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Effect of Rye cover crop on
weed control, soybean (Glycine
max L.) yield and profitability
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William Molin2 and Krishna N. Reddy2

1Oak Ridge Institute for Science and Education, Oak Ridge, TN, United States, 2Crop Production Systems
Research Unit, USDA-ARS, Stoneville, MS, United States, 3Sustainable Water Management Research Unit,
USDA-ARS, Stoneville, MS, United States
Considerable variations in farm productivity were reported across soils and

climates when winter cover crops (CC) were rotated with summer main cash

crops. Hence, a three-year field study (2019-2021) was conducted on Dundee silt

loam in a humid climate to assess soybean growth and yield, weed control, and

profitability under no-till conditions in response to (i) no CC (NC), (ii) winter rye CC

rolled when green, followed by soybean planting and desiccation by paraquat (GR)

and iii) winter rye CC desiccated using paraquat and rolled followed by soybean

planting (BR). No differences in phenological growth stages of soybean were

observed among the treatments. Measured leaf area index was comparable

among the treatments across the three seasons. The rate of rye CC biomass

decay estimated eight weeks after planting (WAP) was much higher than at four

WAP. In 2019, at eight WAP plant residue ranged from 29.3% under NC to 52.9%

under GR, indicating the paraquat desiccated natural winter vegetation decays

faster than the desiccated rye CC biomass. The weed biomass was 72% higher at

eight WAP (0.29 Mg ha-1) than that of four WAP (0.17 Mg ha-1) and NC plots had

higher weed biomass at both four WAP and eight WAP over CC plots. Field

established soybean stand in the GR plots were consistently higher than the NC

plots by 8%, 30%, and 22% in 2019, 2020, and 2021, respectively. Soybean yield in

NC plot was 13% higher thanGR and 15% higher than BR plots in 2019. However, in

2020 and 2021, soybean yield from BR and GR plots was significantly higher than

NC plots (10% and 13%, respectively). In the three-year study, net returns from

soybean with rye CC (regardless of GR or BR) in the first year was negative. In the

second and third year, net returns in GR and BR were positive and comparable to

NC. There were no differences in soybean yield and net returns between rye CC

rolled green (GR) and rye CC desiccated (BR) prior to planting. These results show

that a rye CC–based soybean conservation production system could be an

economically a viable choice after the first year with an invaluable potential for

carbon sequestration, weed suppression and positive impact on summer

soybean productivity.

KEYWORDS
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Introduction

Winter cover crop (CC) rotations with summer main cash

crops can help in enhancing soil physicochemical and biological

properties pertaining to soil health, suppress weeds, reduce soil

erosion and nutrients loss through surface runoff and leaching, and

foster beneficial insects and nutrient scavenging in agriculture

(Ryan et al., 2011; Reberg-Horton et al., 2012; Lal, 2015; Abdalla

et al., 2019; Jian et al., 2020; Qin et al., 2021). Crop management

practices like no-till or reduced tillage along with CC cultivation are

expected to reduce labor costs, and potentially lower external

chemical and water inputs (Leuthold et al., 2021). These

ecological benefits can be achieved when the CC grows for longer

periods during the winter fallow period to accumulate higher

biomass resulting in larger residues on the soil surface before the

summer cash crop is planted. However, the CC might also cause

competition for nutrients and water and reduce cash crop yield

(Noland et al., 2018). A global meta-analysis of data from 106

studies in various soils and climates across the globe revealed that

planting non-legume CC could significantly decrease cash crop

yield by competing for water and nutrients especially N availability

in early growth stages of the following cash crops (Abdalla et al.,

2019). Studies in the Midwest U.S.A., on the benefits of CC on the

productivity of the maize (Zea mays L.)-soybean (Glycine max L.)

rotation system reported large uncertainties, specifically across

different soils, climate conditions, and soil-water management

practices (Qin et al., 2021).

In Mississippi, soybean is the most widely grown crop with an

acreage of 0.91 M ha, and a production of about 3.2 M Mg in 2021

(USDA-NASS, 2022). However, the adoption of winter CC in this

region is low, leaving the soil exposed to heavy winter-spring rains,

leading to heavy nutrient loss, mostly through surface runoff and

leaching. This, in general, is because most of the growers in this

region believe that the winter CC interferes with farm operations

and can result in delayed planting of summer cash crops, which

may ultimately result in lower economic yields. Furthermore, lack

cost-benefit analysis of growing CC in regards to natural resources

conservation and management could be another reason for the

non-adoption of CC by growers (Myers and Watts, 2015; Basche

and Roesch-McNally, 2017). Rye (Secale cereale L.), is the most

winter-hardy of all the small grains (Geiger and Miedaner, 2009),

and it is the most widely-used CC due to its potential for high

biomass accumulation, ease of establishment, overwinter growth,

and suppression of weeds. Prior research on CC in Mississippi

reported beneficial effects such as weed suppression (Reddy, 2001),

enhanced soil health through increased soil carbon, water aggregate

stability and bulk density (Adeli et al., 2019). Increased microbial

population and enzyme activities associated with nutrient cycling

have also been reported (Tyler, 2020). However, these studies also

revealed an inconsistent effect of the winter rye crop on the summer

cash crop. For example, about 21% grain yield reduction of soybean

was observed when rye was the CC in a two-year study (Reddy,
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2001) and a 6% reduction in one year and in another year yield

levels were similar (Tyler, 2020) at Stoneville. A three-year study on

cotton found CC enhanced lint yield by 6.5% (Adeli et al., 2019).

However, the information on the effects of rye residues on soybean

crop stand establishment, phenological growth stages, canopy

development, photosynthesis and other yield contributing traits,

and net returns is lacking. Hence, a three-year field experiment was

conducted (2018-2021) to evaluate rye CC for it’s biomass

production potential, and it impact on soybean productivity,

weed suppression and soybean photosynthesis on a silt loam soil

in the lower Mississippi delta region. Furthermore, we hypothesized

that rolling the rye CC green at planting followed by planting

soybean and desiccation by paraquat will affect soybean

productivity compared with rye CC desiccation a week prior to

planting followed by rolling at planting of soybean.
Materials and methods

Study location and experimental design

The field study was conducted from fall 2018 to fall 2021 on

a Dundee silt loam (fine silty, mixed, active, thermic Aeric

Ochraqualf) at the USDA-ARS, Crop Production Systems

Research Unit’s farm located in Stoneville, Mississippi, USA

(33° 42′ N, 90° 55′W). The soil (top 30 cm) in the experimental

field was sampled (2 samples per plot) and characterized at the

beginning of the season: pH: 6.71, organic matter: 1.21%,

nitrogen: 0.08%, CEC: 16.5 cmolc kg
-1, bulk density: 1.29 Mg

m-3 and soil textural fractions of 27.5% sand, 54.6% silt and

17.2% clay. The field saturated hydraulic conductivity, measured

using a Saturo infiltrometer using the appropriate protocol

(METER Group, Inc. USA), ranged between 0.86 and 1.31 cm

hr-1.

The site was managed with no-tillage. The randomized

complete block experiment was established in the fall of 2018.

The study included six replicates of three treatments: i) no cover

crop (NC), ii) rye was rolled green with a rear mounted Dickey-

Vator bedder roller (DickeyVator LLC, AR, USA) on a John

Deere 5300 tractor at planting and desiccated with paraquat after

soybean planting (GR), and iii) rye desiccated initially with

paraquat a week prior to planting and rolled with a Dickey-

Vator bedder roller (DickeyVator LLC, AR, USA) before

soybean planting (BR). Rolling was done as standing cover

crop residue is more susceptible to wrapping around coulters,

shanks or disks, which may hinder field operations.
Trial management

The rye CC was planted on October 17 in 2018, November

06 in 2019, and October 27 in 2020. About 112 kg seeds ha-1
frontiersin.org
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were planted using a John Deere 750 seed drill at 2 cm depth in

rows spaced 0.19 m apart. Each plot was 24.4 m long and 16.3 m

wide (16 rows for soybean and 86 for rye). The herbicide

paraquat (1,1’-dimethyl-4,4’-bipyridinium dichloride) was

applied at 1.12 kg ai ha–1 using a tractor-mounted sprayer in

NC plots and BR plots one week before soybean planting, while

the GR plots were applied on the day of soybean planting. The

CC desiccation dates are: April 24, 2019, April 28, 2020 and May

7, 2021. Soybean seeds were planted using an Almaco Cone Plot

planter (Allen Machine Company, Nevada, IA) to achieve an

overall plant population of approximately 336,000 plants ha-1.

Plots were maintained weed-free using post-emergence

herbicide programs (Pinnamaneni et al., 2020b). Both the GR

and BR plots were planted at 4 cm depth while NC plots were

planted at 2.5 cm depth as the rye residue cover is preventing

planting at lower depths in CC plots. Soybean was planted on

May 8 in 2019, May 11 in 2020, and May 14 in 2021. AquaSpy

soil moisture probes with 12 sensors spaced at 10 cm intervals

across 120 cm in length to monitor soil water content (AquaSpy

Inc, San Diego, CA) were installed in selected representative
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plots. The probes were set up to record sensor readings every 15

minutes and periodically upload them to the manufacturer’s

website (https://agspy.aquaspy.com) via telemetry. Irrigations

were scheduled based on a soil matrix potential of about -90

kPa at 45 cm soil depths, as described by Plumblee et al. (2019).

The irrigation water applied in each plot was measured using a

flowmeter (Mc Propeller flowmeter, McCrometer, CA). In 2019,

a total of 53 mm of water was applied on August 1 and August

21; in 2020, a total of 59.5 mm of irrigation water was applied on

July 21 and August 11; and in 2021, a total of 59 mm of water

was applied on July 14 and August 17 (Figure 1). Irrigation was

stopped at the R6 growth stage in all three years. Weather data

were collected from a weather station located within 1.6 km from

the experiment plots (- 33.43122°N, -90.91077°S, Delta Research

and Extension Center, Stoneville, MS). Differences in weather

parameters during the three cropping seasons in 2019-2021 were

observed (Figures 1, 2). The precipitation during the vegetative

phase (May-June) was 417, 163, and 189 mm, while the

reproductive growth and pod development period (July-

September) was 196, 240, and 314 mm in 2019, 2020 and
A

B

C

FIGURE 1

Measured daily precipitation and irrigation for (A) 2019, (B) 2020 and (C) 2021 soybean growing seasons at Stoneville, MS.
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2021, respectively. The average temperatures were 27.8, 27.5, and

26.9°C. The mean solar radiation during the reproductive phase

was 21.74, 21.14, and 20.75 MJ m-2 day-1. The computed GDD

were 1173, 1219 and 1258 in 2019, 2020 and 2021, respectively.

Though the growing season in 2019 received 12.1% more rainfall

than the 2020 and 2021 seasons, the rainfall received during the

soybean reproductive period (July-August) coincided with

periods of lower rainfall, that is, 22.5% and 30.8% lower than

rainfall received during the crop seasons in 2020 and 2021,

respectively. Lower air temperatures, as reflected in computed

seasonal mean minimum and maximum air temperatures were

also observed in 2019. Both the lower-than-normal crop season

rainfall and lower than optimum air temperature for crop

growth probably contributed to the lower soybean productivity

in 2019. Growing degree days (GDD) were calculated using a

base temperature (T base) of 10°C, as detailed in Pinnamaneni

et al., (2020a).

The observed duration of phenological events across the

seasons did not vary much as the difference in crop duration
Frontiers in Agronomy 04
(from plant emergence to physiological maturity) among the

three seasons was only four calendar days, and the computed

differences in GDD was only 43°C.
Biomass data

The biomass (rye and natural vegetation) was collected in 1

m2 quadrats at two random locations in each plot before

desiccation. The collected biomass was dried at 60°C in a

forced-air oven till constant weight was recorded. The plant

residues were collected in the same way 4 weeks after soybean

planting (WAP) and 8 WAP. Weeds germinated in 1 m2

quadrants were harvested to ground level at two random

locations, duly avoiding border rows in the GR, BR NC plots

at 4 WAP and 8WAP. Weed biomass also was dried at 60°C in a

forced-air oven till constant weight was recorded. The grain

yields were determined by harvesting the center six rows of each

plot (141.3 m2) with a Massey 8XP 2 row plot combine with
A

B

C

FIGURE 2

Measured daily maximum and minimum air temperature and daily solar radiation for (A) 2019, (B) 2020 and (C) 2021 soybean growing seasons
at Stoneville, MS.
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Harvest Master weighing system and grain moisture analyzer on

September 26, October 2 and September 27 in 2019, 2020 and

2021, respectively, and adjusted for moisture content at 13%.
Crop growth data

An LP-80 LAI Ceptometer (Decagon Devices, Inc., Pullman,

WA, USA) was used to measure leaf area index (LAI) on non-

cloudy days using the methodology described by Pinnamaneni

et al., (2021a). Soybean crop height was measured and used as a

proxy for estimating crop growth - average crop height was

determined from 10 random plants in the center rows of each

plot, at the R8 growth stage in September. At the physiological

maturity growth stage (R8), soybean plants were harvested at

ground level from random 1 m2 quadrants of each plot, avoiding

the row ends for yield component-traits analysis. The number of

pod-bearing nodes, pods per node, and grains per pod were

counted. The harvested plants were dried for a week in the

greenhouse and threshed using Almaco soybean thresher to

collect grain and biomass yield, and 100-seed weight. Harvest

index was as the ratio of grain yield to total biomass (including

grain). as described in the earlier report (Pinnamaneni

et al., 2021).
Photosynthetic light response curves

The data on soybean photosynthetic response to light levels

were measured using an LI-6800 photosynthesis measurement

system (LI-COR Biosciences, Lincoln, NE). Carbon dioxide

(CO2) concentration inside the open-flow gas exchange

chamber was maintained at 400 ppm with a constant air flow

rate of 500 ml min−1. Relative humidity in the chamber was

maintained between 55 and 65%. The leaf temperature was set at

28°C, and the minimum measurement waiting time was 60 s.

The photosynthetic photon flux densities (PPFD) of light inputs

for the LRC measurements ranged from 0 to 2000 mmol m2 s–1.

Measurements were on fully expanded terminal leaves on 3

randomly selected plants per plot at V6 and R5 stages. The leaves

were allowed to adapt to each light level for 10 min before

measurement. The LI 6800 outputs of maximum photosynthetic

rate at light saturation (Amax) [mmol CO2 m
−2 s−1], quantum

yield (F) [mmol CO2 mmol−1 (photons)], and dark respiration

rate (Rd) [mmol CO2 m
−2s−1] calculated by considering PPFD as

independent variable following Hanson et al. (1987) were used

in the analysis.
Net returns

The year-wise total estimated cost of production of soybean

was determined using Mississippi State University, Department
Frontiers in Agronomy 05
of Agricultural Economics’ soybean budget estimates

(Department of Agricultural Economics, 2019; Department of

Agricultural Economics, 2020; Department of Agricultural

Economics, 2021), excluding cost for land. The production

cost for CC includes costs for rye seed (cv. Elbon), planting,

and paraquat SL 2.0 + surfactant spray, which comes to $153,

$160, and $147 ha-1 in 2019, 2020 and 2021, respectively. It also

involves cost towards deeper planting of soybean seeds in rye CC

plots in 2020 and 2021. The market prices of soybean were taken

from the crop values published on the website of the USDA-

NASS Mississippi Field Office (USDA-NASS, 2022). The

growers realized soybean prices were 323.34 USD Mg-1 in

2019, 374.78 USD Mg-1 in 2020 and 466.65 USD Mg-1 in 2021).
Statistical analysis

The analysis of variance (ANOVA) for agronomic variables

and yield components was performed using JMP Pro v. 15.1.0

software (SAS Institute, Cary, NC) following the PROC MIXED

model. Year, cover crop treatments, and interactions were

considered fixed effects, and replicates within a year were

considered as random effects. Fisher’s Protected LSD test was

used for mean comparisons at P≤ 0.05. Sigma plot v 14.0 (Systat

USA) was used to construct graphs.
Results

Phenology

Differences were observed for days for occurrences of

different phenological stages from emergence (VE) to

physiological maturity (R8) during three crop seasons (2019-

2021) (Table 1). The days to maturity were 108, 109 and 112 in

2019, 2020 and 2021, respectively. The required GDD for

reaching R8 stages were noticeably close to each other, viz.,

1769, 1723 and 1761. However, we did not notice any

measurable differences in phenological events among the NC,

BR, and GR treatments in the same season.
Leaf area index

We measured soybean LAI at different growth stages

throughout the growing season. The measured LAI was similar

among the treatments from about V1 to V5 growth stages of the

crop in all three seasons. However, in 2019, LAI in NC plots

recorded were significantly higher from the V6/R1 stage

onwards till R6 stage. Nonetheless, such differences in LAI

between the different stages were not observed in the BR and

GR treatments (Figure 3). In 2020, GR plots consistently

recorded higher LAI than NC. The highest LAI measured in
frontiersin.org
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GR plots was from about leafful flowering stage (R2) until the full

pod phase (R4) of the crop, and in BR plots highest LAI was

observed during the R3- R5 stages. In 2021, BR plots recorded

higher LAI during R4 to R5 stages.
Light response curves

The measured LRC exhibited a significantly higher CO2

assimilation rate around the R5 stage than the V6 stage in all the

treatments and across the seasons and reached a plateau in

response to PPFD between 1300-1500 mmol m−2 s−1 (Figure 4).

The derived parameters from the LRC, that are, Amax,F and Rd,

exhibited significant differences across NC, GR and BR

treatments (Table 2). In all the seasons and treatments, Amax

was higher in the R5 than the V6 stage in two CC treatments,

with increases ranging from 17.6% (GR in 2021) to 30% (BR in

2020). Measured F values were higher by 2% (GR in 2021) to

45% (GR in 2020), while a reduction of 14.3% was observed for

NC plots of 2021. The Rd increased between 2.5% (BR in 2019)

and 15.6% (GR in 2019), while NC and GR plots were reduced

by 1 to 2.5% in the 2021 season.
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CC residues and weed biomass

The rye CC produced biomass between 4.62 and 5.43 Mg ha-1,

which are significantly higher than the biomass, between 1.55 and

1.98 Mg ha-1, produced by the natural vegetation in the NC plots

(Table 3). The biomass produced by the rye CC also varied

significantly amongst the years, which are, 5.37, 4.85 and 4.76 Mg

ha-1 in 2019, 2020 and 2021, respectively. The reduction of rye CC

biomass amongst the treatments across the seasons due to

decomposition, with time, was significant at four WAP, ranging

between 3 and 15%; however, the biomass decay rate apparently

increased with time as reflected by the higher decomposition rate

measured at eight WAP (Table 4). The undecayed residue ranged

between 29% under NC in 2019 to 53% under GR in 2019,

indicating the paraquat desiccated natural vegetation decays at a

higher rate than the desiccated rye biomass.

Weed growth was observed in all the treatments despite the

postemergence herbicide programs. Although the amount of weed

biomass is small relative to the rye CC residue, the dried weed

biomass did vary substantially, ranging from 0.12-0.24 Mg ha-1 at

fourWAPand 0.22-0.36Mgha-1 at eightWAP (Table 3). Across the

three seasons, the weed biomass was consistently and significantly
TABLE 1 Visually observed soybean phenology* and growing degree days (GDD) during 2019, 2020 and 2021 crop seasons at Stoneville,
Mississippi.

Growth stage 2019 2020 2021

DoY DAP GDD DoY DAP GDD DoY DAP GDD

Emergence (VE) 132 4 9 136 4 13 139 5 13

Cotyledon (VC) 137 9 77 140 8 66 143 9 51

First trifoliate (V1) 141 13 138 144 12 124 146 12 117

Second trifoliate (V2) 146 18 228 149 17 191 151 17 182

Third trifoliate (V3) 152 24 330 153 21 239 155 21 244

Fourth trifoliate (V4) 159 31 447 157 25 295 160 26 326

Fifth trifoliate (V5) 163 35 500 161 29 353 163 29 365

Sixth trifoliate (V6) 168 40 571 166 34 440 166 32 414

Seventh trifoliate (V7) 172 44 639 172 40 536 170 36 473

Eighth trifoliate (V8) 176 48 704 178 46 638 179 45 616

Ninth trifoliate (V9) 180 52 767 184 52 728 187 53 758

Tenth trifoliate (V10) 184 56 838 190 58 826 193 59 866

Beginning flowering (R1) 169 41 588 171 39 521 173 39 520

Full flowering (R2) 175 47 688 176 44 597 181 47 651

Beginning pod (R3) 179 51 752 184 52 728 187 53 758

Full pod (R4) 184 56 838 192 60 858 195 61 904

Beginning seed (R5) 194 66 1025 201 69 1005 205 71 1095

Full seed (R6) 201 73 1145 212 80 1214 217 83 1295

Beginning maturity (R7) 225 97 1564 229 97 1501 233 99 1561

Physiological maturity (R8) 236 108 1769 241 109 1723 246 112 1761
frontier
DoY, Day of the year, DAP, Days after planting.
*There are no differences in NC, no cover crop, GR, rolled green, BR, burned out and rolled plots. Hence, presented the average number of days required to reach each phenological stage.
sin.org
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higher inNCplots than thosemeasured inBRorGRplots. Except for

the 2020 season at four WAP, the GR and BR plots have recorded

similar weed biomass levels, however significantly lower weed

biomass over NC plots. The weed biomass was 72% higher at eight

WAP (0.29 Mg ha-1) than that of four WAP (0.17 Mg ha-1).
Yield and yield attributes

In BR and GR treatments, the measured plant growth traits

were significantly different within and across seasons (Table 4).

Plant heights ranged from 98 to 109 cm and soybean height in CC
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plots was higher than NC plots except for 2019 crop season. The

range for the number of nodes per plant was between 11 and 14,

while the number of pods per plant varied from 65 to 96. In the case

of established soybean stand, the range was between 162,650 and

211,600 plants per ha. The GR has consistently recorded a higher

population than the NC plots by 8%, 30%, and 23% in 2019, 2020

and 2021, respectively. The 100-grain weight ranged from 15.04 g to

16.58 g and except for 2019, the BR and GR plots recorded higher

100-grain weight by 0.2% to 10.6% over the NC plots. The harvest

index ranged from 0.39 to 0.44 and the treatment and year

interaction were significant. The grain yield ranged from 3306 to

3925 kg ha-1, from 3677 to 4160 kg ha-1 and from 3596 to 3993 kg

ha-1 in 2019, 2020 and 2021, respectively, among treatments. The

yields from soybean grown in NC plots was 13% higher than GR

and 16% higher than BR in the 2019 season, while in the 2020 and

2021 seasons, the BR and GR plots recorded 10% to 13% higher

grain yield over the NC plots. However, no differences among the

treatments were observed for number of pods per node and number

of seeds per pod in the three years.
Net returns

A summary of production costs, grain revenue based on the

prevailing market prices, and profit estimates are presented in

Table 5. The fluctuation in year-to-year soybean price led to a

profit scenario in all the treatment combinations in 2021 as the

soybean prices increased by 44% to 466 USD Mg-1 from 323 USD

Mg-1 in 2019. The CC production cost declined due to a reduction

in rye seed cost and paraquat price and it ranged from 147 USD in

2021 to 160 in 2020. The total production costs varied between 1152

to 1489 USD ha-1. The net returns from NC plots were positive in

2019, while GR and BR were negative for that year. However, GR

plots gave 21 USD (43%) additional returns per ha over NC plots in

2020 while the highest profit of 38 USD (7%) was realized in GR

plots over NC plots in 2021 season.
Discussion

Prior studies on CC in Mississippi demonstrated that CC

provided better weed suppression, soil physical properties, and

microbial biomass and enzyme activities (phosphatase, b-
glucosidase, N-acetylglucosaminidase, and fluorescein diacetate

hydrolysis) in soybean ecosystems (Tyler, 2020). Synergistic

interactions between reduced till or no-till soil management and

winter CC were observed (Tyler, 2021). The current study primarily

focused on how rye CC termination at the late reproductive phase

affects the summer cash crop, soybean- agronomy, yield attributes,

photosynthesis, and net returns. Further, we attempted to

understand the rye CC residue deterioration and weed biomass

production over time. The weed biomass was quantified as it gives

the quantitative effect of weed growth despite adhering to the
A

B

C

FIGURE 3

Soybean leaf area index measured in the (A) 2019, (B) 2020 and (C)
2021 growing seasons (NC- no cover crop; GR-rolled green; and
BR- burned out and rolled) at Stoneville, MS. Error bars represent
one standard deviation from the plotted mean LAI values.
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standard postemergence weed control program, assuming weed

biomass is directly proportional to crop-weed competition as

detailed in another study (Reddy, 2001).

Higher LAI was observed during the full pod (R4) and full seed

(R6) stages. Similar observations of the highest LAI during the

reproductive phase was reported earlier by Pinnamaneni et al.

(2020b; 2021) in soybean and by Zhang et al. (Zhang et al., 2014)

in cotton, which probably resulted in higher radiation interception

and CO2 assimilation. The higher grain yields of NC soybean in

2019 and GR soybean in 2020 and 2021 corresponded with the

observed higher LAI in those plots. Similarly, the rate of rye CC

residue or desiccated winter weed biomass decay depends on several

factors such as the physical and chemical composition of the

residue, weather, soil microbe dynamics, and soil-water-crop
Frontiers in Agronomy 08
management. The residue may interfere with heat and water

transfer between soil and air by acting as an insulator for direct

heating of soil by the sun and its further entry into the soil, thus

influencing both weed and crop growth. This differential water and

heat dynamics due to crop or weed residue on the soil surface

apparently caused the differential decay of natural vegetation and

CC residue under no-till conditions in the three seasons, in which,

rye residue remaining on the soil surface was between 46% to 53%,

while the residue from natural vegetation remaining was only

between 29% and 35%. This observation corroborates with the

report of Reddy (2001), who showed greater persistence of rye

residues on the soil surfaces when CC was desiccated 2-3 weeks

prior soybean planting, with 67% of rye biomass remaining nine

weeks after soybean planting in the Mississippi Delta. Furthermore,
A B

D

E F

C

FIGURE 4

Light response curves of soybean measured at the sixth leaf (V6) stage (A, C, E) and beginning seed set (R5) stage (B, D, F) during the crop
growing seasons in 2019 (A, B), 2020 (C, D) and 2021 (E, F) at treatments (NC - no cover crop; GR-rolled green and BR- burned out and rolled).
TABLE 2 Influence of cover crop treatments on maximal photosynthetic rate (Amax), apparent quantum efficiency (F), and dark respiration rate
(Rd) in sixth leaf stage (V6) and beginning seed set stage (R5) in soybean during the crop seasons 2019, 2020, and 2021.

2019 2020 2021
NC GR BR NC GR BR NC GR BR
V6 R5 V6 R5 V6 R5 V6 R5 V6 R5 V6 R5 V6 R5 V6 R5 V6 R5 LSD

Amax 23.51 28.9 21.45 25.24 22.15 26.64 21.15 27.05 22.34 28.97 21.98 28.56 23.46 27.89 24.86 29.71 25.01 29.45 0.68

F 0.062 0.071 0.041 0.049 0.054 0.061 0.049 0.054 0.049 0.071 0.045 0.064 0.49 0.54 0.051 0.073 0.052 0.067 0.011

Rd -2.32 -2.56 -2.11 -2.44 -2.33 -2.39 -2.11 -2.24 -2.27 -2.48 -2.3 -2.45 -2.33 -2.41 -2.38 -2.46 -2.29 -2.57 0.13
fr
ontiers
LSD, Least significant difference significant at P ≤ 0.05, NC, no cover crop, GR, rolled green, BR, burned out and rolled.
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it can be noted that CC residues in tilled conditions degrade faster

due to better contact with soil microbes than under no-till, where

these residues sit on the soil surface for longer periods and act as a

mulch. (Krueger et al., 2011; Lal, 2015; Basche et al., 2016; Basche

and Roesch-McNally, 2017; Tyler, 2020). The current study

revealed the higher photosynthetic rates and quantum efficiency

in CC plots (BR and GR) in the 2020 and 2021, while soybean in
Frontiers in Agronomy 09
NC plots has recorded higher values for the said parameters. It is

not clear what has contributed to these differences. However, a two-

year study in Poland revealed that the photosynthesis rate in spring

wheat after the CC yellow lupine (Lupinus luteus L.) and field pea

(Pisum sativum L.) increased under conventional till while there

was no difference under no-till conditions (Niewiadomska et al.,

2020). The same study reported differential response to CC in
TABLE 3 Effect of rye cover crop treatments on cover crop residue and weed biomass in 2019, 2020 and 2021.

Treatment 2019 2020 2021 ANOVA

BR GR NC BR GR NC BR GR NC T year T*year

Mg ha-1

Residue at planting 5.31 a≠ 5.43 a 1.98 d 4.89 b 4.82 b 1.85 d 4.62 c 4.89 b 1.55 e * * **

Residue at 4 WAP 5.01 a 5.12 a 1.86 d 4.71 b 4.65 b 1.69 d 4.46 c 4.57 b 1.32 d * * **

Residue at 8 WAP 2.58 b 2.87 a 0.58 e 2.26 d 2.39 c 0.64 e 2.18 d 2.46 b 0.48 f * * **

% Biomass remaining 48.59 b 52.85 a 29.29 c 46.22 b 49.59 a 34.59 c 47.19 b 50.31 a 30.97 c * * *

Weed biomass at
4 WAP

0.18 c 0.16 c 0.24 a 0.18 c 0.13 d 0.21 ab 0.12 d 0.1 3d 0.19 b * * **

Weed biomass at
8 WAP

0.31 b 0.28 c 0.39 a 0.23 d 0.22 d 0.31 b 0.28 c 0.27 c 0.36 a * * **
frontie
WAP, weeks after planting, T, treatment, ANOVA, Analysis of variance, NC, no cover crop, GR, rolled green, BR, burned out and rolled, *, Significance at P≤ 0.05, **, significance at P≤
0.001. ≠ Numbers within a row followed by the same letter are not significantly different at P ≤ 0.05.
The experiment was conducted in Stoneville, MS.
TABLE 4 Effect of rye cover crop on soybean grain yield and associated parameters in 2019, 2020 and 2021.

Treatment 2019 2020 2021 ANOVA

BR GR NC BR GR NC BR GR NC T year T*year

Plant height (cm) 102 d≠ 102 d 104 cd 104 bc 107 abc 98 e 108 ab 109 a 99 e * * *

Grain yield
(Kg ha-1)

3306 d 3401 d 3925 b 4049 ab 4160 a 3677 c 3978 b 3993 b 3596 c * * **

Number of nodes 13 bc 12 c 13 bc 13 ab 14 a 11 d 13 ab 13 ab 11 d * * *

Number of pods plant-1 65 d 71 d 81 c 96 a 93 ab 72 d 86 bc 80 c 84 c * * *

Plant population ha-1 168750 d 185833 b 172167 cd 178833 c 211600 a 162650 d 184933 b 204983 a 16715 d * * *

Test weight (g) 16.23 b 16.30 b 16.56 a 16.46 a 16.58 a 15.04 d 16.26 b 15.99 c 15.04 d * ns *

Harvest index 0.41 bc 0.41 bc 0.44 a 0.42 b 0.44 a 0.41 bc 0.42 b 0.42 b 0.39 d * ns **
NC, no cover crop, GR, rolled green, BR, burned out and rolled, T, Treatment *, Significance at P≤ 0.05; **, significance at P≤ 0.001; ns, not significant. ≠Numbers within a row followed by
the same letter are not significantly different at P ≤ 0.05.
The experiment was conducted at Stoneville, MS.
TABLE 5 Effects of rye cover crop on soybean profitability in 2019, 2020 and 2021 seasons at Stoneville, MS.

Treatment Grain revenue
(USD ha-1)

Cover crop production cost
(USD ha-1)

Total production anddesiccation cost (USD ha-1) Expected profits*
(USD ha-1)

2019 2020 2021 2019 2020 2021 2019 2020 2021 2019 2020 2021

NC 1269 1378 1678 0 0 0 1233 1329 1152 37 a≠ 49 a 526 a

GR 1000 1559 1863 153 160 147 1385 1489 1299 (386) b 70 a 564 a

BR 1069 1518 1857 153 160 147 1385 1489 1299 (316) b 29 a 557 a
rs
*Profits given within parenthesis show a net loss, USD, United States Dollar, NC, No cover crop, GR, cover crop rolled green, BR, cover crop burn-down and rolled. ≠ Numbers within a
column followed by the same letter are not significantly different at P ≤ 0.05.
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spring wheat for transpiration, stomatal conductance, and internal

CO2 concentration.

The plant stand at physiological maturity was consistently

higher in CC plots in 2020 and 2021 years, but it was lower than

GR plots only in the first year of study (2019). In the second and

third years (2020 and 2021), the plant stand established in the

GR plots were significantly higher than the NC plots, probably

due to better weed suppression and moisture conservation,

contrary to the observations of Acharya et al. (2019) who

reported 25-33% height increase in conventional till than no

till in Louisiana but no impact of CC on soybean height. This

observation contrasts with the reported allelopathic effects of rye

on following cash crop yield reduction due to reduced plant

stand (Kessavalou and Walters, 1999), but conforms with the

report of enhanced microbial activity under winter rye CC

(Tyler, 2020). Few studies reported that rye CC termination at

its reproductive stages will reduce its root’s allelopathic effects on

summer cash crops (Teasdale et al., 2012; Vollmer et al., 2020).

In this study, winter rye CC was terminated in late spring when

it was in the post-flowering stage, close to physiological maturity

which probably avoided any allelopathic effect, if any on

following summer soybean. The increased plant stand

(reflection on the absence of any allelopathic affect from the

terminated rye CC), higher 100-seed weight, a greater number of

pods per plant, and higher harvest index apart from reduced

crop-weed competition in plots (BR and GR) in 2020 and 2021

has probably contributed to enhanced grain yields in soybean

under the no-till conditions of our study, contrary to the earlier

reports by, for example, Reddy (2001); Tyler (2020) but

conforms with increased soybean yields reported by some

other studies (Moore et al., 1994; Mischler et al., 2010; Moore

et al., 2014). It is relevant here to note that Adeli et al. (2019)

reported 6.5% higher cotton lint yield from a cotton-rye rotation

experiment in the humid climate of Mississippi. The net returns

due to cover cropping in the first year of this study were negative

in both BR and GR plots: the BR plots returned 20 USD lower

than the NC plots. However, in the second year of the study, the

GR plots returned profits of about 21 USD over the NC plots.

Nonetheless, due to increased soybean prices in 2021, the net

returns in all the treatments were very high and the difference

among the treatments was insignificant.
This study demonstrated that in conservation agriculture

with no-till and CC soil management in soybean cropping

systems, the cash crop yields are not compromised in second-

and third-year while suppressing weeds. Studies elsewhere also

demonstrated the benefits of no-till farming with CC in

preventing soil erosion and runoff (Krueger et al., 2011;

Moore et al., 2014). Our study further demonstrated that

farmers could have a flexible approach of desiccating the CC

either before or after soybean planting. This model can be

scaled up in Mississippi Delta with producers’ involvement for

large scale studies to develop a holistic strategy of conservation
Frontiers in Agronomy 10
agriculture. Further, it is worthwhile to explore studies with

diverse CCs like winter wheat, oat, canola, hairy vetch,

Austrian winter peas, penny cress and crimson clover etc.

with not only soybean but also with other summer cash

crops like corn and cotton.
Conclusions

A winter rye – summer soybean CC rotation system in a

humid climate gave mixed results in this three-year study. In two

out of three years, the summer cash crop-soybean recorded

higher productivity when grown after rye CC due to increased

plant stand, better weed suppression, higher number of pods per

plant, and increased seed weight. Growing rye CC (GR and BR)

was not economical in first year and net returns were

comparable in second and third year compared to NC. The

present study demonstrated that rye CC followed by summer

soybean cash crop is agronomically and economically feasible

from the second year of initiation of this system albeit with

challenges like need for deep planting of soybean seeds in

summer due to a thick layer of rye residue on soil surface and

additional effort in irrigation as residue is blocking free gravity

flow of irrigation water particularly during first irrigation. We

also propose that the focus should move beyond the short term

localized studies to large scale and long term studies involving

CC and no-till practices to harness agro-ecological benefits of

conservation agriculture in Mississippi Delta.
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