soil organic C, %* 14

Bulk density, Mg m~3? 1.50

Soil texture and bulk density reported in USDA-NRCS (2021).

We hypothesized that including summer double crops will not
reduce wheat grain or herbage mass when compared with the
summer fallow control. We also hypothesized that reduced
tillage (NT and ST) will not decrease wheat or double crop
grain or herbage mass compared with CT.

2 | MATERIALS AND METHODS

2.1 | Study area description

This study was conducted for 5 yr (2016-2020) in three
locations (Beeville, Lubbock, and Thrall) that represented
important agricultural ecoregions in Texas (Supplemental
Figure S1). The Beeville site was located at the Texas A&M
AgriLife Research Station (28°27' N, 97°42" W; 74 m asl)
in the Coastal Plains ecoregion, which is a humid subtropi-
cal climate. The Beeville site soil was classified as a Parrita
sandy clay loam (loamy, mixed, superactive, hyperthermic,
shallow Petrocalcic Paleustoll; NRCS, 2021). The Lubbock
site was located at the Texas A&M AgriLife Research and
Extension Center (33°41’ N, 101°49" W; 1,001 m asl) in
the High Plains ecoregion, which is a semi-arid temperate
climate. The Lubbock soil was classified as an Olton clay
loam (fine, mixed, superactive, thermic Aridic Paleustolls;
USDA-NRCS, 2021). The Thrall site was located at the Stiles
Farm Foundation (30°36’ N, 97°18" W; 173 m asl) in the
Blackland Prairies ecoregion, which is warm and temperate.
Thrall soil was classified as a Burleson clay (fine, smectitic,
thermic Udic Haplusterts; USDA-NRCS, 2021). Soil charac-
teristics of all three locations are reported in Table 1. The
land use history in the three locations prior to this study were
perennial peanut (Arachis glabrata Benth.) for 25 yr at the
Beeville location, and cotton (Gossypium hirsutum L.) for
over 10 yr (conventionally tilled) at the Lubbock and Thrall
sites. Monthly rainfall and average monthly temperature data
were collected through National Oceanic and Atmospheric
Administration weather sites (https://www.noaa.gov/) and are
reported in Figure 1. The weather station was within 200 m of

Soil characteristics of the three experimental sites (Beeville, Lubbock, and Thrall) in Texas determined at soil depth of 0-15 cm

Lubbock Thrall

Olton clay loam Burleson clay
190 500

300 280

510 220

7.7 5.4

0.64 0.9

1.43 1.43

the experiment at the Beeville location, and within 0.6 and
24.1 km of the Lubbock and Thrall experiments, respectively.

2.2 | Treatments and experimental design
The experimental design was a randomized complete block
split-plot design with three replications. Treatment factors
were randomly assigned to experimental units in 2016 (2015
for Thrall) and the same treatments implemented each year.
The main plots were tillage system (CT, NT, and ST), and
the subplots were the summer crop, including double crop
species or cover crop mixture. Summer double crop species
included cowpea (Vigna unguiculata [L.] Walp.), grain
sorghum (Sorghum bicolor [L.] Moench), sesame (Sesamum
indicum L.), or fallow control. The cover crop mixture
consisted of ‘Mancan’ buckwheat (Fagopyrum esculentum
Moench), ‘Iron and Clay’ cowpea, ‘Kinman’ guar (Cyamopsis
tetragonoloba [L.] Taubert), ‘Rio Verde’ lablab (Lablab pur-
pureus [L.] Sweet), short stature sunflower (‘8H668S’,
Helianthus annuus L.), pearl millet (Pennisetum glaucum
[L.] R. Br.), sunn hemp (Crotalaria juncea L.), ‘Tamrun OL
11" peanut (Arachis hypogaea), and German foxtail millet
(Setaria italica [L.] P. Beauv.). Peanut and German foxtail
millet were removed from the cover crop mixture in Year
3 due to peanut incompatibility with the other cover crop
species planting depth and poor stands of German foxtail
millet. The experimental unit size at Beeville was 9.1 m long
X 3.0 m wide, Lubbock was 12.2 m long X 4.1 m wide, and
Thrall was 22.9 m long X 7.6 m wide.

2.3 | Cropping system management

The experimental design and treatment factors were consis-
tent at each location; however, management decisions were
different because they were based on common practices spe-
cific to each region. At Beeville and Thrall, conventional
tillage plots were tilled to a depth of 15 cm using a disk (Case
IH 370), and ST plots were tilled to a depth of 15 cm with an
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FIGURE 1

Average monthly temperature (°C), precipitation (mm), and irrigation (mm) during the experimental period at experimental sites in

(a) Beeville, (b) Thrall, and (c) Lubbock, Texas. Data point for Thrall for the month of August 2019 was not available, thus, July and September 2019

average was used.

Orthman 1tRIPr (Lexington) with individual row spacing of
76 cm. At Beeville, a modified 1.5-m Great Plains NT drill
was used to plant wheat. At Thrall, a modified 1.5-m Great
Plains NT drill was used to plant wheat in 2015, 2016, 2019,
and 2020, whereas a 3.7-m John Deere 8200 and Sunflower
9.1-m NT drill 9421 were used to plant wheat in 2017 and
2018, respectively. Summer crops were planted at Beeville
and Thrall with John Deere Max Emerge Plus planter unit
fitted with Almaco 31-cell cones for seed metering. Conven-
tional tillage received three passes at Thrall and two passes at
Beeville, whereas ST received a single pass at both Beeville
and Thrall.

At Lubbock, CT plots were tilled with a John Deere tandem
disk, model 630 with a 4.3-m width and 15-cm depth. Prior to
planting in the CT treatment each season, it made two passes,
one from each direction. For ST plots, the implement was an
Orthman 1tRIPr that is 4 rows wide on 102-cm row spacing.
Each individual strip was 30-cm wide and ran 8-cm deep with
one pass made. The drill used for wheat planting was a Great

Plains minimum till drill, model 1200, with a 3.7-m width
and 19-cm spacing. The planter used for summer crops was
a John Deere Max Emerge plus 1700 that is 4 rows wide and
equipped with Almaco cones to plant the plots.

Wheat varieties for each location were selected based on
their adaptability across regions, and over the course of the
study were changed to address yield limiting issues such as
poor vernalization at Beeville and Thrall, weed control at
Thrall, and wheat streak mosaic virus at Lubbock. In Beeville,
hard red winter wheat cultivar “TAM 304’ (Rudd et al., 2015)
was planted in Year 1 and was changed to hard red winter
wheat cultivar “TAM 305’ (Ibrahim et al., 2015) in Year 2,
and hard red spring wheat cultivar ‘LCS Trigger’ (Limagrain)
was planted for the final three seasons of the study. In Lub-
bock, ‘TAM 304’ was planted in the first 2 yr of the study
and was changed to hard red winter wheat cultivar ‘TAM 204’
(Rudd et al., 2019) in years 3-5, though overall poor stands in
Year 4 required a replant using the spring wheat variety ‘LCS
Trigger’. In Thrall, hard red winter wheat cultivar ‘WB Cedar’
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(Westbred) was planted in the first 2 yr, changed to hard red
winter wheat cultivar ‘Gallagher’ (Marburger et al., 2021) in
Year 3 because of poor vernalization by WB Cedar, and LCS
Trigger in Years 4 and 5 to allow for later planting and better
fall weed control. The row spacing for wheat planting was 19
cm for all three locations. In the ST treatment, the wheat crop
was planted using NT, as tilled strips were wider than the row
spacing for wheat.

The summer crops were planted on a row spacing of 76 cm
in Beeville and Thrall, and 102-cm row spacing for Lubbock.
Cowpea ‘Texas Pinkeye Purple Hull’ variety was planted
in all locations in 2016 and was changed to ‘Golden Eye
Cream’ cultivar in 2017, ‘California Black Eye 5 in 2018 and
2019. The cowpea cultivars were changed due to availability.
Sesame variety ‘S32’ was planted at all locations through-
out the study. Sorghum variety ‘SP7715’ (medium-long) was
planted at Beeville and Thrall location throughout the study,
whereas sorghum variety ‘DKW37-07" (medium—early) was
planted at Lubbock. All summer double crops, except sesame,
were pretreated with Apron XL fungicide (Mefenoxam, Syn-
genta), Cruiser S5FS insecticide (Thiamethoxam, Syngenta),
and Dual safener. The cover crop mixture and the cowpea
treatments were treated at the time of planting with a pow-
dered Rhizobium species (N-DURE, Verdesian) inoculant to
facilitate seed inoculation (Flynn, 2015). Wheat and summer
crop seeding rates in pure live seed, planting dates, and harvest
dates are detailed in Supplemental Tables S1 and S2 in supple-
mentary data. Wheat fertilization was based on summer soil
sample results and recommendations from the Texas A&M
AgriLife Extension Service Soil, Water, and Forage Testing
Laboratory (College Station, TX; Supplemental Table S3). At
Beeville all fertilizers were broadcast applied, but at Lubbock,
UAN was diluted with water (1:1) for side dress application (4
row). At Thrall, wheat was fertilized with liquid fertilizer, N
was applied to double crops as side dress application (4 row);
whereas P,O5 and K,O were broadcast.

Herbicide applications are detailed in Supplemental Table
S4 in supplementary data. Irrigation is presented with
monthly precipitation totals in Figure 1 for Beeville and Lub-
bock but was not available at the Thrall site. Cowpea was
damaged by insects and wildlife grazing at all three locations
in 2018. Sesame grain was not harvested at Lubbock in 2017
because it did not mature prior to the first frost. Sorghum
grain was not harvested at Beeville in 2016 due to bird dam-
age. To avoid bird damage, wire mesh crop cages (1.5 X
1.2 m) were installed across two center rows in each sorghum
plot at all locations beginning in 2017 and in subsequent
years.

2.4 | Response variables

The response variables measured were: (a) wheat stand estab-
lishment, (b) wheat grain yield, (c) wheat herbage mass,

(d) summer crop stand establishment, (¢) summer double crop
grain yield, and (f) summer crop herbage mass.

2.5 | Stand establishment and yield

Wheat stand counts were taken approximately 3 wk after
emergence in four (Beeville and Lubbock) or six (Thrall) 1-
m length random locations within the center four rows in each
plot. Wheat herbage mass subsamples were taken before com-
bine harvest by hand clipping a 1-m? area to 5-cm stubble
height near the center of the plot. Wheat heads were separated
from the herbage mass and both samples dried in a forced-
air oven at 50 °C to a constant weight and heads threshed
(Almaco LPR thresher). Following threshing, grain weight
was subtracted from the initial head weight and the differ-
ence, which represented the head non-grain herbage mass,
was added to the herbage mass sample to calculate total
aboveground mass. Harvesting of wheat grain was performed
using a Wintersteiger (Wintersteiger Ag) classic plot combine
(1.5-m header) for all locations.

Summer crop stand counts were taken approximately 3
wk after emergence in two (Beeville and Lubbock) or four
(Thrall) 1-m length within center rows in each plot. All
summer double crops were harvested by hand in 1-m row
length of the two center rows and were dried at 50 °C in a
forced-air oven until constant weight and then weighed for
aboveground herbage mass estimate. The dried and weighed
sorghum (heads), sesame (pods), and cowpea (pods) samples
were then threshed. Following threshing, the grain weights
were subtracted from the head (sorghum) and pod (cowpea
and sesame) weights, and the difference, which represented
the head and pod chaff weights, were added to the herbage
sample to calculate total aboveground mass. Test weight and
moisture was performed using a Dickey John Model GAC
2100 (Dickey-John) to standardize sorghum grain yields to
78.9 kg hL~! and 13.5% moisture. Cover crop herbage mass
was measured by hand clipping two row lengths (1-m) within
the two center rows. Samples were dried in a forced-air oven
at 50 °C until constant weight and herbage mass per hectare
calculated.

2.6 | Statistical analysis

Wheat and summer crop stand establishment and all grain
and herbage mass were analyzed using PROC GLIMMIX
in SAS (SAS Institute, 2010). Location was analyzed sepa-
rately because each location represented a different ecoregion.
Treatments (tillage and summer crop), year, and their inter-
actions were considered fixed effects; block and block X
tillage were considered random effects. Tillage X summer
crop X year interaction was not significant for any variables.
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significance (P < .05).

Year was significant for all dependent variables at all loca-
tions, so data were analyzed by year. Regression stability
analysis was conducted to determine yield stability of wheat
grain and herbage mass across years within location (Finlay
and Wilkinson, 1963). Pearson correlation analysis was per-
formed for wheat and summer crop stand establishment and
all grain and herbage mass across years for each location. The
LSMEANS function with the DIFF option was used to deter-
mine mean separation among significant effects. Statistical
analysis results were considered significant if P < .05.

3 | RESULTS AND DISCUSSION

3.1 | Wheat

Significant year X tillage and year X summer crop interac-
tions for wheat stand establishment, grain yield, and herbage
mass were detected at all three locations, except for wheat
stand establishment (year X summer crop) and wheat herbage
mass (year X tillage) in Beeville; thus, results are presented
by year. The wheat stand establishment at Beeville was
approximately 35 and 43% greater for CT in 2017 and 2019,
respectively, compared with NT and ST (Supplemental Table
S5; Figure 2a). At Lubbock, tillage impact on wheat stand

establishment was inconsistent across years. In 2017, ST (166
plants m~?) results in greater stand establishment than CT or
NT (each 149 plants m~?), whereas CT was greater than NT
and ST in 2019 and greater than NT in 2020 (Figure 2b). At
Thrall, wheat stand establishment with NT (95 plants m~2)
and ST (91 plants m~2) were greater than CT (78 plants m~2)
in 2016, whereas CT was greater than NT and ST in 2017 and
2020 (Figure 2c).

Summer cropping did not affect wheat stand establishment
throughout this study at Beeville (Supplemental Table S5;
Figure 3a). Summer cropping at Lubbock affected wheat stand
establishment in 1 of 4 yr. In 2020 at Lubbock, wheat stand
establishment was greater in cover crop (120 plants m~2)
and sorghum (113 plants m~2) treatments and least in fal-
low (87 plants m~2) and cowpea (90 plants m~2) treatments
(Figure 3b). Summer cropping affected wheat stand estab-
lishment at Thrall in 2017, 2019, and 2020 (Figure 3g). In
2017, wheat stand establishment was greater in the cover crop
(89 plants m~2) treatment compared with the summer fal-
low control (68 plants m~2) and grain sorghum (70 plants
m~2) treatments (Figure 3c). For the 2019 wheat crop, cover
crop and cowpea treatments resulted in the least wheat stands,
whereas in 2020, wheat stand establishment was greatest in
the sorghum (119 plants m~?) treatment and least in cow-
pea (103 plants m~2) and fallow (107 plants m~2) treatments.
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Other studies have also shown mixed results of crop rota-
tion on wheat performance (Yadav et al., 2003). Berzsenyi et
al (2000) showed positive impacts of crop rotation on wheat
when rotated with maize or alfalfa; however, they attributed
much of the rotation effect to fertility. Lenssen et al (2014)
did see a small (5%) reduction in spring wheat stand follow-
ing field pea in a 2-yr rotation, but not in a 3- or 4-yr rotation
with barley, maize, and field pea in a 6-yr rotation study.

In general, trends in wheat stands across years for each
location tended to correlate with seeding rates, though envi-
ronmental factors also played a role (Supplemental Table S1;
Figure 1). For example, below average rainfall occurred in
Lubbock from October 2017 to February 2018 (Figure 1c);
thus, low soil moisture likely reduced wheat stand estab-
lishment. Other studies reported no differences for stand
establishment between NT and CT (Ahmad et al., 2008;
Lithourgidis et al., 2006; Schillinger, 2001; Wilkins et al.,
1989). Hemmat & Eskandari (2006) found greater wheat
stand establishment in NT compared with CT or reduced
tillage systems, which is consistent with our 2016 Thrall
location findings. Residue management at our experimen-
tal locations, especially following sorghum, could have
impacted seed—soil contact and wheat stand establishment.
For instance, shredding sorghum residue in fall 2016 at Thrall
created a thick mat of residue when planting wheat that fall

and appeared to be the reason for reduced stands that year. In
subsequent years, sorghum residue was left standing and no
stand reductions were observed.

Wheat grain yield at Beeville was not affected by tillage
throughout the study (Supplemental Table S5; Figure 2d).
At Lubbock, tillage affected wheat grain yield in 1 of 4 yr,
and was greater with CT (1,895 kg ha~!) compared with NT
(729 kg ha~!) and ST (815 kg ha~!) in 2019 (Supplemental
Table S5; Figure 2e). At Thrall, tillage and summer cropping
affected wheat grain yield in 3 of 5 yr. Wheat grain yield
under NT (3,931 kg ha™") and ST (4,030 kg ha~!) were greater
than CT (3,433 kg ha‘l) in 2016, whereas CT was greater
than NT and ST in 2017 and 2019 (Figure 2f). In 2016, NT
and ST were advantageous as CT resulted in a less uniform
seedbed, poorer seed placement, and ultimately reduced yield.
The reverse was true in 2017 as persistent wet weather con-
ditions and equipment failure necessitated the use of a drill
ill-equipped to direct seed. Interestingly, tillage differences at
Thrall were also apparent in wheat in 2019 even though tillage
was not performed prior to wheat planting. In 2019, wheat was
planted later than is ideal due to persistent wet conditions in
the fall and winter.

Summer cropping negatively affected wheat grain yield
in 2020 at Beeville (Supplemental Table S5; Figure 3d).
Sorghum treatment produced numerically less wheat grain
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yield each year, though it was only significantly less than fal-
low in 2020 (Figure 3d). Summer cropping affected wheat
grain yield in 2 of 4 yr at Lubbock (Figure 3e). Sorghum
grown in summer before wheat resulted in the lowest wheat
grain yield compared with cover crop mixture or cowpea
in 2017 (Figure 3e). Yet in 2020, sorghum resulted in the
greatest wheat grain yield compared with all other treatments
(Figure 3e). At Thrall, summer cropping reduced wheat grain
yield compared with fallow in only 1 of 5 yr (Figure 3f). In
2018, sorghum or cover crop grown prior to wheat production
resulted in reduced wheat grain yield compared with fallow
(Figure 3f). In 2019 and 2020, sorghum and sesame treat-
ment resulted in increased wheat grain yield compared with
the fallow control.

At Beeville, there was no wheat grain yield to harvest in
2017 due to incomplete vernalization. The low wheat yield
recorded in 2018 at Lubbock was mainly due to low in-
season precipitation, (Figure 1c) (Lithourgidis et al., 2005;
Matsi et al., 2003). Poor vernalization (due to mild winter
temperatures) occurred in 2017 at Thrall, whereas delayed
wheat planting in 2019 (due to persistent rains) contributed
to the overall lower wheat grain yields in those 2 yr at Thrall
(Supplemental Table S1; Figure 1b). In many cases, wheat
grain yield followed similar patterns as wheat stand estab-
lishment, with the exception of tillage treatments at Beeville.
In general, wheat grain yield at Lubbock was comparable
between CT and NT in most years, whereas summer crop-
ping did not significantly reduce wheat grain yield in any
year compared with the fallow control. At both Lubbock and
Thrall, when tillage impacted wheat stand, it often led to a
similar trend in wheat grain yield. Hence, good stand estab-
lishment is key to ensuring wheat productivity at these sites.
Other studies reported no significant impact of tillage on
wheat grain yield (De Vita et al., 2007; Izaurralde et al.,
1986; Norwood et al., 2013; Schillinger, 2001; Soane et al.,
2012). Other researchers have found significant differences
between CT and NT in certain environments when greater
soil moisture negatively impacts uniformity of crop emer-
gence of NT compared with CT (De Vita et al., 2007; Hemmat
& Eskandari, 2006; Norwood et al., 2013; Rothrock, 1987).
For crop rotation systems, Rothrock (1987) found no differ-
ence in wheat grain yield between wheat—soybean double
cropping and wheat monoculture in a temperate environ-
ment. In Tribune, KS, Norwood et al. (2013) reported no
difference for wheat grain yield between wheat—fallow and
wheat—sorghum—fallow crop rotation systems in most of the
years of the study.

Wheat herbage mass at Beeville was not affected by tillage
(Supplemental Table S5; Figure 2g). At Lubbock, wheat
herbage mass response to tillage was inconsistent across years
(Figure 2h). In 2018, wheat herbage mass was 44% greater in
NT and ST treatments than CT, whereas in 2019, CT wheat
herbage mass was 73% greater than NT and ST (Figure 2h).

At Thrall, tillage significantly impacted wheat herbage mass
in only 1 of 4 yr, which was due to greater wheat herbage
mass in CT (3,449 kg ha~!) and ST (3,226 kg ha~!) treatments
compared with NT (2,382 kg ha™!) in 2017 (Figure 2i).

In general, wheat herbage mass followed very similar
response to tillage and summer crop treatments as wheat grain
yield, which was not unexpected (Figure 2). The same vernal-
ization and environmental impacts that were relevant to wheat
grain yields impacted wheat herbage mass. Mrabet (2000)
found no differences between NT and CT for wheat herbage
mass in a 4-yr study. However, other researchers reported
contradicting results. Hemmat and Eskandari (2006) reported
greater wheat herbage mass for NT than CT and suggested
greater yield in NT was due to increased capacity to store
soil moisture, which was consistent with our findings in 2018
at Lubbock. Hajabbasi (2003) also reported greater wheat
herbage mass during drought years for NT. Summer crop-
ping reduced wheat herbage mass at Beeville in 1 of 4 yr
and was greatest in fallow in 2020 (Figure 3g). The grain
sorghum treatment had less wheat herbage mass in 2017 but
the greatest in 2020, whereas the other double crop treatments
were never significantly different from the fallow control in
any year at Lubbock (Figure 3h). Grain sorghum (2017 and
2018) and cover crop (2018) were the only double crop treat-
ments that reduced wheat herbage mass in any year at Thrall
(Figure 3i). These double crops produced the most sum-
mer biomass, which may have reduced nutrient availability
that limited wheat herbage production, and, in some cases,
reduced wheat stands because of poorer seed—soil contact
from abundant residue at planting.

Stability of wheat grain yield was not affected by the three
tillage systems as all tillage management practices resulted
in stable wheat grain yield at Beeville (Table 2). At Lub-
bock, yield stability for wheat grain yield was reduced by NT,
whereas CT reduced yield stability at Thrall (Table 2). Sum-
mer fallow and sorghum summer double cropping reduced
yield stability for wheat grain yield at Beeville, whereas
sorghum treatment reduced wheat grain yield stability at Lub-
bock. At Thrall, summer fallow and all summer cropping
treatments resulted in stable wheat grain yield. Stability of
wheat herbage mass at Beeville, Lubbock, or Thrall were not
affected by tillage system because all three tillage manage-
ment practices resulted in stable herbage mass yield (Table 3).
Summer cropping did not affect stability for wheat herbage
mass at Beeville. At Lubbock, sorghum treatment reduced sta-
bility of wheat herbage mass; whereas, at Thrall, cover crop
treatment reduced wheat herbage mass yield stability.

The impacts of implementing reduced or NT practices on
wheat grain yield were quite variable across years at each loca-
tion. In many, but not all cases, impacts on yield could be
attributable to tillage impacts on stand establishment. When
wheat grain yield stability is considered, ST or NT may result
in less management risk at Lubbock, and at Thrall either ST or
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significance (P < .05).

NT would be the ideal choice of tillage. Ultimately, summer
cropping in wheat production systems rarely had a negative
impact on wheat production compared with the summer fal-
low check at all three sites. Sorghum decreased wheat grain
yield in 1 yr at Lubbock and Thrall but resulted in increased
yield in a different year at each location. Overall wheat grain
yield is stable following sorghum at Lubbock and Thrall.

3.2 | Summer crops

Tillage did not affect cover crop stand establishment at
Beeville or Thrall; however, cover crop stand establishment
was greater for CT than NT and ST treatments at Lubbock in
2019 (Supplemental Table S6; Figure 4a—c). Cowpea stand
establishment at Beeville and Lubbock were not affected by
tillage (Supplemental Table S6; Figure 4d.e). At Thrall, cow-
pea stand establishment was least in CT in 2016 and 2019
but greater for CT treatment than NT in 2019 (Supplemen-

tal Table S7; Figure 4f). Sesame stand establishment was
impacted by tillage at Beeville in 2017 with it being greater in
CT than NT or ST, but was not different at Lubbock or Thrall
(Supplemental Table S6; Figure 4g—i). At Beeville, sorghum
stand establishment was greater in CT than ST in 2017, but in
2018 sorghum stand establishment in CT was less than in ST
(Figure 4j). At Lubbock, ST resulted in greater sorghum stand
establishment compared with CT and NT in 2018 (Figure 4k).
At Thrall, sorghum stand establishment was greater in CT
than NT and ST in 2019 (Figure 41).

At Thrall, in 2017, cowpea grain yield was over two times
greater in NT than CT or ST treatments (Supplemental Table
S7; Figure 5c¢), which was the only location and time with
differences in cowpea grain yield. Overall, cowpea grain
yields were very low at both Beeville and Thrall. Tillage
did not impact sesame seed yield at Lubbock (Figure Se).
At Beeville, sesame seed yield was least in NT in 2016 and
2017 (Figure 5d), though ST was not significantly different
from CT in either year. At Thrall, sesame seed yield was
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Texas from 2016 to 2019. Bars represent SE of mean, and different letters within each year at each location indicate significance (P < .05).

greater in NT (1,157 kg ha~!) than CT (920 kg ha™') in
2019 only (Figure 5f), though a similar trend appeared in all
4 yr. Sorghum grain yield was not different among tillage
treatments at Beeville or Lubbock (Supplemental Table S7;
Figure 5g.h) throughout this study, though there was a trend
of greater yields in the NT than ST treatment at Lubbock. The
NT and ST treatments produced 1.5 times greater sorghum
grain yield than CT in 1 of 4 yr at Thrall (Figure 5i).
Akinyemi et al. (2003) found no significant difference
between CT and NT for cowpea grain yield, which was con-
sistent with our results at Beeville and Lubbock. In contrast,
other researchers reported greater cowpea grain yield for CT
compared with NT (Adekalu & Okunade, 2006; Aikins &
Afuakwa, 2010). Adekalu & Okunade (2006) observed an
increase in cowpea grain yield for reduced tillage and CT
compared with NT. Weed control was particularly challenging
for sesame and may have resulted in lower grain yields in some
years; however, Thrall yields, in particular, were similar to or
exceeded commonly achieved yields in the Blackland Prairie
ecoregion for earlier plantings. In addition, late summer pre-
cipitation events may have contributed to the low sesame
grain yields experienced in 2017 at Beeville (328 kg ha™';
Figure 5d) and 2018 at Thrall (758 kg ha~!; Figure 5f). In
2017, Hurricane Harvey played a significant role in reduc-
tion of sesame grain yield with heavy precipitation (142 mm)

resulting in prolonged soil saturation and observed plant death
at the Beeville location. Late season precipitation has been
suggested to negatively affect sesame plants after the late
bloom development stage (Langham et al., 2010; Sheahan,
2014).

Researchers reported no differences between CT and NT
for sorghum grain yield (Foster et al., 2018; Franzluebbers
et al., 1995; Sow et al., 1997), which was consistent with our
study at Beeville and Lubbock. Studies have demonstrated
crop residues under NT systems increased water storage
capacity in the soil compared with CT system and may have
improved yields in the NT system at Thrall (Baumhardt et al.,
1985; Foster et al., 2018; Shaver et al., 2002; Sow et al., 1997).
Crabtree et al. (1990) also found they could produce similar
grain sorghum grain yield under no-till double cropping sys-
tems following wheat compared with typical planting dates
for grain sorghum in Eastern Oklahoma. Low sorghum grain
yield at Beeville (1,714 kg ha~!) in 2018 was mainly due to
bird damage. The low sorghum grain yield in 2019 at Lubbock
(921 kg ha~!) was mainly due to delayed planting because
the previous wheat crop was replanted, which delayed wheat
harvest. The sorghum variety had been changed to an earlier
maturing cultivar to compensate for a shorter growing sea-
son and ensure maturation before the first killing frost, but
yield still suffered. Thrall had low in-season rainfall (31 mm)
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from June of 2018 through August of 2018, resulting in lower
sorghum grain production (1,733 kg ha™!) in 2018. Whereas
timely planting is critical to ensure maturation of grain crops
before the first frost at Lubbock, this was not a concern at
Thrall or Beeville, which have much longer growing seasons.

Cover crop herbage mass was affected by tillage at Lub-
bock and Thrall in 2016 and 2018, respectively (Supplemental
Table S7; Figure 6b,c). At Lubbock, cover crop herbage mass
was 68% less in ST than in the NT and CT treatments in
2016. At Thrall, cover crop herbage mass was greater in NT
(2,637 kgha~!) than ST (1,554 kgha=!) or CT (1,041 kgha™!)
in 2018. Cowpea herbage mass was not affected by tillage
at any of the three locations throughout this study (Supple-
mental Table S7; Figure 6d—f). In the cover crop mixture,
pearl millet and ‘Iron and Clay’ cowpea were the most reliable
species across all three locations, both in terms of establish-
ment and herbage mass (data not shown). Sunflower had the
next highest herbage mass. Buckwheat, guar, and sunn hemp
established stands well at Lubbock. Lablab also did well at
producing herbage mass each year at Thrall, though not as
much as cowpea or pearl millet. Based on these results, pearl

millet and ‘Iron and Clay’ cowpea are likely to be good addi-
tions to cover crop mixtures in the environments studied.
Pearl millet and cowpea performed better than the rest of the
cover crop mixture species at Beeville and Thrall; however,
pearl millet, cowpea, sunflower, guar, lablab, sunn hemp, and
buckwheat all emerged and were productive in Lubbock.

Sesame herbage mass was affected by tillage at all three
locations (Supplemental Table S7). At Beeville, tillage impact
on sesame herbage mass was inconsistent. In 2017, ST and
CT treatments had sesame herbage mass 54% greater than
NT treatment, whereas in 2018, NT had the greatest sesame
herbage mass (Figure 6g). At Lubbock, sesame herbage mass
was 39% greater in ST than CT and NT (Figure 6h). At
Thrall, sesame herbage mass was greatest in NT and least
in CT in 2017 and 2019 (Figure 6i). At Beeville, sorghum
herbage mass was greater with NT and CT treatments than
ST in 2017 and 2019 (Supplemental Table S7; Figure 6j). At
Thrall, sorghum herbage mass was greatest in NT (8,211 kg
ha~!) and least in CT (5,707 kg ha~'; Figure 61). Tillage did
not affect sorghum herbage mass at Lubbock throughout this
study (Supplemental Table S7; Figure 6k).
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TABLE 4
Thrall locations in Texas from 2016 to 2020

Response variables 1 2
Beeville

1 Wheat stand count - 53
2 Wheat grain yield -

3 Wheat herbage mass

4 Summer crop stand count
5 Summer crop grain yield
6 Summer crop herbage mass
Lubbock
1 Wheat stand count - NS
2 Wheat grain yield =
3 Wheat herbage mass
4 Summer crop stand count
5 Summer crop grain yield
6 Summer crop herbage mass
Thrall
1 Wheat stand count - NS
2 Wheat grain yield -
3 Wheat herbage mass
4 Summer crop stand count
5 Summer crop grain yield
6 Summer crop herbage mass
Note. n = 180.
*Significant at the .05 probability level.

**Significant at the .01 probability level.
NS, nonsignificant.

Overall, summer crops were successfully established in
most years and locations throughout the study. Document-
ing weed control issues was beyond the scope of the trial,
but intensifying cropping systems does limit herbicide options
available for use without impacting subsequent crops and
should be considered. Economic analysis will determine
whether these double crop yields will offset the cost of pro-
duction; however, even some return on investment may make
these crops more profitable than a cover crop that does not
produce any immediate returns on investment unless graz-
ing is implemented. Double crops, and in particular grain
sorghum, produced as much, or in many cases, more above-
ground biomass than the multispecies cover crop mixture, and
therefore is likely to improve soil health as greater herbage
mass can enhance soil C storage, increase water retention,
ground coverage, and microbial activity, and protect against
erosion (Lal, 2004).

Correlation among response variables were obtained to
evaluate the relationship among variables measured in this
study across years and locations (Table 4). At Beeville, wheat
stand establishment showed significant positive correlation
with all response variables except wheat herbage mass. Wheat
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Pearson correlation across years for wheat and summer crop stand count, grain yield, and herbage mass at Beeville, Lubbock, and

3 4 5 6
NS’ — 35w - 29%* — 36+
697 NS — 25 — 26+
- 307 NS NS
- NS 39+
- 0%
—19% NS NS NS
84 —39% — 24 — 35
- —29% —17% — 26
- 15 45%
- 667
367 NS NS NS
15% —20% —14% —33
- 14% NS — 20
- 31 46+
= 3%

grain yield had a strong positive correlation with all response
variables, with the exception of summer crop stand establish-
ment at Beeville. Also, summer crop grain yield and herbage
mass did not result in a significant correlation with wheat
herbage mass. Interestingly, there was a strong positive cor-
relation among summer crop stand establishment and wheat
herbage mass, but not wheat grain yield at Beeville (Table 4).
One confounding factor at Beeville that helps explain this was
Hurricane Harvey, which resulted in reduced sesame grain
yields with no impact on stands or herbage mass in the 2017
season. At Lubbock, all response variables had a significant
positive correlation with each other, except wheat stand estab-
lishment that only had a significant positive correlation with
wheat herbage mass (Table 4). At Thrall, correlation sig-
nificance across variables was nearly identical to Lubbock
except that wheat herbage mass was not correlated with sum-
mer crop grain yield (Table 4). Interestingly, wheat herbage
mass was positively correlated with summer crop stand count
at Beeville and Thrall, but not Lubbock. Negative correla-
tions existed between wheat grain yield and summer crop
grain yield or herbage mass at all sites. This likely indicates
that there was adequate soil moisture following wheat harvest
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to facilitate germination and establishment of summer crops
only at Beeville or Thrall. Additionally, production of both
wheat and summer crops in this system is possible but maxi-
mizing productivity of both wheat and a summer crop is not
likely feasible.

Positive correlations at all three locations indicate that
achieving good stand establishment of summer crops was
important for increasing summer crop grain yield and herbage
mass. Not surprisingly, grain yield and herbage mass were
positively correlated with each other at all three sites for both
wheat and summer crops (Naharudin et al., 2021; Zhuanyun
et al., 2020). Whereas wheat stand count was correlated with
wheat grain yield at Beeville, it was not correlated at Lub-
bock or Thrall. Stand establishment is considered important
for wheat grain yield in many cases; wheat is considered
quite plastic and can compensate for low plant populations
by producing additional tillers if environmental conditions
are favorable (Dahlke et al., 1993; Tilley et al., 2019). Being
the most southern location, Beeville was generally planted
last and harvested first out of the three locations. Perhaps
the shorter growing season reduced tillering time resulting
in fewer tillers per plant and less time for the wheat to
compensate for lower plant populations.

4 | CONCLUSIONS AND IMPLICATIONS

The 5 yr of experimentation in three Texas locations indi-
cate that reduced tillage systems (NT and ST) and summer
cropping may be feasible practices in the Coastal Plains
and Blackland Prairie ecoregions of Texas. Both tillage and
summer cropping treatment impacts on wheat establishment,
wheat grain yield, and wheat herbage mass were inconsistent
across years in all the three ecoregions. Under normal con-
ditions, tillage did not impact wheat grain yield at Beeville,
and at Thrall, wheat grain yield for NT and ST was greater or
not different than CT in 3 of 5 yr. Summer cropping generally
did not have a deleterious effect on wheat grain production
at any site, with the exception of reduced wheat grain yield
compared with the fallow control in two of twelve site-years.
Yields of wheat, when rotated with any of the summer crops,
were generally stable at all sites over the course of this project,
except for grain sorghum at Beeville and Lubbock.

Double cropping in the High Plains region of Texas should
be carefully considered based on access to irrigation. Whereas
double cropping did not decrease wheat grain yield in any year
compared with fallow control, it should be noted that the win-
ter wheat was planted approximately 1 mo later than is typical
for the region to allow for summer crop maturation and har-
vest, and this likely lowered the wheat grain yield. The shorter
growing season requires a very quick turnaround between har-
vest of one crop and planting of the subsequent crop. As noted
in 2019, a late wheat harvest delayed double crop planting and

sorghum and sesame yields were affected by an early killing
frost before reaching full maturity. Double crop species or cul-
tivars that have short growing cycles should be considered at
Lubbock to ensure timely maturation before wheat planting;
however, limited growing degree days are not a concern at the
southern locations at Thrall and Beeville. These results indi-
cate limitations to the northern bounds of double cropping in
the southern United States and may be somewhat dependent
on the speed of wheat maturation in any given year.

Summer double cropping of grain sorghum and sesame has
the potential to improve farmers’ annual net return over cover
crop as well as enhance soil health and long-term productivity
and sustainability goals. Overall, this study demonstrates the
possibilities for intensifying and diversifying cropping sys-
tems as well as implementing conservation tillage systems (no
tillage or strip till) across multiple ecoregions in Texas.

ACKNOWLEDGMENTS

This research was supported by the Natural Resources Con-
servation Service, U.S. Department of Agriculture contract
number NR183A750008G013 for a Conservation Innovation
Grant.

AUTHOR CONTRIBUTIONS

Perejitei E. Bekewe: Data curation; Formal analysis; Inves-
tigation; Writing — original draft. Jamie L. Foster: Concep-
tualization; Data curation; Formal analysis; Investigation;
Methodology; Project administration; Resources; Supervi-
sion; Writing — review & editing. Clark B. Neely: Concep-
tualization; Funding acquisition; Investigation; Methodology;
Validation; Writing — review & editing. Haly L. Neely:
Funding acquisition; Investigation; Methodology; Project
administration; Writing — review & editing. Katie L. Lewis:
Conceptualization; Formal analysis; Investigation; Method-
ology; Supervision; Writing — review & editing. Lauren
E. Tomlin: Investigation; Methodology. Ronnie W. Schnell:
Investigation; Resources; Writing - review & editing. A. Pey-
ton Smith: Resources; Witing - review & editing. Thomas
W. Boutton: Conceptualization; Methodology; Resources;
Writing - reveiw & editing. Brandon Gerrish: Investigation.

CONFLICT OF INTEREST
Authors declare no conflicts of interest.

REFERENCES

Adekalu, K. O., & Okunade, D. A. (2006). Effect of irrigation amount
and tillage system on yield and water use efficiency of cowpea.
Communications in Soil Science and Plant Analysis, 37, 225-237.
https://doi.org/10.1080/00103620500403465

Ahmad, K., Jan, M. T., Arif, M., Marwat, K. B., & Jan, A. (2008). Phe-
nology and crop stand of wheat as affected by nitrogen sources and
tillage systems. Pakistan Journal of Botany, 40, 1103-1112.

Aikins, S. H. M., & Afuakwa, J. J. (2010). Effect of four different tillage
practices on cowpea performance. Agriculture and Biology Journal

85U0| 7 SUOWILIOD 3AIERID 3|qedlidde auj Aq paueA0h afe Sae VO ‘SN J0 S3IN 104 AXRIq 1T BUIIUO AB|IM UO (SUORIPUCD-PUR-SLLBH IO A8 | IM"ARIq 1 [euUO//Sa1L) SUORIPUOD PUe SWB L 83U} 83S *[2¢202/TT/T0] Uo Akiqiauliuo AB|Im ‘AiseAlun 1puIoD Aq 602T2 2 Be/200T 0T/I0p/w0o A8 | M AR 1 [pu[U0'SSsde// Sy Woj papeo|umoq ‘0 ‘Gr90SErT


https://doi.org/10.1080/00103620500403465

BEKEWE ET AL.

of North America, 6, 644—651. https://doi.org/10.5251/abjna.2012.3.
1.17.24

Akinyemi, J. O., Akinpelu, O. E., & Olaleye, A. O. (2003). Performance
of cowpea under three tillage systems on an oxic paleustalf in south-
western Nigeria. Soil and Tillage Research, 72, 75-83. https://doi.org/
10.1016/S0167-1987(03)00066-7

Alexandratos, N., & Bruinsma, J. (2012). World agriculture towards
2030/2050: The 2012 revision. FAO. https://www.fao.org/3/ap106e/
ap106e.pdf

Alvarez, R., & Steinbach, H. S. (2009). A review of the effects of tillage
systems on some soil physical properties, water content, nitrate avail-
ability and crop yield in the Argentine Pampas. Soil and Tillage
Research, 104, 1-15. https://doi.org/10.1016/].stil1.2009.02.005

Anken, T., Weisskopf, P., Zihlmann, U., Hans-Rudolf, F., Jansa, J., &
Perhacova, K. (2004). Long-term tillage system effects under moist
cool conditions in Switzerland. Soil and Tillage Research, 78, 171—
183. https://doi.org/10.1016/j.still.2004.02.005

Baumbhardt, R. L., Zartman, R. E., & Unger, P. W. (1985). Grain sorghum
response to tillage method used during fallow and to limited irrigation.
Agronomy Journal, 77, 643—-646. https://doi.org/10.2134/agronj1985.
00021962007700040030x

Berzsenyi, Z., Gyérfty, B., & Lap, D. (2000). Effect of crop rotation
and fertilization on maize and wheat yields and yield stability in a
long-term experiment. European Journal of Agronomy, 13, 225-244.
https://doi.org/10.1016/S1161-0301(00)00076-9

Borchers, A., Truex-Powell, E., Wallander, S., & Nickerson, C. (2014).
Multi-cropping practices: recent trends in double cropping, EIB-125.
USDA-ERS. https://www.ers.usda.gov/webdocs/publications/43862/
46871_eib125.pdf?v=36.6

Crabtree, R. J., Prater, J. D., & Mbolda, P. (1990). Long-term wheat, soy-
bean, and grain sorghum double-cropping under rainfed conditions.
Agronomy Journal, 82, 683—686. https://doi.org/10.2134/agronj1990.
00021962008200040007x

Dahlke, B. J., Oplinger, E. S., Gaska, J. M., & Martinka, M. J. (1993).
Influence of planting date and seeding rate on winter wheat grain
yield and yield components. Journal of Production Agriculture, 6,
408-414. https://doi.org/10.2134/jpa1993.0408

Derpsch, R., Franzluebbers, A. J., Duiker, S. W., Reicosky, D. C.,
Koeller, K., Friedrich, T., Sturny, W. G., Sa, J. C. M., & Weiss, K.
(2014). Why do we need to standardize no-tillage research? Soil and
Tillage Research, 137, 16-22. https://doi.org/10.1016/].still.2013.10.
002

De Vita, P., Di Paolo, E., Fecondo, G., Di Fonzo, N., & Pisante, M.
(2007). No-tillage and conventional tillage effects on durum wheat
yield, grain quality and soil moisture content in southern Italy. Soil
and Tillage Research, 92, 69-78. https://doi.org/10.1016/j.still.2006.
01.012

Dhuyvetter, K. C., Thompson, C. R., Norwood, C. A., & Halvorson,
A. D. (1996). Economics of dryland cropping systems in the Great
Plains: A review. Journal of Production Agriculture, 9, 216-222.

FAO. (2011). FAO Statistics. FAO. http://faostat3.fao.org/home/E%
5Cnbhttp://faostat3.fao.org/faostat- gateway/go/to/download/Q/QC/
E%5Cnhttp://faostat3.fao.org/

Farooq, M., Flower, K. C., Jabran, K., Wahid, A., & Siddique, K. H. M.
(2011). Crop yield and weed management in conservation agriculture.
Soil and Tillage Research, 117, 172—183. https://doi.org/10.1016/j.
still.2011.10.001

Farvid, M. S., Cho, E., Eliassen, A. H., Chen, W. Y., & Willett, W. C.
(2016). Lifetime grain consumption and breast cancer risk. Breast

Agronomy Journal 15

Cancer Research and Treatment, 159, 335-345. https://doi.org/10.
1007/510549-016-3910-0

Finlay, K. W., & Wilkinson, G. N. (1963). The analysis of adapta-
tion in plant-breeding programme. Australian Journal of Agricultural
Research, 14, 742-754. https://doi.org/10.1071/AR9630742

Flynn, R. (2015). Inoculation of legumes. (Guide A-130). New Mexico
State University Cooperative Extension. http://aces.nmsu.edu/pubs/_
a/A130.pdf

Foster, J. L., Bean, M. E., Morgan, C., Morgan, G., Mohtar, R., Landivar,
J., & Young, M. (2018). Comparison of two tillage practices in a semi-
arid cotton-grain sorghum rotation. Agronomy Journal, 110, 1572—
1579. https://doi.org/10.2134/agronj2017.12.0706

Franzluebbers, A. J., Hons, F. M., & Saladino, V. A. (1995). Sorghum,
wheat and soybean production as affected by long-term tillage, crop
sequence and N fertilization. Plant and Soil, 173, 55-65. https://doi.
org/10.1007/BF00155518

Hajabbasi, M. A. (2003). Effects of different tillage practices on physi-
cal properties of a clay-loam soil in northwest of Iran. In Proceedings
of the 16th Conference of the International Soil Tillage Research
Organization (pp. 519-523).

Hay, R. K. M., Holmes, J. C., & Hunter, E. A. (1978). The effects of
tillage, direct drilling and nitrogen fertilizer on soil temperature under
abarley crop. Journal of Soil Science, 29, 174—183. https://doi.org/10.
1111/j.1365-2389.1978.tb02048.x

Hemmat, A., & Eskandari, I. (2006). Dryland winter wheat response to
conservation tillage in a continuous cropping system in northwestern
Iran. Soil and Tillage Research, 86, 99-109. https://doi.org/10.1016/
j-still.2005.02.003

Ibrahim, A. M. H., Rudd, J., Devkota, R., Baker, J., Sutton, R.,
Simoneaux, B., Opeiia, G., Herrington, R., Rooney, L., Dykes, L.,
Awika, J., Nelson, L. R., Fritz, A., Bowden, R. L., Graybosch, R. A.,
Jin, Y., Seabourn, B. W., Chen, X., Kolmer, J., ... Duncan, R. (2015).
Registration of “TAM 305 hard red winter wheat. Journal of Plant
Registration, 9, 325-330. https://doi.org/10.3198/jpr2014.08.0054
cre

Izaurralde, R. C., Hobbs, J. A., & Swallow, C. W. (1986). Effects of
reduced tillage practices on continuous wheat production and on soil
properties. Agronomy Journal, 78, 787-791. https://doi.org/10.2134/
agronj1986.00021962007800050009x

Kassam, A., Friedrich, T., & Derpsch, R. (2019). Global spread of
conservation agriculture. International Journal of Environmental
Studies, 76, 29-51. https://doi.org/10.1080/00207233.2018.1494927

Keeling, W., Segerra, E., & Abernathy, J. R. (1989). Evaluation of con-
servation tillage cropping systems for cotton on the Texas High Plains.
Journal of Production Agriculture, 2, 269-273. https://doi.org/10.
2134/jpal989.0269

Kibblewhite, M. G., Ritz, K., & Swift, M. J. (2008). Soil health in agri-
cultural systems. Philosophical Transactions of the Royal Society B,
363, 685-701. https://doi.org/10.1098/rstb.2007.2178

Lal, R. (2001). Soil degradation by erosion. Land Degradation &
Development, 12, 519-539. https://doi.org/10.1002/1dr.472

Lal, R. (2004). Soil carbon sequestration to mitigate climate change.
Geoderma, 123, 1-22.

Langham, D. R., Riney, J., Smith, G., Wiemers, T., Pepper, D., & Speed,
T. (2010). Sesame producer guide. Sesaco Corp.

Lenssen, A. W., Sainju, U. M., Jabro, J. D., Iversen, W. M., Allen, B.
L., & Evans, R. G. (2014). Crop diversification, tillage, and manage-
ment system influence spring wheat yield and water use. Agronomy
Journal, 106, 1445-1454. https://doi.org/10.2134/agronj14.0119

85U0| 7 SUOWILIOD 3AIERID 3|qedlidde auj Aq paueA0h afe Sae VO ‘SN J0 S3IN 104 AXRIq 1T BUIIUO AB|IM UO (SUORIPUCD-PUR-SLLBH IO A8 | IM"ARIq 1 [euUO//Sa1L) SUORIPUOD PUe SWB L 83U} 83S *[2¢202/TT/T0] Uo Akiqiauliuo AB|Im ‘AiseAlun 1puIoD Aq 602T2 2 Be/200T 0T/I0p/w0o A8 | M AR 1 [pu[U0'SSsde// Sy Woj papeo|umoq ‘0 ‘Gr90SErT


https://doi.org/10.5251/abjna.2012.3.1.17.24
https://doi.org/10.5251/abjna.2012.3.1.17.24
https://doi.org/10.1016/S0167-1987(03)00066-7
https://doi.org/10.1016/S0167-1987(03)00066-7
https://www.fao.org/3/ap106e/ap106e.pdf
https://www.fao.org/3/ap106e/ap106e.pdf
https://doi.org/10.1016/j.still.2009.02.005
https://doi.org/10.1016/j.still.2004.02.005
https://doi.org/10.2134/agronj1985.00021962007700040030x
https://doi.org/10.2134/agronj1985.00021962007700040030x
https://doi.org/10.1016/S1161-0301(00)00076-9
https://www.ers.usda.gov/webdocs/publications/43862/46871_eib125.pdf?v=36.6
https://www.ers.usda.gov/webdocs/publications/43862/46871_eib125.pdf?v=36.6
https://doi.org/10.2134/agronj1990.00021962008200040007x
https://doi.org/10.2134/agronj1990.00021962008200040007x
https://doi.org/10.2134/jpa1993.0408
https://doi.org/10.1016/j.still.2013.10.002
https://doi.org/10.1016/j.still.2013.10.002
https://doi.org/10.1016/j.still.2006.01.012
https://doi.org/10.1016/j.still.2006.01.012
http://faostat3.fao.org/home/E%5Cnhttp://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E%5Cnhttp://faostat3.fao.org/
http://faostat3.fao.org/home/E%5Cnhttp://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E%5Cnhttp://faostat3.fao.org/
http://faostat3.fao.org/home/E%5Cnhttp://faostat3.fao.org/faostat-gateway/go/to/download/Q/QC/E%5Cnhttp://faostat3.fao.org/
https://doi.org/10.1016/j.still.2011.10.001
https://doi.org/10.1016/j.still.2011.10.001
https://doi.org/10.1007/s10549-016-3910-0
https://doi.org/10.1007/s10549-016-3910-0
https://doi.org/10.1071/AR9630742
http://aces.nmsu.edu/pubs/_a/A130.pdf
http://aces.nmsu.edu/pubs/_a/A130.pdf
https://doi.org/10.2134/agronj2017.12.0706
https://doi.org/10.1007/BF00155518
https://doi.org/10.1007/BF00155518
https://doi.org/10.1111/j.1365-2389.1978.tb02048.x
https://doi.org/10.1111/j.1365-2389.1978.tb02048.x
https://doi.org/10.1016/j.still.2005.02.003
https://doi.org/10.1016/j.still.2005.02.003
https://doi.org/10.3198/jpr2014.08.0054crc
https://doi.org/10.3198/jpr2014.08.0054crc
https://doi.org/10.2134/agronj1986.00021962007800050009x
https://doi.org/10.2134/agronj1986.00021962007800050009x
https://doi.org/10.1080/00207233.2018.1494927
https://doi.org/10.2134/jpa1989.0269
https://doi.org/10.2134/jpa1989.0269
https://doi.org/10.1098/rstb.2007.2178
https://doi.org/10.1002/ldr.472
https://doi.org/10.2134/agronj14.0119

BEKEWE ET AL.

16 Agronomy Journal

Lithourgidis, A. S., Dhima, K. V., Damalas, C. A., Vasilakoglou, I. B.,
& Eleftherohorinos, I. G. (2006). Tillage effects on wheat emergence
and yield at varying seeding rates, and on labor and fuel consumption.
Crop Science, 46, 1187-1192. https://doi.org/10.2135/cropsci2005.
09-0321

Lithourgidis, A. S., Tsatsarelis, C. A., & Dhima, K. V. (2005). Tillage
effects on corn emergence, silage yield, and labor fuel inputs in dou-
ble cropping wheat. Crop Science, 45, 2523-2528. https://doi.org/10.
2135/cropsci2005.0141

Magdoft, F., & Van Es, H. (1993). Building soils for better crops sustain-
able soil management (3rd ed.). Sustainable Agriculture Research &
Education. http://faculty.washington.edu/elizaw/building%20Soils%
20for%?20better%20crops.pdf

Marburger, D. A., Silva, A., Hunger, R. M., Edwards, J. T., Laan, L.
V., Blakey, A. M., Kan, C.-C., Garland-Campbell, K. A., Bowden,
R. L., Yan, L., Tilley, M., Chen, M.-S., Chen, Y. R., Bai, G., Jin, Y.,
Kolmer, J. A., Seabourn, B. W., Rassi, G. D., Rayas-Duarte, P,, ...
Carver, B. F. (2021). ‘Gallagher’ and ‘Iba’ hard red winter wheat:
Half-sibs inseparable by yield gain, separable by producer preference.
Journal of Plant Registration, 15, 177-195. https://doi.org/10.1002/
plr2.20116

Massee, T. W., & Cary, J. W. (1978). Potential for reducing evaporation
from summer fallow. Journal of Soil and Water Conservation, 33,
126-129.

Matsi, T., Lithourgidis, A. S., & Gagianas, A. A. (2003). Effects of
injected liquid cattle manure on growth and yield of winter wheat and
soils characteristics. Agronomy Journal, 95, 592-596. https://doi.org/
10.2134/agronj2003.5920

McClelland, S. C., Paustian, K., & Schipanski, M. E. (2021). Manage-
ment of cover crops in temperate climates influences soil organic
carbon stocks: a meta-analysis. Ecological Applications, 31. https://
doi.org/10.1002/eap.2278

Mrabet, R. (2000). Differential response of wheat to tillage management
systems in a semiarid area of Morocco. Field Crops Research, 66,
165-174.

Myers, R., & LaRose, J. (2019). Adoption of soil health systems based
on data from the 2017 U.S. Census of Agriculture. Soil Health Insti-
tute. https://soilhealthinstitute.org/wp-content/uploads/2019/07/Soil-
Health-Census-Report.pdf

Naharudin, N. S., Muhmmad, A. H., & Zaini, A. H. (2021). Relation-
ship among yield and quality traits in Sorghum bicolor L. Moench.
For biomass and food utilization. IOP Conference Series: Earth and
Environmental Science, 756, 012067. https://doi.org/10.1088/1755-
1315/756/1/012067

Norwood, C. A., Schlegel, A.J., Morishita, D. W., & Gwin, R. E. (2013).
Cropping system and tillage effects on available soil water and yield of
grain sorghum and winter wheat. Journal of Production Agriculture,
3, 356-362. https://doi.org/10.2134/jpal1990.0356

USDA-NRCS. (2021). Web soil survey. http://websoilsurvey.sc.egov.
usda.gov/

Riley, H., Bgrrensen, T., Ekeberg, E., & Rydberg, T. (1994). Trends in
reduced tillage research and practice in Scandinavia. In M.R. Carter
(Ed.), Conservation tillage in temperate agroecosystems (pp. 23—-45).
Lewis Publishers.

Rothrock, C. S. (1987). Take-all of wheat as affected by tillage and
wheat-soybean double cropping. Soil Biology and Biochemistry, 19,
307-311. https://doi.org/10.1016/0038-0717(87)90014-9

Rudd, J. C., Devkota, R. N., Ibrahim, A. M., Baker, J. A., Baker, S.,
Sutton, R., Simoneaux, B., Opena, G., Hathcoat, D., Awika, J. M.,

Nelson, L. R., Liu, S., Xue, Q., Bean, B., Neely, C. B., Duncan,
R. W., Seabourn, B. W., Bowden, R. L., Jin, Y., ... Graybosch,
R. A. (2019). ‘TAM 204’ Wheat, adopted to grazing, grain, and
graze-out production systems in the Southern High Plains. Journal
of Plant Registration, 13, 377-382. https://doi.org/10.3198/jpr2018.
12.0080crc

Rudd, J. C., Devkota, R. N., Ibrahim, A. M., Marshall, D., Sutton, R.,
Baker, J. A., Peterson, G. L., Herrington, R., Rooney, L. W., Nelson,
L. R., Morgan, G. D., Fritz, A. K., Erickson, C. A., & Seabourn,
B. W. (2015). ‘TAM 304’ wheat, adapted to the adequate rainfall or
high-input irrigated production system in the southern Great Plains.
Journal of Plant Registration, 9, 331-337. https://doi.org/10.3198/
jpr2015.02.0004crc

Rusinamhodzi, L., Corbeels, M., van Wijk, M., Rufinio, M. C.,
Nyamangara, J., & Giller, K. E. (2011). A meta-analysis of long-
term effects of conservation agriculture practices on maize yields
under rain-fed conditions. Agronomy for Sustainable Development,
31, 657-673. https://doi.org/10.1007/s13593-011-0040-2

SAS Institute. 2010. SAS/STAT 9.22 user’s guide. SAS Institute.

Schillinger, W. F. (2001). Minimum and delayed conservation tillage for
wheat-fallow farming. Soil Science Society of America Journal, 65,
1203-1209. https://doi.org/10.2136/sssaj2001.6541203x

Shangning, J., & Unger, W. P. (2001). Soil water accumulation under
different precipitation, potential evaporation, and straw mulch condi-
tions. Soil Science Society of America Journal, 65, 442—448. https://
doi.org/10.2136/ss52j2001.652442x

Shaver, T. M., Peterson, G. A., Ahuja, L. R., Westfall, D. G., Sherrod, L.
A., & Dunn, G. (2002). Surface soil physical properties after twelve
years of dryland no-till management. Soil Science Society of America
Journal, 66, 1296. https://doi.org/10.2136/sssaj2002.1296

Sheahan, C. M. (2014). Plant guide for sesame (Sesamum orientale).
USDA-NRCS, Cape May Plant Materials Center.

Slavin, J. (2004). Whole grains and human health. Nutrition Research
Reviews, 17,99-110. https://doi.org/10.1079/NRR200374

Soane, B. D., Ball, B. C., Arvidsson, J. A., Basch, G., & Roger-Estrade,
J. (2012). No-till in northern, western and south-western Europe: A
review of problems and opportunities for crop production and the
environment. Soil and Tillage Research, 188, 66-87. https://doi.org/
10.1016/j.still.2011.10.015

Sow, A. A., Hossner, L. R., Unger, P. W., & Stewart, B. A. (1997). Tillage
and residue effects on root growth and yields of grain sorghum follow-
ing wheat. Soil and Tillage Research, 44, 121-129. https://doi.org/10.
1016/S0167-1987(97)00042- 1

Tebrugge, F., & During, R. A. (1999). Reduced tillage intensity—a review
of results from a long-term study in Germany. Soil and Tillage
Research, 53, 15-28. https://doi.org/10.1016/S0167-1987(99)000
73-2

Tilley, M. S., Heiniger, R. W., & Crozier, C. R. (2019). Tiller initiation
and its effects on yield and yield components in winter wheat. Agron-
omy Journal, 111, 1323-1332. https://doi.org/10.2134/agronj2018.
07.0469

Unger, P. W. (1984). Tillage and residue effects on wheat, sorghum and
sunflower grown in rotation. Soil Science Society of America Journal,
48, 1423-1432.

Unger, P. W., Payne, W. A., & Peterson, G. A. (2006). Water conservation
and efficient use. In G.A. Peterson, P. W. Unger, & W. A. Payne (Eds.),
Dryland agriculture (2nd ed., pp. 39-85). Agronomy Monograph No.
23. ASA, CSSA, SSSA. https://doi.org/10.2134/agronmonogr23.2ed.
c22

85U0| 7 SUOWILIOD 3AIERID 3|qedlidde auj Aq paueA0h afe Sae VO ‘SN J0 S3IN 104 AXRIq 1T BUIIUO AB|IM UO (SUORIPUCD-PUR-SLLBH IO A8 | IM"ARIq 1 [euUO//Sa1L) SUORIPUOD PUe SWB L 83U} 83S *[2¢202/TT/T0] Uo Akiqiauliuo AB|Im ‘AiseAlun 1puIoD Aq 602T2 2 Be/200T 0T/I0p/w0o A8 | M AR 1 [pu[U0'SSsde// Sy Woj papeo|umoq ‘0 ‘Gr90SErT


https://doi.org/10.2135/cropsci2005.09-0321
https://doi.org/10.2135/cropsci2005.09-0321
https://doi.org/10.2135/cropsci2005.0141
https://doi.org/10.2135/cropsci2005.0141
http://faculty.washington.edu/elizaw/building%20Soils%20for%20better%20crops.pdf
http://faculty.washington.edu/elizaw/building%20Soils%20for%20better%20crops.pdf
https://doi.org/10.1002/plr2.20116
https://doi.org/10.1002/plr2.20116
https://doi.org/10.2134/agronj2003.5920
https://doi.org/10.2134/agronj2003.5920
https://doi.org/10.1002/eap.2278
https://doi.org/10.1002/eap.2278
https://soilhealthinstitute.org/wp-content/uploads/2019/07/Soil-Health-Census-Report.pdf
https://soilhealthinstitute.org/wp-content/uploads/2019/07/Soil-Health-Census-Report.pdf
https://doi.org/10.1088/1755-1315/756/1/012067
https://doi.org/10.1088/1755-1315/756/1/012067
https://doi.org/10.2134/jpa1990.0356
http://websoilsurvey.sc.egov.usda.gov/
http://websoilsurvey.sc.egov.usda.gov/
https://doi.org/10.1016/0038-0717(87)90014-9
https://doi.org/10.3198/jpr2018.12.0080crc
https://doi.org/10.3198/jpr2018.12.0080crc
https://doi.org/10.3198/jpr2015.02.0004crc
https://doi.org/10.3198/jpr2015.02.0004crc
https://doi.org/10.1007/s13593-011-0040-2
https://doi.org/10.2136/sssaj2001.6541203x
https://doi.org/10.2136/sssaj2001.652442x
https://doi.org/10.2136/sssaj2001.652442x
https://doi.org/10.2136/sssaj2002.1296
https://doi.org/10.1079/NRR200374
https://doi.org/10.1016/j.still.2011.10.015
https://doi.org/10.1016/j.still.2011.10.015
https://doi.org/10.1016/S0167-1987(97)00042-1
https://doi.org/10.1016/S0167-1987(97)00042-1
https://doi.org/10.1016/S0167-1987(99)00073-2
https://doi.org/10.1016/S0167-1987(99)00073-2
https://doi.org/10.2134/agronj2018.07.0469
https://doi.org/10.2134/agronj2018.07.0469
https://doi.org/10.2134/agronmonogr23.2ed.c22
https://doi.org/10.2134/agronmonogr23.2ed.c22

BEKEWE ET AL.

USDA National Agricultural Statistics Service (USDA-NASS). (2020).
Small grains 2020 summary. USDA-NASS. https://downloads.
usda.library.cornell.edu/usda-esmis/files/5t34sj573/7p88d6171/
bn9991131/smgr0920.pdf

Van Ouwerkerk, C., & Perdok, U. D. (1994). Experiences with mini-
mum and no-tillage practices in the Netherlands. I: 1962-1971. In
F. Tebriigge, & A. Bohrnsen (Eds.), Experience with the applica-
bility of no-tillage crop production in the west-European countries.
Proceedings of the EC-Workshop, 4. 35428 59-67.

Wilkins, D. E., Klepper, B., & Rickman, R. W. (1989). Measuring wheat
seedling response to tillage and seeding systems. Trans. ASAE, 32,
795-800. https://doi.org/10.13031/2013.3107

Yadav, R., Singh, V., Dwivedi, B., & Shukla, A. (2003). Wheat produc-
tivity and N use-efficiency as influenced by inclusion of cowpea as a
grain legume in a rice—wheat system. Journal of Agricultural Science,
141, 213-220. https://doi.org/10.1017/S0021859603003563

Zhuanyun, S., Muhammad, Z., Mehmood, F., Wang, G., Gaoa, Y., &
Duan, A. (2020). Effects of nitrogen application rate and irriga-
tion regime on growth, yield, and water-nitrogen use efficiency of
drip-irrigated winter wheat in the North China Plain. Agricultural

Agronomy Journal 17

Water Management, 231, 106002. https://doi.org/10.1016/j.agwat.
2020.106002

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Bekewe, P. E., Foster, J. L.,
Neely, C. B., Neely, H. L., Lewis, K. L., Tomlin, L.
E., Schnell, R. W., Smith, A. P., Boutton, T. W., &
Gerrish, B. (2022). Cropping system diversity and
tillage intensity affects wheat productivity in Texas.
Agronomy Journal, 1-17.
https://doi.org/10.1002/agj2.21209

85U0| 7 SUOWILIOD 3AIERID 3|qedlidde auj Aq paueA0h afe Sae VO ‘SN J0 S3IN 104 AXRIq 1T BUIIUO AB|IM UO (SUORIPUCD-PUR-SLLBH IO A8 | IM"ARIq 1 [euUO//Sa1L) SUORIPUOD PUe SWB L 83U} 83S *[2¢202/TT/T0] Uo Akiqiauliuo AB|Im ‘AiseAlun 1puIoD Aq 602T2 2 Be/200T 0T/I0p/w0o A8 | M AR 1 [pu[U0'SSsde// Sy Woj papeo|umoq ‘0 ‘Gr90SErT


https://downloads.usda.library.cornell.edu/usda-esmis/files/5t34sj573/7p88d6171/bn999x131/smgr0920.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/5t34sj573/7p88d6171/bn999x131/smgr0920.pdf
https://downloads.usda.library.cornell.edu/usda-esmis/files/5t34sj573/7p88d6171/bn999x131/smgr0920.pdf
https://doi.org/10.13031/2013.3107
https://doi.org/10.1017/S0021859603003563
https://doi.org/10.1016/j.agwat.2020.106002
https://doi.org/10.1016/j.agwat.2020.106002
https://doi.org/10.1002/agj2.21209
https://www.researchgate.net/publication/363231173

	Cropping system diversity and tillage intensity affects wheat productivity in Texas
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Study area description
	2.2 | Treatments and experimental design
	2.3 | Cropping system management
	2.4 | Response variables
	2.5 | Stand establishment and yield
	2.6 | Statistical analysis

	3 | RESULTS AND DISCUSSION
	3.1 | Wheat
	3.2 | Summer crops

	4 | CONCLUSIONS AND IMPLICATIONS
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST
	REFERENCES
	SUPPORTING INFORMATION


