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Abstract: Perennial groundcover (PGC) merges scalable soil and water conservation with high-
yielding row crops, enhancing ecosystem services of annual grain crop production. However,
ineffective groundcover suppression increases competition between the groundcover and row crop,
reducing row crop grain yield. The objective of this study was to assess the effectiveness of three
Kentucky bluegrass (KBG) groundcover suppression methods each at narrow and wide widths on
maize (Zea mays L.) growth and development in evenly spaced PGC, compared to alternating PGC
swards and a no-PGC conventional tillage control. Suppression methods for evenly spaced PGC
included two different strip tillage implements, completing either shallow or deep soil fracture, for
mechanical suppression and a banded sprayer for no-tillage chemical suppression. We measured
weekly for maize plant height, phenological stage of development, reflected red:far-red (R:FR) ratio,
early vegetative and final plant density, grain and stover yield, yield components of kernel rows ear−1,
kernels row−1, kernels ear−1, ear length, kernel weight, grass frequency, and weed community. In
2020, maize grain yield in the alternating PGC swards (11.38 Mg ha−1) was similar to the control
(12.78 Mg ha−1) and greater than in the evenly spaced groundcover (9.62 Mg ha−1). Maize grain
yield was similar for systems in 2021 (7.41 Mg ha−1), due to drought and high coefficient of variation.
Weed community was similar for systems in both years. A maize competition response was observed
for both suppression widths across methods. Groundcover dormancy may be needed in conjunction
with effective chemical and/or mechanical groundcover suppression to support maize production
in PGC.

Keywords: annual row crop production; cover crop management; perennial groundcover (PGC)

1. Introduction

The perennial groundcover (PGC) system involves growing an ecologically appropri-
ate groundcover in the interrow spacing of an annual row crop. The PGC system conserves
natural resources underpinning crop production while enhancing the biological functioning
of the soil–plant environment, improving both soil health and crop productivity. Perennial
groundcovers provide ecosystem services that are presently lacking in conventional agricul-
ture and only achievable by perennializing the landscape, increasing plant cover diversity
and duration [1]. Such services include preventing soil erosion, building soil carbon and
soil health, increasing water infiltration, reducing runoff, and retaining nitrogen. In the
USA, PGC can be integrated into >50% of the 96 Mha of corn, soybean, wheat, cotton, and
sorghum grown annually. These crops comprise nearly 3

4 of the 130 Mha of harvested
cropland in the USA [2]. An important advantage of integrating PGC into annual grain crop
operations as a conservation practice relates to utilizing the existing timing of operations,
particularly in the northern Corn Belt of the USA or other regions with a restricted window
of opportunity for management operations. Most row crop systems are designed to use the
entire growing season leaving little time to establish and remove or suppress a winter cover
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crop. After establishment of the perennial groundcover in the first system year, activities
such as spring strip tillage and chemical suppression in PGC may be coupled with existing
management practices for annual grain crop production.

Variations of perennial cover crop systems offer promising solutions for sustainable
intensification outside the USA. The integrated crop livestock (ICL) model deployed in
South America and elsewhere improves degraded soil by livestock grazing of perennial
grass pastures after the annual cash crop is harvested [3–5]. The ICL configuration has been
deployed on >9 Mha of land in Brazil [6]. In East Africa, low-input Push–Pull systems,
where an intercropped legume and annual cereal crop are bordered by insect ‘trap’ plants,
enhance pest management and soil fertility for food and feed production. Push–pull
systems have been implemented by nearly 300,000 smallholder farmers in East Africa,
resulting in a 3.5-fold average increase in maize yield [7–9].

Some of the desirable characteristics of grass species used as PGC for grain production
have been recognized as disadvantages in modern turfgrass applications, emphasizing the
importance of effective early-season groundcover suppression. Dormancy, for example, is
an adaptive mechanism that entails an escape from drought stress, facilitating life cycle
completion prior to the onset of moisture insufficiency [10]. Dormancy has not been a
valued characteristic in cool-season grasses used as PGC because it reduces productiv-
ity [11]. Nondormant or ineffectively suppressed groundcover will elicit a shade avoidance
response (SAR) in maize, resulting from a low red:far-red (R:FR) light ratio quality shift,
and subsequently compete with the row crop during the critical period for weed con-
trol [12–17]. Previous PGC studies have identified rapid post-suppression recovery with
modern Kentucky bluegrass (KBG) (Poa pratensis L.) varieties [13,14] that maintain green
tissue under drought stress instead of senescing [18]. Where groundcover dormancy is
lacking or delayed, a longer duration of PGC suppression would be needed to support
grain yield [15,19]. Previous studies have found that 50% groundcover will both limit
erosion and support maize yield in PGC systems [19,20]. A research gap exists for the effect
of groundcover suppression width on maize yield in a PGC system.

An experiment was therefore conducted to assess the effectiveness of three ground-
cover suppression implements and the resulting competition from the suppressed grass
cover crop on maize growth and yield. Suppression efficacy was evaluated for two strip
tillage implements for mechanical groundcover suppression and one sprayer implement
to apply a strictly chemical, no-tillage suppression on the groundcover, each performed
at a narrow and wide width. Chemical, no-tillage suppression was included as a treat-
ment because highly erodible land makes tillage unsuitable, and for incorporation of PGC
into existing no-till operations. The resultant treatment effect was assessed by measuring
(i) post-suppression groundcover frequency and width, (ii) post-suppression reflected R:FR
ratios from the groundcover canopy, (iii) maize developmental morphology, yield, and
yield components, and (iv) weed community. It was hypothesized that wider suppression
widths would produce greater maize yield with limited groundcover interference.

2. Materials and Methods

In 2020 and 2021, a 2 site-year study was conducted at the Agronomy and Agri-
cultural Engineering Sorenson Research Farm (Sorenson), 11.9 km southeast of Boone,
IA (42◦0′ N 93◦44′ W). The Sorenson Research Farm climate data during the two consec-
utive study years were obtained from the Ames-8-WSW Iowa Environmental Mesonet
station, 3 km northwest of the research site [21].

Growing degree days (GDD) were calculated from planting according to the following equation:

GDD = Σ [(daily maximum temp. ≤30 ◦C + daily minimum temp. ≥10 ◦C)/2] − 10 ◦C

where 30 ◦C is the maximum and 10 ◦C the base temperature for maize development [22].
The experiment was located on dominant soil types of Webster clay loam (0–2% slope,

fine-loamy, mixed, superactive, mesic Typic Endoaquoll) and Clarion loam (2–6% slope,
fine loamy, mixed, superactive, mesic Typic Hapludoll). The experiment design was a
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randomized complete block with four replicates. The nine treatments were randomly
allocated in each replicate and each plot was 3 m wide (4 rows × 0.76 cm inter-row spacing)
and 6.1 m long. The plots with the alternating strip treatment were widened to 6 m to better
assess the treatment effect. Cropping history of the site prior to PGC seeding included
soybean, maize, and oats in 2017, 2018, and 2019, respectively. Pioneer P0574AM 105
Comparative Relative Maturity maize [23] was planted as the maize hybrid in all plots.
Pioneer P0574AM maize is a relatively fixed ear type that is well adapted to water-limited
conditions with rapid emergence [24].

The three suppression methods included (Table 1): ETS SoilWarrior prototype strip
tillage implement (Environmental Tillage Systems, Inc., Faribault, MN, USA), Unverferth
330 Ripper Stripper strip tillage implement (Unverferth Manufacturing Company, Kalida,
OH, USA), and Redball-Hooded band sprayer (Willmar Fabrication, LLC, Benson, MN,
USA) each at a narrow and wide width (25 and 38 cm for the tillage implements and 25
and 51 cm for the band sprayer). Groundcover swards in alternating interrow spaces
(“alternating PGC”) at 25 and 38 cm and a no-PGC conventional tillage control were also
compared. While the ETS strip tillage implement has cogwheels for soil penetration to
a 9 cm shallow soil depth, the ripper shanks on the Unverferth strip tillage implement
allowed for vertical soil fracture to a 25 cm depth, with deeper vertical soil fracture than the
ETS. The ETS strip tillage implement is a prototype, non-commercial machine developed
specifically for the PGC system, consisting of a toolbar with colters and cogwheels and a
three-point mount unit. The light weight of the ETS strip tillage machine achieves shallower
vertical soil fracture than the Unverferth strip tillage machine, because the ETS strip tillage
machine lacks the weight of the fertilizer hopper to force the colters and cogwheels into the
ground during tillage.

Table 1. Treatments at Sorenson Research Farm in 2020 and 2021.

Treatment Suppression Type, Width, and Equipment

1 ETS SoilWarrior strip tillage 25 cm width
2 ETS SoilWarrior strip tillage 38 cm width
3 Unverferth 330 strip tillage 25 cm width
4 Unverferth 330 strip tillage 38 cm width
5 Chemical, Redball-Hooded band sprayer 25 cm width
6 Chemical, Redball-Hooded band sprayer 51 cm width
7 Alternating PGC strips 25 cm width
8 Alternating PGC strips 38 cm width
9 No-PGC conventional tillage control

The research site was tilled prior to grass planting on 30 August 2019. Kentucky
bluegrass ‘Midnight’ variety (Outsidepride Seed Source, LLC, Independence, OR, USA)
was seeded as the PGC for all plots on 3 September 2019 by making two passes at 5.6
and then 7.8 kg ha−1, for 13.4 kg ha−1 total, with a Tye 104-4204 Pasture Pleaser no-till
seeder (AGCO Corporation, Duluth, GA, USA). Multiple passes were completed to split
the drill row spacings of 20 cm for a denser initial establishment. The seedbed was then
packed. The groundcover plots established in 2019 were used in both experiment years in
2020 as a juvenile stand and in 2021 as an established stand. Permanent tillage strips were
established at maize planting in spring 2020, and maize was planted into the same tillage
strips after strip tillage was performed in both site years.

2.1. Site Management

On 7 April 2020, di-ammonium phosphate (18-46-0, N–P2O5–K) and potash (0-0-62,
N–P–K2O) were broadcast at a rate of 35, 90, and 112 kg ha−1 of N, P, and K, respectively,
and on 7 April 2021 at a rate of 45-112-123 kg ha−1 of N, P, and K, respectively. A finish
mower clipped remaining residue in plots to a uniform height of 6.4 cm on 29 March 2021
to minimize interference with subsequent spring operations.
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A 2,4-D (2,4-dichlorophenoxyacetic acid) (Amine 400, PBI/Gordon Corporation,
Kansas City, MS, USA) application was broadcast sprayed with 159 L ha−1 water at 1.18 kg
acid equivalent (a.e.) ha−1 on 23 April 2020 and at 1.57 kg a.e. ha−1 on 26 May 2021 on
perennial grass swards to control broadleaf weeds. All applications in both years were
completed at 207 kPa.

Tillage operations were performed on 11 May 2020 and 26 April 2021. The 25- and
38 cm strip tillage were completed with an ETS SoilWarrior prototype strip tillage ma-
chine at 9 cm depth and to a 25 cm depth in the appropriate plots with an Unverferth
330 Ripper Stripper. Conventional tillage was completed with a King Kutter TG-72 rotary
tiller (Northern Tool + Equipment, Burnsville, MN, USA) at 15 to 20 cm depth to simulate
a multiple pass system of chisel plowing, disking, and field cultivating. Alternate strip
removal was completed with a Honda FRC800 rear tine rotary tiller (American Honda
Motor Co., Inc., Torrance, CA, USA) to a 15 cm depth on 11 May 2020 and 27 April 2021,
and re-tilled in year 1 on 4 June 2020.

Large clods of soil caused by strip tillage were hand raked from perennial grass
swards on 12 May 2020. Raking of soil clods prevented smothering of the grass swards and
interference with the hooded band sprayer, which is operated at close proximity to the soil
surface to minimize drift. Maize was planted 12 May 2020 at 79,100 seeds ha−1 and planted
at 80,300 seeds ha−1 on 30 April 2021. Nitrogen as S-coated urea (43–0–0–4, N–P–K–S) was
banded on 12 May 2020 at 168 kg N ha−1 and on 4 May 2021 at 169 kg ha−1 N.

For groundcover suppression in chemical, no-tillage suppression treatments on the
day of maize planting, Glyphosate (N-phosphonomethyl)glycine) (Roundup PowerMAX,
Monsanto, St. Louis, MO, USA) was applied in 25- and 51 cm suppression widths at
1.26 kg a.e. ha−1 and 159 L ha−1 water with a custom four-row RedBall-Hooded band
sprayer on 12 May 2020 and 27 April 2021. All PGC was suppressed by applying paraquat
(1,1′-dimethyl-4,4′-bipyridinium dichloride, Gramoxone SL 2.0, Syngenta Canada) immedi-
ately after maize planting. The paraquat was applied at a rate of 0.56 kg active ingredient
(a.i.) ha−1 with 159 L ha−1 water with Enduraplas broadcast sprayer (Enduraplas, Neche,
ND, USA). Glyphosate (Roundup PowerMAX) was applied on 3 June 2020 and 1 June 2021
at 1.26 kg a.i. ha−1 and 140 L ha−1 water in 25 cm bands for weed control directly over
maize rows in all plots with a custom four-row RedBall-Hooded band sprayer.

On 24 July 2020 and 18 July 2021, 0.22 kg ha−1 Permethrin was sprayed in all
plots in a 159 L ha−1 solution with an Enduraplas sprayer to control Japanese beetles
(Popillia japonica L.). On 12 October 2020, a flail harvester and forage wagon were used
after grain harvest to remove 90% of stover in all plots.

2.2. Measurement Procedures

Maize stand density was recorded at V2 and R6 in both years. Six plants per plot
were tagged between the V5 and V6 leaves in the center two rows from which the mean
plot growth stage was obtained. Maize maturity and height were collected on a weekly
basis from tagged plants beginning at the V2 stage until plants reached R1, at which point
the terminal plant height was collected. Maize maturity was thereafter collected on a
bi-weekly basis until plants reached the R6 stage. Maize maturity was determined by the
leaf collar method [25]. The tallest point on each tagged plant was recorded as plant height
for each data collection date. Husks from a representative ear were peeled back during
the reproductive stages in each plot to assess kernel development and maturity. A Field
Scout Red/Far Red Meter (Spectrum Technologies, Inc., Aurora, IL, USA) was used to
capture the red and far-red light values, from which the reflectance R:FR ratio above the
groundcover canopy was calculated. The light quality measurement was recorded from
the center interrow of each plot with the meter sensor facing the ground approximately
1.2 m above the soil surface or groundcover canopy, as close to weekly as possible and only
on clear sunny days, from the V2 maize stage until the V8 maize stage. Four readings per
plot were collected from which mean R:FR ratio was calculated. For the alternating PGC
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sward treatment, the R:FR ratio above the PGC sward and adjacent cultivated inter-row
were measured and averaged.

Post-suppression perennial grass sward width was measured at mid-season and end-
of-season in both years, with an additional early-season post-suppression measurement
in year 2. Widths were measured on 7 August 2020 and 16 July 2021 for mid-season,
6 October 2020 and 20 October 2021 for end-of-season, and 25 May 2021 for early-season in
year 2. Four widths were collected in each center row and averaged for mean plot width.
Perennial grass in the PGC sward and adjacent cultivated inter-row was measured and
averaged for the alternating PGC sward treatment mean grass sward width.

At physiological maturity, a 1.5 m row of maize (equivalent to 1.15 area m2) was
manually harvested on 29 September 2020 and 22 September 2021 from the two center
maize rows in each plot from which plant number, ear number, fresh weight of stover
(husks, stalks, and leaves), and fresh weight of ears were recorded. All harvested ears and
stover from a random two-plant sample were retained and dried at 70 ◦C until a constant
weight was achieved [26]. The remainder of the two center rows were combine harvested
on 8 October 2020 and 1 October 2021 with a modified John Deere 9450 combine with weigh
system and moisture sensor. To determine grain yield, combine maize grain yield was
adjusted to 15% moisture and added to the hand harvested grain yield at 15% moisture
from the same plot.

Before separating kernels from the cob, kernel rows ear−1, kernels row−1, and kernels ear−1

were obtained from each harvested ear of randomly selected plants each year. Ear length was
also recorded in year 2. A seed counter (Old Mill Model 900-2, International Marketing and
Designs Corp., San Antonio, TX, USA) was used to obtain kernel number for each plot, from
which average kernels ear−1 was obtained for each treatment. Individual kernel weight was
determined by dividing kernels ear−1 by grain weight for the plot at 15% moisture.

Cobs and grain were separated before cobs were added back to dried stover for total
stover weight (husks, stalks, leaves, and cobs) [27]. A grain moisture analyzer (Model
GAC 2000, DICKEY-john, Auburn, IL, USA) was used to assess grain moisture. Using the
following equation, harvest index (HI) was calculated from the dried weights obtained for
each treatment:

HI = grain dry weight/total aboveground biomass dry weight

After harvest on 5 October 2020 and 19 October 2021, a 10 by 10 frequency grid (7.5
by 7.5 cm per square) was used to evaluate groundcover persistence. The 5 by 5 Vogel
and Masters [28] frequency grid used for warm season grassland grasses was modified for
application to cool season turfgrass frequency estimates with smaller squares to fashion a
10 by 10 frequency grid. A total of 200 cells were counted per plot. Cells with grass were
totaled to assess the percent presence of cover, yielding plant frequency of occurrence or
stand percentages. Because the KBG was planted the prior fall and produces rhizomatous
stems, plants m–2 was not estimated from the plant frequency data. Alternating PGC mean
frequency was calculated from two grid counts in the strip-tilled inter-row and two grid
counts in the perennial grass sward to account for cultivated strips.

In both years post-harvest, fall weed density (weeds m−2) and weeds per species per
square meter were measured. The number of weeds by species in five randomly distributed
0.1 m2 hoops per plot were counted on 6 October 2020 and 5 October 2021.

2.3. Statistical Analysis

Data were analyzed with the PROC GLM procedures in SAS version 9.4 [29]. ANOVA
was used to assess significant effects in the linear additive model. Since the experiment
treatment structure was an incomplete factorial, custom contrasts and differences of least
square means were used for comparisons of treatments at α = 0.05. Fisher′s Least Significant
Difference (LSD) was also applied as a post hoc means comparison where treatment was
significant for subsequent treatment comparisons. Because of year × treatment interactions
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from the combined analysis, data were subsequently analyzed within each site-year with
treatment as a fixed effect and block as a random effect and presented as such.

2.4. Weather Conditions

In 2020, the Boone research site logged 2801 GDD from maize planting to maize harvest,
with greater heat unit accumulation in June and July (by 110 and 59 GDD, respectively) and
less heat unit accumulation in May and September (by 58 and 79 GDD, respectively) than
the 30-yr trailing average (Figure 1). A total of 347 mm precipitation accumulated during
the growing season. Precipitation was only consistent with the 30-yr trailing average in
May and September and less in all other months. In 2021, a total of 3058 GDD accumulated
from maize planting to maize harvest, with the 30-year trailing average exceeded in June,
August, and September (by 73, 95, 117 GDD, respectively) (Figure 1). Less precipitation
than the 30-year trailing average was logged in every month of the growing season in
2021, totaling only 292 mm. In 2020, abnormally dry to moderate drought conditions were
observed from the end of July. Abnormally dry to severe drought conditions persisted
throughout 2021 [30].
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Figure 1. (A) Growing degree days (GDD) by month in 2020 and 2021 and 30-yr trailing average
at NWS COOP site Ames-8-WSW; and (B) total precipitation by month in 2020 and 2021 and 30-yr
trailing average at NWS COOP site Ames-8-WSW.

3. Results
3.1. Perennial Groundcover Persistence, Sward Width, and R:FR Ratio
3.1.1. Frequency of Perennial Groundcover (End-of-Season)

A year by treatment interaction was observed for end-of-season groundcover fre-
quency (Table 2). End-of-season groundcover frequency indicated development from the
juvenile stand in year 1 to an established stand in year 2 but was less for wider than
narrower suppression widths in year 2. End-of-season groundcover frequency was greater
for the evenly spaced PGC than the alternating swards in year 1 at 15 and 7%, respec-
tively, and year 2 at 40 and 27%, respectively (Figure 2). In year 2, greater frequency was
recorded specifically in the chemical 25- than 51 cm suppression width, at 50 and 27%,
respectively (p < 0.01).

Table 2. Type III tests of significance for fixed sources of variation for perennial groundcover (PGC)
mid-season (Mid) and end-of-season (End) sward width, and PGC end-of-season frequency (PGC
Frequency) at Sorenson Research Farm in 2020 and 2021.

Source of Variation PGC Width ‘Mid’ PGC Width ‘End’ PGC Frequency

Treatment (T) <0.0001 <0.0001 <0.0001
Sequence Year (Y) <0.0001 0.0003 <0.0001

T × Y <0.0001 <0.0001 <0.0001
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Figure 2. End-of-season groundcover frequency for treatments at the Sorenson Research Farm in
2020 (A) and 2021 (B). Treatments include ETS strip tillage 25 cm width (ETS 25); ETS strip tillage
38 cm width (ETS 38); Unverferth strip tillage 25 cm width (Un 25); Unverferth strip tillage 38 cm
width (Un 38); Chemical band sprayer 25 cm width (RB 25); Chemical band sprayer 51 cm width
(RB 51); alternating PGC swards 25 cm width (Alt 25); alternating PGC swards 38 cm width (Alt 38);
control (C).

3.1.2. Perennial Groundcover Sward Width (Early, Mid, and End-of-Season)

A year by treatment interaction was observed for mid-season and end-of-season
groundcover sward width (Table 2). While end-of-season grass sward widths were similar
for PGC treatments in 2020, the effect of suppression width persisted at the end-of-season
collection date in 2021. In 2020, suppression treatments produced similar end-of-season
sward widths but different mid-season sward widths. The Unverferth produced 36%
greater mid-season sward width than the chemical treatment. The PGC mid-season sward
width was greater for the chemical treatment 25- than 51 cm suppression width, at 35 and
14 cm, respectively.

More pronounced differences were observed between suppression widths in year 2,
as the chemical wider 51 cm suppression width maintained narrower groundcover sward
widths than the 25 cm suppression widths at early season, mid-season, and end-of-season.
Suppression methods produced similar sward widths at all collection dates. The evenly
spaced PGC sward width was greater than the alternating width at the early and end-of-
season collection dates (Table 3).

3.1.3. R:FR Ratio

The PGC treatments produced lower R:FR ratio in both years than the control. In
2020, treatment was significant for R:FR ratio at only two early season collection dates
(Table 4). On 29 May, the R:FR ratio for the evenly spaced PGC and alternating PGC were
both less than the control, at 0.38, 0.39, and 0.45, respectively, with greater R:FR ratio for
the alternating than evenly-spaced PGC. Comparing suppression methods, the chemical
treatment had 11% greater R:FR ratio than the ETS. Between suppression widths, the
Unverferth 38 cm suppression width had 11% greater R:FR ratio than the Unverferth 25 cm
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suppression width. On 3 June, a lower R:FR ratio was recorded within the evenly spaced
PGC than the alternating PGC, at 0.40 and 0.44, respectively. The chemical treatment
produced 13% greater R:FR ratio than other methods, and similar R:FR ratio to the control.

Table 3. Perennial groundcover sward widths at mid- and end-of-season in 2020 and 2021 and early
season in 2021 at the Sorenson Research Farm.

Treatment Mid-
Season

End of
Season

Early
Season

Mid-
Season

End of
Season

_________ 2020 _________ ________________ 2021 ________________

____________________________________ cm ___________________________________

ETS 25 cm 32 30 27 21 31
ETS 38 cm 29 25 21 17 22

Unverferth 25 cm 33 31 34 24 29
Unverferth 38 cm 33 23 24 18 23
Chemical 25 cm 35 25 30 23 30
Chemical 51 cm 14 16 20 12 18

Alternating 25 cm 35 26 23 16 19
Alternating 38 cm 31 22 19 13 16

Control 0 0 0 0 0
SE 3.45 5.14 2.40 2.65 3.11

Pr > F

Treatment <0.0001 0.0035 <0.0001 <0.0001 <0.0001
Evenly spaced vs. alternating PGC 0.1987 0.8589 0.0222 0.0508 0.0043

Unverferth vs. ETS 0.4375 0.9037 0.0614 0.4107 0.9847
Unverferth vs. chemical 0.0187 0.2187 0.1188 0.2764 0.4498

ETS vs. chemical 0.0996 0.1783 0.7377 0.7857 0.4386
ETS 25 vs. 38 cm 0.5319 0.5506 0.1095 0.2946 0.0529

Unverferth 25 vs. 38 cm 0.9400 0.3334 0.0052 0.1351 0.1937
Chemical 25 vs. 51 cm 0.0001 0.2640 0.0089 0.0079 0.0183

Table 4. Perennial groundcover R:FR ratio at the Sorenson Research Farm in 2020.

Treatment R:FR Ratio—2020

29 May 3 June 11 June 25 June

ETS 25 cm 0.38 0.39 0.35 0.17
ETS 38 cm 0.35 0.37 0.32 0.17

Unverferth 25 cm 0.36 0.37 0.34 0.18
Unverferth 38 cm 0.40 0.40 0.36 0.16
Chemical 25 cm 0.39 0.43 0.34 0.17
Chemical 51 cm 0.41 0.43 0.36 0.18

Alternating 25 cm 0.38 0.41 0.34 0.16
Alternating 38 cm 0.40 0.47 0.35 0.17

Control 0.45 0.43 0.36 0.16
SE 0.02 0.02 0.01 0.01

Pr > F

Treatment 0.0018 0.0393 0.0642 0.0509
Evenly spaced PGC vs. control 0.0002 0.2134 - -

Alternating PGC vs. control 0.0026 0.6339 - -
Evenly spaced PGC vs. alternating PGC 0.5023 0.0226 - -

Unverferth vs. ETS 0.1929 0.9955 - -
Unverferth vs. Chemical 0.1526 0.0252 - -

ETS vs. Chemical 0.0089 0.0248 - -
PGC 25 vs. 38&51 cm 0.2580 0.7335 - -

ETS 25 vs. 38 cm 0.1962 0.5841 - -
Unverferth 25 vs. 38 cm 0.0330 0.2799 - -
Chemical 25 vs. 51 cm 0.2872 0.9619 - -
Chemical vs. control 0.0151 0.8714 - -

ETS vs. control <0.0001 0.0876 - -
Unverferth vs. control 0.0007 0.0884 - -

Alternating 25 cm PGC vs. control 0.0029 0.5991 - -
Alternating 38 cm PGC vs. control 0.0206 0.1825 - -

In 2021, treatment was significant for R:FR ratio at every collection date (Table 5). The
R:FR ratio for the evenly spaced PGC was less than the control at all dates. The R:FR ratio
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in the PGC alternating swards was less than the control only at the first two collection dates,
but greater than the evenly spaced PGC. As in year 1, the chemical treatment produced
similar R:FR ratio to the control at one collection date, 12 June. The R:FR ratio was less for
the ETS than other methods on 23 June. Only on the last collection date was suppression
width significant for R:FR ratio, with greater R:FR ratio in the ETS 25 cm than 38 cm width.

Table 5. Perennial groundcover R:FR ratio at the Sorenson Research Farm in 2021.

Treatment R:FR Ratio—2021

26 May 4 June 12 June 23 June

ETS 25 cm 0.30 0.29 0.26 0.23
ETS 38 cm 0.30 0.29 0.25 0.20

Unverferth 25 cm 0.29 0.28 0.27 0.24
Unverferth 38 cm 0.29 0.28 0.25 0.22
Chemical 25 cm 0.28 0.27 0.26 0.24
Chemical 51 cm 0.30 0.29 0.28 0.25

Alternating 25 cm 0.33 0.31 0.28 0.20
Alternating 38 cm 0.35 0.32 0.28 0.19

Control 0.37 0.36 0.29 0.19
SE 0.01 0.02 0.01 0.01

Pr > F

Treatment <0.0001 <0.0001 <0.0001 <0.0001
Evenly spaced PGC vs. control <0.0001 <0.0001 0.0265 <0.0001

Alternating PGC vs. control 0.0289 0.0236 0.2921 0.5355
Evenly spaced PGC vs. alternating PGC 0.0002 0.0069 0.1496 <0.0001

Unverferth vs. ETS 0.4532 0.7591 0.6531 0.0492
Unverferth vs. Chemical 0.9555 0.7810 0.5450 0.0574

ETS vs. Chemical 0.4871 0.5596 0.2948 0.0004
PGC 25 vs. 38&51 cm 0.4159 0.7220 0.8659 0.0380

ETS 25 vs. 38 cm 0.9897 0.9883 0.4728 0.0271
Unverferth 25 vs. 38 cm 0.8760 0.7123 0.1702 0.0538
Chemical 25 vs. 51 cm 0.2180 0.3210 0.0761 0.5713
Chemical vs. control <0.0001 <0.0001 0.1198 <0.0001

ETS vs. control <0.0001 0.0003 0.0193 0.0068
Unverferth vs. control <0.0001 0.0002 0.0441 <0.0001

Alternating 25 cm PGC vs. control 0.0155 0.0204 0.3621 0.3947
Alternating 38 cm PGC vs. control 0.1687 0.1031 0.3588 0.8257

3.2. Maize Stand Density, Maize Maturity, and Maize Plant Height
3.2.1. Maize Stand Density

While maize stand density was similar for treatments in year 1, PGC treatments
produced greater V2 maize stand density in year 2. In 2020, maize plant density was similar
for treatments at V2 and R6, at 77,200 and 74,600 plants ha−1, respectively. In 2021, maize
plant density at V2 was greater in the alternating PGC than the evenly-spaced PGC and
the control, at 71,400, 67,900, and 63,300 plants ha−1, respectively. Maize plant density at
V2 was greater in the evenly spaced PGC than the control. Among suppression methods,
the Unverferth produced greater V2 maize stand density than the chemical suppression
method (70,000 and 65,000 plants ha−1, respectively) and control. The chemical treatment
(65,000 plants ha−1) and ETS (68,000 plants ha−1) produced similar V2 maize stand density
to the control (p < 0.05). Regarding suppression widths, V2 maize density was less in
the Unverferth 25 cm than 38 cm suppression width, at 66,700 and 73,200 plants ha−1,
respectively, but greater in the chemical treatment 25 cm than 38 cm suppression width, at
70,100 and 60,900 plants ha−1, respectively. At R6 in 2021, maize plant density was similar
for treatments, averaging 75,300 plants ha−1.
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3.2.2. Maize Maturity

In both 2020 and 2021, the alternating PGC and control produced taller and more
rapidly maturing maize than the evenly spaced PGC. In 2020, maize maturity was similar
early in the season at the first two collection dates (3 June, 308 GDD, V3 and 12 June,
519 GDD, V5), and later in the season from R1 (22 July, 1477 GDD) as reproductive stages
progressed. Maize maturity in evenly spaced PGC trailed the control for all dates on
which treatment was significant for maize stage and to the alternating PGC on two dates.
Alternating PGC produced similar maize maturity to the control at all dates. The chemical
treatment produced similar maize maturity to the control, and greater than the ETS and
Unverferth suppression methods on three dates (p < 0.05). Suppression widths produced
similar maturity, excepting greater maize maturity for the wider than narrower Unverferth
width on 24 June (V7.3 vs. V7.7).

In 2021, maize maturity trends paralleled year 1 findings, with additional effect of
slowed maturity in narrower suppression width. Similar maturity was observed for early
season collection dates (25 May, 352 GDD, V2 and 2 June, 450 GDD, V3), and from the late
vegetative stages (13 July, 724 GDD, V15). After the first collection date, maize maturity in
evenly spaced PGC lagged the control (p < 0.01) (15 June, 767 GDD, V6 and V7; 22 June,
925 GDD, V7 and V8; 29 June, 1089 GDD, V9 and V11; 6 July, 1270 GDD, V11 and V12,
respectively), with the three suppression methods producing similar maize maturity. Maize
was more mature in the alternating swards than evenly spaced PGC for five collection dates
(9 June, V5.0 and V4.8; 15 June, V6.3 and V5.8; 22 June, V8 and V7; 29 June, V10 and V9;
6 July, V12 and V11, respectively) (p < 0.05). Maize maturity was similar in the alternating
swards and control on 9 June, and from 29 June for the remainder of the season, slightly
lagging the control maize maturity only on 15 June and 22 June (p < 0.05). Maize maturity
in the PGC suppression width of 25 cm was slightly delayed compared to the 38- and 51 cm
widths on 15 June and 29 June (V5.7 vs. V6 and V7.0 vs. V7.2, respectively) and specifically
for the Unverferth 25 cm compared to 38 cm-width on 9 June (p < 0.01) (V4 vs. V5), but
widths produced similar maturity at other collection dates.

3.2.3. Maize Plant Height

In 2020, treatment was significant for maize plant height at all collection dates. Maize
plant height was similar in the alternating PGC and control until V13 on 8 July, at 224
and 230 cm, respectively, and for final plant height at R1 on 22 July, at 241 and 250 cm,
respectively. Maize plants in alternating PGC were taller than in evenly spaced PGC from
V8 on 24 June, with a final plant height of 241 and 234 cm, respectively. At every collection
date, chemical suppression produced taller maize than the Unverferth or ETS, first observed
at V3 on 3 June at 15, 17, and 19 cm, respectively, and for final plant height on 22 July at 228,
230, and 244 cm, respectively. The chemical treatment produced greater maize plant height
than the control early in the growing season from 3 June at 19 and 16 cm, respectively, but
similar height for the rest of the season excepting one mid-season date when the chemical
treatment narrow width produced shorter maize than the control. Suppression widths
produced similar maize plant height, excepting only 8 July with shorter plant averages for
the chemical treatment 25 cm than 51 cm widths at 189 and 201 cm, respectively (p < 0.05).

In contrast to 2020, in 2021, maize plant height was similar for the first three data
collection dates. Treatment was significant for maize plant height on four dates in year 2
(V6 on 15 June, V10 on 29 June, V12 on 6 July, and at final plant height on 13 July). On all
four dates, maize in evenly spaced PGC was shorter than in alternating PGC or the control.
On all four dates, alternating PGC and the control produced similar maize height. All three
suppression methods produced similar maize height except for 6 July, when ETS produced
greater maize plant height than either Unverferth or chemical treatment, at 147, 133, and
134 cm, respectively. Suppression width was significant for height for the Unverferth 25 cm
and 38 cm (62 and 76 cm, respectively) on 15 June, and for the ETS 25 cm and 38 cm on
29 June (111 and 126 cm, respectively). The terminal maize plant height in the control was
53 cm less in year 2 than year 1 (197 and 250 cm, respectively).
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3.3. Maize Total Aboveground Biomass, Stover Yield, Grain Yield, Yield Components, and Harvest Index
3.3.1. Maize Grain Yield

In 2020, maize grain yield was greater in the alternating PGC (11.39 Mg ha−1) than
evenly spaced PGC (9.62 Mg ha−1), and similar for the alternating PGC and control
(11.85 Mg ha−1 average) (Table 6). Alternating swards at both widths produced simi-
lar grain yield to the control (p < 0.05). In 2021, treatment was nonsignificant for maize
grain yield, averaging 7.41 Mg ha−1 (Table 7). Maize grain yield analysis yielded a year 1
coefficient of variation of 13.97, versus 24.2 in year 2. The control produced 54% more grain
in year 1 than year 2.

Table 6. Treatment means and significance for maize measurements including grain yield, stover
yield, total aboveground biomass (TAB), rows ear−1, kernel weight, kernels per ear (KE), and kernels
per row (KR) at Sorenson Research Farm in 2020. Grain yield was obtained from hand and combine
harvest and expressed at 150 g kg−1 moisture content. Total aboveground biomass and stover yield
are expressed on an oven-dry basis.

Treatment Grain
Yield

Stover
Yield TAB Rows

Ear−1
Kernel
Weight KE KR

____________ mg ha−1 ____________ no. ear−1 g kernel−1 no. ear−1 no. row−1

2020
ETS 25 cm 9.22 6.87 14.71 14.3 0.24 476 33.3
ETS 38 cm 9.17 7.91 15.71 14.5 0.26 493 34.1

Unverferth 25 cm 8.95 7.96 15.57 14.2 0.26 480 33.7
Unverferth 38 cm 9.47 8.46 16.51 15.2 0.25 478 32.5
Chemical 25 cm 10.42 8.12 16.98 14.0 0.26 477 33.9
Chemical 51 cm 10.47 10.68 19.58 14.5 0.25 488 33.6

Alternating 25 cm 11.39 8.85 18.54 14.6 0.27 520 34.9
Alternating 38 cm 11.38 9.25 18.92 14.6 0.27 502 34.8

Control 12.78 11.37 22.23 14.7 0.30 528 34.8
SE 0.88 0.62 1.01 0.30 0.01 12.29 0.67

Pr > F

Treatment 0.0071 0.0005 0.0004 0.1661 0.0011 0.0351 0.3159
PGC 25 vs. 38&51 cm 0.0003 <0.0001 <0.0001 - <0.0001 0.0014 -

PGC evenly spaced vs. control 0.1217 0.0037 0.0082 - 0.0217 0.2699 -
Alternating PGC vs. control 0.0050 0.1551 0.0116 - 0.0054 0.0059 -

Evenly spaced vs. alternating PGC 0.9847 0.1805 0.4151 - 0.6706 0.5957 -
Unverferth vs. ETS 0.0933 0.0571 0.0343 - 0.7314 0.7257 -

Unverferth vs. Chemical 0.0899 0.0022 0.0048 - 0.9343 0.8567 -
ETS vs. Chemical 0.7713 0.0091 0.0766 - 0.6222 0.3830 -
ETS 25 vs. 38 cm 0.9630 0.2290 0.4883 - 0.0526 0.3218 -

Unverferth 25 vs. 38 cm 0.6151 0.5597 0.5169 - 0.7560 0.9090 -
Chemical 25 vs. 51 cm 0.9631 0.0052 0.0789 - 0.4061 0.5261 -
Chemical vs. control 0.0123 0.0120 0.0033 - <0.0001 0.0047 -

Chemical 25 vs. control 0.0267 0.0006 0.0009 - 0.0016 0.0059 -
Chemical 51 vs. control 0.0296 0.4243 0.0735 - 0.0002 0.0271 -

ETS vs. control 0.0003 <0.0001 <0.0001 - <0.0001 0.0068 -
Unverferth vs. control 0.0003 0.0002 <0.0001 - 0.0002 0.0022 -

Alternating 25 cm PGC vs. control 0.1807 0.0059 0.0148 0.0376 0.6683
Alternating 38 cm PGC vs. control 0.1753 0.0183 0.0275 - 0.0526 0.1405 -

3.3.2. Stover Yield

A year by treatment interaction was observed for maize stover production (Table 8).
In 2020, evenly spaced and alternating PGC produced similar stover yield, but the evenly-
spaced PGC yielded less stover than the control. The 51 cm chemical treatment yielded
similar stover to the control and greater stover than the chemical treatment 25 cm suppres-
sion width (at 8.12 and 10.68 Mg ha−1, respectively), as the only significant tillage width for
stover production (Table 6). In 2021, evenly spaced PGC yielded less than alternating PGC
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and control, at 5.24, 6.25, and 7.66 Mg ha−1, respectively. Alternating PGC yielded less
than control. Stover yield was similar among suppression methods and between widths
(Table 7).

Table 7. Treatment means and significance for maize measurements including grain yield, stover
yield, total aboveground biomass (TAB), rows ear−1, kernel weight, kernels per ear (KE), and kernels
per row (KR) at Sorenson Research Farm in 2021. Grain yield was obtained from hand and combine
harvest and expressed at 150 g kg−1 moisture content. Total aboveground biomass and stover yield
are expressed on an oven-dry basis.

Treatment Grain
Yield

Stover
Yield TAB Rows

Ear−1
Kernel
Weight KE KR

____________ mg ha−1 ____________ no. ear−1 g kernel−1 no. ear−1 no. row−1

2021
ETS 25 cm 6.48 5.01 10.52 13.2 0.21 405 31.9
ETS 38 cm 8.49 6.01 13.23 13.5 0.24 424 32.7

Unverferth 25 cm 5.90 4.46 9.47 12.8 0.22 359 27.4
Unverferth 38 cm 7.07 5.35 11.36 13.4 0.22 394 30.5
Chemical 25 cm 7.04 5.81 11.80 12.1 0.24 393 31.0
Chemical 51 cm 6.41 4.82 10.27 13.1 0.23 395 30.2

Alternating 25 cm 8.44 6.28 13.45 13.7 0.23 458 32.1
Alternating 38 cm 8.43 6.21 13.38 14.1 0.24 443 32.2

Control 8.29 7.66 14.71 14.1 0.26 440 32.7
SE 0.92 0.56 1.33 0.29 0.02 32.92 1.60

Pr > F

Treatment 0.4224 0.0085 0.0406 0.0002 0.2586 0.3965 0.3459
PGC 25 vs. 38&51 cm - 0.4966 0.2541 0.0096 - - -

PGC evenly spaced vs. control - 0.0002 0.0042 0.0007 - - -
Alternating PGC vs. control - 0.0378 0.3352 0.4915 - - -

Evenly spaced vs. alternating PGC - 0.0275 0.0134 0.0005 - - -
Unverferth vs. ETS - 0.2626 0.1870 0.4101 - - -

Unverferth vs. Chemical - 0.4448 0.5723 0.0822 - - -
ETS vs. Chemical - 0.7158 0.4419 0.0132 - - -
ETS 25 vs. 38 cm - 0.1927 0.0851 0.4849 - - -

Unverferth 25 vs. 38 cm - 0.2444 0.2243 0.1422 - - -
Chemical 25 vs. 51 cm - 0.1943 0.3216 0.0152 - - -
Chemical vs. control - 0.0011 0.0091 <0.0001 - - -

Chemical 25 vs. control - 0.0199 0.0657 <0.0001 - - -
Chemical 51 vs. control - 0.0007 0.0066 0.0134 - - -

ETS vs. control - 0.0025 0.0396 0.0243 - - -
Unverferth vs. control - 0.0002 0.0028 0.0047 - - -

Alternating 25 cm PGC vs. control - 0.0759 0.4156 0.2926
Alternating 38 cm PGC vs. control - 0.0636 0.3908 0.8935 - - -

Table 8. Type III tests of significance for fixed sources of variation for grain yield, stover yield, total
aboveground biomass (TAB), harvest index (HI), rows per ear, kernel weight, kernels per ear (KE),
kernels per row (KR), and maize stand density at Sorenson Research Farm in 2020 and 2021.

Source of
Variation

Grain
Yield

Stover
Yield TAB HI Rows

Ear−1
Kernel
Weight KE KR V2

Density
R6

Density

Treatment (T) 0.0207 <0.0001 <0.0001 0.6478 0.0006 0.0005 0.0647 0.1471 0.0053 0.7993
Sequence Year (Y) <0.0001 <0.0001 <0.0001 0.1891 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.6110

T × Y 0.6423 0.0252 0.0982 0.8893 0.0135 0.7670 0.8831 0.6562 0.1133 0.4769

3.3.3. Total Aboveground Biomass

In 2020, evenly spaced PGC (16.51 Mg ha−1) produced less total aboveground biomass
(TAB) than the alternating PGC (18.73 Mg ha−1) and control (22.23 Mg ha−1); the alternating
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PGC also produced less TAB than the control. The chemical treatment 51 cm width
specifically produced similar TAB to the control (Table 6). In 2021, TAB was greater in the
alternating PGC and the control than evenly spaced PGC, at 13.42, 13.53, and 11.11 Mg ha−1,
respectively. The alternating PGC and control produced similar TAB. Of the evenly spaced
PGC suppression methods, the chemical treatment 25 cm (11.80 Mg ha−1) alone produced
similar TAB to the control (Table 7).

3.4. Yield Components

A year by treatment interaction was observed for rows ear−1 (Table 8). In 2020,
treatments produced 14.4 rows ear−1 (Table 6). In 2021, treatment was significant for rows
ear−1. The evenly spaced PGC produced fewer rows ear−1 than the alternating PGC and
control, at 13.0, 13.9, and 13.9 rows ear−1, respectively. The alternating PGC produced
similar rows ear−1 to the control. The chemical 25 cm suppression width produced fewer
rows ear−1 than the 51 cm width, at 12.1 vs. 13.1 rows ear−1, respectively (Table 7).

In 2020, evenly spaced PGC produced fewer kernels ear−1 (482 kernels ear−1) than
the alternating PGC and control. Alternating PGC produced similar kernels ear−1 to the
control. All suppression methods and widths produced similar kernels ear−1 (Table 6). In
2021, treatments produced 414 kernels ear−1 (Table 7).

In 2020, kernel weight was less in the evenly spaced PGC than control and alternating
PGC, at 0.25, 0.30, and 0.27 g kernel−1, respectively. The alternating PGC produced less
kernel weight than the control. The kernel weight was similar between suppression
methods and widths (Table 6). In 2021, treatments produced 0.23 g kernel−1 (Table 7).

In 2021, ear length averaged 13.2 cm across treatments. Treatments produced 34.1 and
31.2 kernels row −1 in 2020 and 2021, respectively (Tables 6 and 7). Harvest index was also
similar for treatments in both years, averaging 0.50 in 2020 and 0.52 in 2021.

3.5. Weed Community

Weed community was similar for systems in both years. In 2020, fall weed community
averaged 22 weeds m−2 and was comprised of 56% grass species and 44% broadleaf species.
The top three dominant weed species included foxtail (Setaria spp.) (49%), dandelion
(Taraxacum sp. L.) (86%), and Speedwell (Pseudolysimachion (W.D.J. Koch) Opiz) (10%). The
fall weed community in 2021 averaged 34 weeds m−2 and was composed of 45% grass and
55% broadleaf species. The top three species were crabgrass (Digitaria × umfolozi D.W. Hall)
(32%), yellow foxtail (Setaria pumila (Poir.) Roem. & Schult.) (31%), and dandelion (15%).
While not quantified, in 2021, broadleaf weeds persisted after 2,4-D application.

4. Discussion
4.1. Perennial Groundcover Frequency and Sward Width

Abnormally dry to severe drought conditions likely restricted post-suppression ground-
cover recovery and stand regeneration in year 2, as PGC sward width differences persisted
to the end of the season, in contrast to the groundcover recovery observed in year 1 and
spring conditions in previous studies that supported groundcover regrowth [13–16,19,20].
Kentucky bluegrass cover thickens by the production of rhizomes and then tillers [31], with
rhizomes produced in the late spring and fall [32]. The reduction in early season to mid-
season PGC width in year 2 is attributable to scant precipitation through the mid-season
data collection date, as loss of green cover is an initial sign of drought response in KBG [33].
The development of the juvenile to established stand from year 1 and year 2, respectively,
was observed in greater groundcover frequency generally for the second year. Of all sup-
pression methods, the chemical treatment more effectively limited groundcover recovery.

4.2. R:FR Ratio

Dark soils produce high light quality for plant growth by reflecting red light and
producing a greater reflected R:FR ratio. In contrast to bare soil, sod reduces the light quality
reflected to neighboring plants because of red light absorption by the green tissue [34].
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Green tissue absorbs red light and reflects far-red light, reducing the R:FR ratio intercepted
by neighboring plants [35–38] and explaining the differences observed between PGC and
the control for this response variable. Additionally, the plant sphere of influence for
light quality perception is influenced by the size, number, proximity, and orientation of
competing leaves [39]. System affected light quality in both years, with best light quality
recorded in the conventional control and diminished light quality for both PGC systems.
Regarding suppression methods, in year 2, the alternating 38 cm PGC was also similar to
the control for the duration of the collection dates. The chemical treatment also achieved
similar light quality to the control on some collection dates in both years, indicating that
the Glyphosate more effectively suppressed groundcover than the mechanical treatments.
The few differences recorded in light quality between narrow and wide sward widths over
the two-year study indicate that both suppression widths for evenly spaced PGC were
largely within the sphere of influence for light quality perception of adjacent maize plants,
indicating a need to further investigate PGC suppression efficacy to turn the perennial
cover crop aboveground biomass brown during early vegetative maize stages.

4.3. Maize Morphology, Yield, Quality, and Yield Components
4.3.1. Maize Stand Density

Perennial groundcover retains soil moisture and decreases soil temperature, delaying
maize seedling emergence with cool and wet conditions [17,40]. Clump-forming sods
also produce asymmetrical row crop seed beds that impair uniform maize stand develop-
ment [16]. With moderate drought conditions in early season year 2, however, greater soil
moisture in PGC treatments likely supported uniform maize germination and emergence
as recorded in greater V2 stand density than the control. The alternating PGC produced the
greatest V2 maize stand density of all treatments, resulting from similar light quality to
the control, PGC-related soil moisture benefit, and limited groundcover competition [41].
Delayed germination from inadequate soil moisture [42] in year 2 produced greater average
plant density from the V2 to R6 maize stage.

4.3.2. Maize Maturity and Height

Groundcover delayed maize maturation and decreased height for maize in PGC likely
caused by competition in year 1 from insufficient suppression and moisture inadequacy.
Severe drought conditions superseded groundcover competition and the SAR effect on
response variables in year 2, diminishing treatment effects. The SAR results from a low
R:FR ratio and begins to impact maize shortly after emergence [43], preceding the onset
of the critical period for weed control [44]. Physiological responses to the SAR during the
maize growing season include elongation of the maize plant, larger or rapidly developing
leaves, and biomass dedications that increase the shoot:root ratio [38,44,45]. We observed
few differences in maize plant etiolation from light quality as a SAR response specifically
between suppression widths. The chemical suppression method wide width was the only
treatment that produced comparable plant height to the control for the duration of the
season, with a potential SAR response in the narrow chemical suppression width in year 1.

4.3.3. Maize Yield

While a PGC-related maize yield penalty occurred for the mechanically suppressed,
evenly spaced PGC, the chemical suppression and alternating PGC swards produced some
comparable yield metrics to the control. In year 1, the chemical no-tillage suppression
produced greater TAB and stover than the strip tillage suppression methods. Furthermore,
the chemical suppression wide width produced similar stover, similar TAB, but less grain
yield than the control in year 1 and the narrow width produced similar TAB to the control
in year 2. The alternating PGC produced similar grain and stover yield to the control in
year 1, and similar stover and TAB to the control in year 2. Chemical suppression produced
greater yields than the tillage suppression methods in evenly spaced PGC likely because
no-till retains subsoil moisture during abnormally dry to moderate drought conditions,
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and suppressed the groundcover more effectively as evidenced by better light quality to
support maize growth [46]. The chemical treatment still reduced grain yield compared to
the control; weeds reduce biomass partitioning to grain and can account for up to 65% of
dry matter loss [47]. In the alternating PGC, less groundcover competition with the maize
and better light quality than the evenly spaced PGC supported maize grain yield.

The theoretical maximum grain yield, stover yield, and TAB was not reached in year 2
because of moisture insufficiency, which suppressed treatment effects and compounded
both the maize SAR and groundcover competition in end-of-season response measurements.
While empirical soil moisture testing in several plots in year 2 on 27 July indicated twice the
soil moisture under PGC as in the control at 20% and 10%, respectively, soil moisture was
still grossly inadequate to achieve maize yield potential. Excessive soil evapotranspiration
during extreme heat and drought produces moisture deficiencies for crop yield regardless of
row crop root depth [48]. A high coefficient of variation (24.2) indicated greater variability in
the mean estimates for grain yield in year 2, which likely rendered treatment nonsignificant.
In persistent and severe drought conditions such as in year 2, the ETS SoilWarrior prototype
strip tillage machine weight and resulting vertical soil fracture may actually support grain
yield in PGC as a best management practice. The shallow ETS strip tillage affords better
maize seed to soil contact at planting than no-till, without drying out the soil to the extent
of the Unverferth strip tillage machine with deeper tillage. Grain yield decreases in no-till
systems with early season drought onset where plant rooting is delayed, and accrued no-till
moisture is inaccessible to the plant [49].

The control, alternating PGC, and evenly spaced PGC maize grain yield of 12.78,
11.39, and 9.62 Mg ha−1, respectively, in 2020 is far greater than the reported maize grain
yield for Story County, IA, USA, of 9.3 ha−1 in 2020 [50]. In year 1, an extreme weather
event in central Iowa on 10 August 2020 produced widespread damage from wind speeds
of 112–225 km h−1. The specific maize hybrid and PGC in this study were unaffected
by the weather event, in contrast to severe and extensive lodging in conventional maize
in adjacent plots and fields. The increased soil structure in PGC systems may enhance
grain crop resiliency to extreme weather events and reduce maize lodging, as an area for
future research.

4.3.4. Maize Yield Components

In both years, moisture insufficiency and the SAR likely decreased maize yield com-
ponents, with additional effect of groundcover competition in year 1. In year 1, low light
quality was recorded in the R:FR ratio for PGC at the earliest collection date, shortly af-
ter groundcover suppression. Rainfall was only commensurate with the 30-year trailing
average in May, with much less precipitation than the 30-year trailing average for the
rest of the season and specifically in June from the V3 to V8 maize stages. These factors
likely emphasize moisture insufficiency and SAR as causes of reduced kernels ear−1 and
kernel weight for maize in PGC. Environmental stressors including drought that curtail
plant growth rate prior to maize silking and during grain fill can reduce kernel set and
kernel weight [47,51]. The SAR exacerbates early season maize plant-to-plant variability
and compounds the effect of secondary stressors, further reducing end-of-season yield
components such as maize kernel number per plant [47]. Even though low light quality
was recorded for PGC treatments consistently during the early maize stages in year 2,
maize yield components were largely similar excepting rows ear−1 with extensive and
severe drought that same year. Row number is determined by the early vegetative stage
of V7 after ear initiation [25], indicating that early season stressors reduce rows ear−1 [52].
The reduction in rows ear−1 for maize in evenly spaced PGC compared to the control and
alternating PGC in year 2 could be explained by early-season low light quality in evenly-
spaced PGC treatments, given that moisture insufficiency in year 2 did not encourage rapid
post-suppression recovery of PGC. Kernels ear−1 for all treatments in year 1 were within
the industry standard of 450 to 550 kernels ear−1 [25], but kernels ear−1 for all treatments
plus control fell short of this benchmark in year 2 because of severe moisture insufficiency.
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4.4. Weed Community

Findings are consistent with previous reports, whereby PGC and living mulches
provided weed control but to varying extents [53–56]. Mulches reduce light interception
and alter soil temperature for weed seed germination, decreasing weed populations [57].
Cover crops that effectively reduce weed pressure usually themselves require management
with chemical or mechanical suppression to minimize competition with the interseeded
grain crop [57–59]. Pre-emergent herbicide in conjunction with PGC can manage weed
pressure more effectively than PGC alone [59], which could be combined with groundcover
chemical suppression practices. In light of increasing weed resistance to existing herbicide
modes of action [60,61], PGC presents a tenable solution as a novel weed management
practice that is independent of new mode of action discoveries. We attribute persistence of
broadleaf weeds after 2,4-D application specifically in year 2 to the reduced translocation
of the amine 2,4-D formula on drought stressed weeds, limiting efficacy [62].

5. Conclusions

While PGC suppression methods require further development to effectively manage
the early season R:FR ratio and subsequent competition, enhanced soil moisture retention
and weed control benefits hold promise to support maize growth in a PGC system. Both
the narrow and wide suppression widths included in this study produced early-season
low light quality perceived by the maize plant within the maize plant′s sphere of influence.
Perennial groundcover dormancy coupled with effective suppression that can turn the
groundcover from green to brown is needed throughout the period of the maize SAR and
critical period for weed control, ideally from day of maize planting but at least prior to maize
emergence. Effective suppression that would turn the PGC brown during the early maize
vegetative growth stages would produce similar light quality as conventional bare soil,
recorded as a greater reflected R:FR ratio above the groundcover canopy, to support maize
production and end-of-season yield, limiting groundcover competition. One noteworthy
result was that chemical suppression produced greater maize yield than the other PGC
suppression methods in year 1 during moderate drought conditions, which is important
for the development of no-till systems. To promote maize production while delivering
ecosystems services in a PGC system, further research is needed for groundcover varietal
screening and development, chemical suppression evaluation, and maize-groundcover
compatibility to develop best management practices.
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