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Spring-seeded winter rye living
mulches enhance crop
biodiversity and promote
reduced tillage organic
soybeans

Ben Brockmueller1*, Nicole E. Tautges2, Léa Vereecke1† and

Erin M. Silva1

1Department of Plant Pathology, University of Wisconsin, Madison, WI, United States, 2Michael Fields

Agricultural Institute, East Troy, WI, United States

As recognition increases of the benefits of reducing soil disturbance to preserve

soil health, there is mounting interest in developing innovative methods of

using cover crops as living mulches to control weeds in organic grain systems.

Spring-planted winter cereal rye (Secale cereale L.) interseeded with soybeans

(Glycine max. [L.] Merr.) is a promising, yet untested, living mulch system

because rye exhibits vigorous growth in the early spring during the critical

weed free period, but then dies back as the soybean canopy matures. The

objectives of this study were to compare a rye living mulch system with a tilled

“organic business-as-usual” control, and to understand the risks and benefits

associated with delaying soybean planting date to manage the weed seed

bank prior to establishment of rye and soybeans. Three treatments including

(1) a June-planted rye and soybean living mulch system, (2) a June planted

tilled control, and (3) a May planted tilled control, were compared in terms

of weed prevalence and soybean grain yield in a randomized complete block

experimental design with four replications implemented across 3 site years

from 2019 to 2020. Interseeding rye as a living mulch resulted in consistently

higher weed pressure as compared to tilled controls. Increased weed pressure

in May- over June-planted controls in 2 of 3 site years indicate planting date

influencesweed dynamics. Rye biomasswas positively correlatedwith soybean

yield (R2 = 0.76, r = 0.87, p < 0.05) and negatively correlated with weed

biomass (R2 = 0.63, r = −0.79, p < 0.05). Under optimal conditions where

rye biomass was maximized, interseeding rye adequately suppressed weeds

without reducing soybean yields as compared to tilled controls. However,

under drier conditions with lower rye production, increasedweed pressure and

reduced yields emphasize the risks associated with living mulch systems.
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Introduction

Organic agriculture provides an alternative management paradigm that limits

environmental externalities through the adoption of practices that promote ecosystem

services; most notably soil health (Tuck et al., 2013; Reganold andWachter, 2016; Muller

et al., 2017). However, concerns over organic grain production systems’ dependence
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on tillage to control weeds, terminate cover crops, manage

disease, and incorporate crop residues has prompted substantial

research and innovation efforts to advance the development

of reduced or no-till organic cropping systems (Carr, 2017;

Silva and Delate, 2017; Silva and Vereecke, 2019). In recent

years, advances in no-till organic soybean production have

arisen through the strategic use of fall-planted cover crops,

most commonly winter cereal rye, to suppress weed growth in

place of tillage (Silva, 2014; Silva and Delate, 2017; Vincent-

Caboud et al., 2019). Winter rye is typically seeded in September

in the Upper Midwest (Silva, 2014; Silva and Delate, 2017)

to reach the recommended minimum threshold of 8,000 kg

ha−1 of biomass for consistent weed suppression (Mirsky et al.,

2013; Vincent-Caboud et al., 2019) before being terminated

with a roller crimper in the spring to create a thick mulch

layer to cover the soil. Meeting these early rye planting date

requirements to achieve adequate weed suppression can be

challenging following corn, which almost always appears before

soybeans in rotations and is often not harvested for grain

until November in the Upper Midwest. Therefore, organic

producers are seeking adaptive management strategies to

achieve weed suppression while maintaining reduced tillage

systems without relying on fall-planted covers. Interseeding

winter rye simultaneously with soybeans as a living mulch has

been demonstrated as an alternative weed control approach

that minimizes soil disturbance in organic soybean production

(Thelen et al., 2004; Uchino et al., 2009; Nelson et al., 2011),

would not rely on operational timing in the fall, and could even

enable stale seedbed techniques in the spring prior to planting.

Living mulches maintain both weed suppression and

cash crop yield when selected living mulch species have

morphological and physiological differences from cash crops

that limit competition for light, nutrients, and water (Verret

et al., 2017; Bhaskar et al., 2021). Winter rye is an ideal living

mulch for soybeans because its life cycle is complementary

to soybean’s. Due to winter rye’s vernalization requirement, it

will not set seed when spring sown (Bàrberi, 2002; Uchino

et al., 2009), precluding issues from rye seedbank or soy seed

lot contamination. Winter cereal rye creates a living mulch

that is highly competitive with the early season germinating

weeds through light interception, soil resource competition,

and allelopathic effects (Brainard and Bellinder, 2004; Reberg-

Horton et al., 2005; Datta et al., 2017; Vollmer et al., 2020;

Bhaskar et al., 2021). However, winter rye begins to senesce

as temperatures increase and soybean demand for water and

nutrients intensifies, thereby potentially limiting the competitive

effects of the living mulch on soybean grain yield (Robinson and

Dunham, 1954; Ateh and Doll, 1996; Thelen et al., 2004).

While spring-seeding winter rye as a living mulch in

soybean production systems was initially proposed in the 1950’s,

knowledge on agronomic best management practices remains

limited. Explorations into variations on rye seeding rate (Ateh

and Doll, 1996; Nelson et al., 2011), soybean seeding rate

(Thelen et al., 2004), rye and soybean planting dates (Thelen

et al., 2004; Nelson et al., 2011), and soybean row spacings

(Nelson et al., 2011) have been examined in the literature. High

soybean seeding rates and narrow rows have been recommended

as cultural weed control strategies that can result in earlier

canopies and greater direct competition with weeds (Holshouser

and Whittaker, 2002; Mortensen et al., 2012; Datta et al.,

2017). However, planting soybeans on narrow rows increases

risk as it precludes the opportunity to perform cultivation if

weed control from the rye living mulch becomes inadequate

(Uchino et al., 2009; Nelson et al., 2011). Planting rye prior to

soybean planting has been seen as impractical as rye growth

competes strongly with soybeans for resources (Robinson and

Dunham, 1954; Uchino et al., 2009). Seeding rye in the weeks

following soybean planting have limited impacts on soybean

vigor and grain yield; however, delayed seeding prohibits winter

rye’s niche of competing with the early season weeds thereby

requiring additional soil disturbance to control weeds prior to

rye interseeding (Uchino et al., 2009).

A previous experience at the University of Wisconsin has

indicated that there is value to delaying rye and soybean

planting dates later than typically seeded under standard

organic management practices to decrease the risk from rye

vernalization occurring as well as to lower the weed seed

bank through additional stale seed bedding prior to planting

(Rasmussen, 2004; Boyd et al., 2017). However, delaying

planting to reduce weed populations represents a potential trade

off as delaying planting dates beyond mid-May in the Upper

Midwest can result in the loss of yield potential (Pedersen

and Lauer, 2004; De Bruin and Pedersen, 2008; Hu and

Wiatrak, 2012). Therefore, there remains a need to elucidate the

dynamics of winter rye and soybean planting dates to determine

agronomic management systems that balance weed suppression

with soybean production.

Given the potential utility of spring-seeded rye as a reduced

tillage weed control measure in organic agriculture, further

research is required to optimize management and address yield

losses (Uchino et al., 2009; Nelson et al., 2011). The objectives

of this study were to understand potential risks and benefits

from (1) interseeding winter rye with soybeans and (2) delaying

soybean planting date within the context of a spring-seeded

rye system on weed prevalence and soybean production in the

Upper Midwest to further guide adaptation of organic weed

management strategies.

Materials and methods

Field history and site description

A field experiment to examine spring-seeded winter rye

with soybeans was implemented at the Arlington Agricultural

Research Station (AARS) (43◦30’N, 89◦34’W) in Columbia
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FIGURE 1

(A) Monthly averaged air temperatures (◦C) and (B) precipitation (mm) plotted against 57-year averages (1963–2020) at the Arlington Agricultural

Research Station, Arlington, WI, 2019–2020. Area shaded in gray signifies the active growing season of soybean during the 2 study years.
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County, WI in 2019–2020. The experimental location contained

a Plano series silt loam soil (Fine-silty, mixed, superactive,

mesic Typic Argiudolls) (USDA, NRCS, 2021). These trials were

implemented following a corn silage crop on certified organic

land (Midwest Organic Services Agency. Viroqua, WI). Weather

data for the research site was acquired from the National

Weather Service and accessed through the Wisconsin State

Climatology Office (https://www.aos.wisc.edu/~sco/). Plots

were established under rainfed conditions without irrigation in

all site years. Cumulative annual precipitation was 1,180mm

and 944mm in 2019 and 2020, respectively, as compared

against the 57-year historical average of 861mm. In-season

precipitation trends from June through August were above the

historical average by 43.6mm in 2019 and 23.5mm in 2020

(Figure 1).

A third site year was conducted at the Michael Fields

Agricultural Institute’s (MFAI) research farm (42◦48’N,

88◦26’W) in Walworth County, WI in 2020. The MFAI

location contained a St. Charles silt loam soil (Fine-silty, mixed,

superactive, mesic Typic Hapludalfs) (USDA, NRCS, 2021). The

MFAI experimental site land has been certified organic since

2017, and the previous crop before soybeans in this experiment

was an alfalfa + grass mix. Precipitation was only recorded

in-season at the MFAI site. Monthly cumulative precipitation

of 52.1mm in June, 78.7mm in July, and 55.9mm in August

were recorded. These observed values fall 74.5, 156, and

274mm below the established 7-year site history (2014–2020)

averages for June, July, and August, respectively, indicating

abnormally dry conditions during the winter rye and soybean

growing season.

Treatments and experimental design

A randomized complete block design with three treatments

examining the presence or absence of winter rye as a living

mulch and soybean planting date were replicated four times

in all site years. Treatments contrasted a winter cereal rye

living mulch (“June Rye + Soy”) with (1) a May-planted

tilled soybean control using standard weed control practices of

tine weeding and inter-row cultivation (“May Control”), and

to a (2) June-planted tilled soybean control that allows for

additional stale seedbed preparation to manage the weed seed

bank prior to in-season tine weeding and inter-row cultivation

(“June Control”) (Figure 2). A May-planted living mulch

with soybean treatment was excluded from the experimental

design based on previous experience at the University of

Wisconsin indicating the early seeding of rye increases risk

of rye vernalization and higher weed pressures due to fewer

opportunities to manage the weed seed bank prior to planting.

Plot size was 68 × 5m in 2019 and lengthened to 137m

in 2020.

Crop management

Organic fertility sources were not applied either before or

after planting during the duration of the study in all site years.

Pre-plant cultivation occurred as a stale seedbed technique to

reduce the weed seedbank prior to crop establishment (Travlos

et al., 2020) using a field cultivator (Sunflower Manufacturing,

Beloit, KS) at AARS and a disc + finisher at the MFAI site,

from late April until planting (Table 1). Winter rye and soybeans

were seeded on the same day with rye planted immediately

following soybean sowing (Table 1). Soybeans (Viking O.1706N)

were planted (JD 1750, John Deere, Moline, IL) 3.8-cm deep

on 76-cm row spacing according to the treatment structure

at 531,265 seeds ha−1. Winter rye was interseeded with a

no-till drill 2-cm deep on 19-cm row spacing to maintain

four rows of rye between each soybean row. A seeding

rate of 4.9 million seeds ha−1 using Spooner (University of

Wisconsin, Madison, WI) and Aroostook (Soil Conservation

Service Plant Materials Center et. al, Big Flatts, NY) winter

rye varieties in 2019 and 2020, respectively, in accordance with

Wisconsin interseeded spring rye seeding rates as described

by Ateh and Doll (1996). Tine weeding and rotary hoeing

were performed 1 to 2 times as necessary to adequately

disrupt emerging weed seedlings with minimal soil disturbance

FIGURE 2

Cropping systems diagram illustrating conceptual di�erences and timing of weed control activities, soybean growth, and winter rye cover when

managed under three experimental treatments (June Rye + Soy, June Control, and May Control) as implemented at the Arlington Agricultural

Research Station, Arlington, WI and the Michael Fields Agricultural Institute, East Troy, WI, 2019–2020.
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TABLE 1 Frequency of pre-plant and post-plant tillage operations for spring-seeded rye and tilled control treatments located at the Arlington

Agricultural Research Station (AARS) in Arlington, WI and the Michael Fields Agricultural Institute (MFAI), East Troy, WI, 2019–2020.

Site year Treatment Pre-plant

cultivation

Planting Post-plant tine

weeding and

rotary hoe

Post-plant

row

cultivation

Soybean

harvest

AARS 2019 June Rye+ Soy† 4x Rye: June 5 Soybeans: June 5 2x – November 24

June Control 4x Soybeans: June 5 3x 3x November 24

May Control 2x Soybeans: May 23 2x 4x November 24

AARS 2020 June Rye+ Soy 4x Rye: June 2 Soybeans: June 2 1x – October 9

June Control 4x Soybeans: June 2 3x 5x October 9

May Control 3x Soybeans: May 22 3x 5x October 9

MFAI 2020 June Rye+ Soy 3x Rye: June 1 Soybeans: June 1 1x – October 22

June Control 3x Soybeans: June 1 1x 2x October 22

May Control 2x Soybeans: May 25 1x 3x October 22

†Treatment Abbreviations: June Rye+ Soy (rye interseeded with June-planted soybeans), May Control (tilled soybeans without rye seeded in May), June Control (tilled soybeans without

rye seeded in June).

(Table 1) following soybean and rye sowing. However, no

mechanical methods of weed control were utilized until the

rye two-leaf growth stage (Zadoks 12) and soybean cotyledon

stage (VC) to minimize damage to emerging crops (Zadoks

et al., 1974). Rye growth then was allowed to control weeds

without the use of mechanical weed management tools after

initial tine weeding and rotary hoe passes were completed

in the June Rye + Soy treatment. In contrast, the no-rye

control treatments followed typical weed control management

practices for organic soybeans by receiving 2–5 post-plant tillage

operations using a field cultivator to achieve adequate weed

control until canopy closure of soybean rows. All treatments

were harvested for soybean grain upon reaching crop maturity

(Table 1).

Data collection

Individual weeds in each plot were counted and separated

by grasses and broadleaves as a measure indicating weed

abundance. At the AARS location in 2019 and 2020, weed

abundance was recorded in the early August by counting

all weed plants in three locations per plot using a frame of

0.25 m2. At MFAI 2020, weed abundance was recorded on

July 1 at two locations per plot using a frame of 0.25 m2.

In early August at all site years, broadleaf and grass weeds

and rye biomass were cut at ground level at the time of

rye senescence, and fractions were separated upon collection

to understand the community structure of present weeds.

Biomass samples were dried in a forced air oven at 60◦C

until completely dry. Soybean plant stand was determined by

counting all soybeans on 1/1,000 of an acre of row length

in three locations per plot in mid-July. At AARS, the plots

were machine harvested with yield determined by weighing

harvested soybean grain and correcting to 13% moisture

from harvested moisture as determined by a soil moisture

meter (Dickey-John GAC 2500). At MFAI, soybean grain

yields were determined by cutting all soybean plants within

a 1-m2 quadrat per plot, hand threshing grain from pods,

and weighing grain. The yields reported were adjusted to

13% moisture.

Data analysis

Data analysis was performed with RStudio statistical

software, version 4.1.0 (R Core Team, 2021). The data was

separated and analyzed by individual site year due to significant

differences in site year when pooled. A two-way ANOVA

linear model tested differences between total weed, grass, and

broadleaf biomass as well as soybean stand counts and grain

yield. Assumptions of normality and homogeneity of variances

were confirmed through examination of residual plots using

the ggResidpanel package (Goode and Rey, 2019), Levene’s

test, and the Shapiro–Wilk normality test. All weed biomass

measurements were log(1 + x) transformed to validate the

models. The total weed, grass, and broadleaf abundance was

analyzed using a negative binomial generalized linear model

through the MASS package (Venables and Ripley, 2002). The

mean separation was performed using Tukey’s HSD at p

< 0.05 using the agricolae package (de Mendiburu, 2021)

while Pearson’s correlations were examined using the hmisc

package (Harrel and Dupont, 2021). Principle component (PC)

analysis was performed using the FactoMineR package (Lê

et al., 2008) to calculate the PC scores as well as loadings for

each parameter.
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TABLE 2 Analysis of variance and treatment means of biomass (dry matter basis) and abundance of total, broadleaf, and grass weeds located at the

Arlington Agricultural Research Station (AARS) in Arlington, WI and the Michael Fields Agricultural Institute (MFAI), East Troy, WI, 2019–2020.

Site year Treatment Total weed

abundance
‡

Grass weed

abundance

Broadleaf

weed

abundance

Total weed

biomass

Grass weed

biomass

Broadleaf

weed

biomass

Total rye

biomass

weeds m−2 kg ha−1

AARS June Rye+ Soy
†

16.0 a§ 6.75 a 9.25 a 293 a 26.0 a 267 a 2206

2019 June Control 1.38 b 0.63 b 0.75 b 31.6 a 2.88 a 28.8 a —

May Control 13.6 a 7.13 a 6.50 a 181 a 132 a 48.4 a —

AARS June Rye+ Soy 96.3 a 68.7 a 27.7 a 1557 a 1092 a 465 a 949

2020 June Control 0.33 b 0.33 b 0.00 b 33.0 b 0.00 b 33.0 b —

May Control 1.67 b 0.00 b 1.67 b 223 ab 0.00 b 223 b —

MFAI June Rye+ Soy 156 a 61.6 a 94.5 a 2366 a 1425 a 941 b 278

2020 June Control 28.1 c 1.20 c 26.9 c 2458 a 213 a 2245 a —

May Control 105 b 43.7 b 61.6 b 2827 a 290 a 2536 a —

Source Pr > f

Treatment (Trt) *** *** * ** *** * —

Site Year (SY) *** ** *** *** *** *** ***

Trt*SY NS NS NS * ** * —

‡
Total, grass, and broadleaf weed abundance was analyzed using a negative binomial generalized linear model while total, grass, and broadleaf weed biomass used a log transformed linear

model with back transformed means presented.
†
Treatment abbreviations: June Rye+ Soy (rye interseeded with June-planted soybeans), May Control (tilled soybeans without rye seeded in May), June Control (tilled soybeans without

rye seeded in June).
§Means within each column followed by a letter are significantly different at p < 0.05 using the Tukey-Kramer procedure of mean separation. Mean separation was performed within each

individual site year.
*Significant at the 0.05 probability level.
**Significant at the 0.01 probability level.
***Significant at the 0.001 probability level.

Results

E�ect on weed abundance and biomass

There was an interaction between location and year for

weed abundance. At 2 site years, total weed abundance was

greatest in the June Rye + Soy treatment and was similar to

the May Control at AARS 2019 (Table 2). The June Control

treatment experienced the lowest total weed abundance at AARS

2019 and MFAI 2020, and was similar to the May Control at

AARS 2020 (Table 2). In breaking out the counts by species,

the weed abundance counts for grass and broadleaf weeds

were statistically similar to total weed abundance results among

treatments, and both grass and broadleaf weeds were present at

similar levels within a treatment (Table 2).

Fewer differences were observed among treatments in total

weed biomass compared to abundance counts, likely due to

the high variance often encountered when measuring weed

biomass. The only differences in total weed biomass among

treatments was detected at AARS 2020, where weed biomass

was greater in the June Rye + Soy than the June Control,

and the May Control was similar to both treatments (Table 2).

In examining grass vs. broadleaf biomass, the only notable

difference from the abundance results occurred at MFAI 2020,

where broadleaf weed biomass was lower in the June Rye

+ Soy than the May and June Controls (the opposite trend

as that observed from weed abundance; Table 2). Although

weed biomass was not statistically different between the May

and the June Control treatments, at all 3 site years weed

biomass trended higher in the May Control (Table 2), similar

to trends observed in previous studies (in this case, unusually

high variability precluded detection of statistical differences;

Supplementary Figures 1, 2).

A principal component (PC) analysis revealed that study

location primarily separated along PC 1, with the AARS

locations associated with higher soybean yields and stand

counts, and the MFAI 2020 location strongly affected by weed

biomass, particularly broadleaves (Figure 3). Treatment effects

separated mainly along PC 2, with the tilled control treatments

not strongly associating with any particular measured variables

(but weakly associated with broadleaf weed biomass), and the

June Rye + Soy weakly associated with grass weed biomass

(Figure 3).

Soybean plant stand

Significant differences in soybean plant stand among

treatments were noted in 2 of 3 site years (Table 3). At AARS

2019, higher soybean plant stands were recorded in June Rye
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FIGURE 3

Principal component (PC) plot superimposed with eigenvectors of treatments and site years in relation to measures of weed biomass (kg ha−1),

soybean plant stand (plants ha−1), and soybean grain yield (Mg ha−1). Treatment abbreviations: June Rye + Soy (rye interseeded with

June-planted soybeans), May Control (tilled soybeans without rye seeded in May), June Control (tilled soybeans without rye seeded in June).

Site year abbreviations: AARS, Arlington Agricultural Research Station; MFAI, Michael Fields Agricultural Institute.

+ Soy as compared to June Control. May Control exhibited

lower soybean stand in relation to either of the June-planted

treatments at MFAI 2020 (Table 3), due to relatively wet and

cold soil conditions persisting into the end of May in that

site year. The Pearson correlation coefficients indicated that

soybean stand counts were significantly related to broadleaf

weed abundance indicating that soybean stands are important

for competing with germinating broadleaf weeds (Table 4).

In contrast, soybean stand counts were not correlated with

grass weed abundance. Similar correlation trends were observed

between the soybean stand counts and the weed biomass, as for

weed abundance (Table 4).

Rye biomass

Winter rye biomass production was strongly affected by site

year (Table 2) with AARS 2020 and MFAI 2020 achieving only

43 and 12.6% of the rye biomass observed at AARS 2019. The

relationship between the rye biomass and the weed biomass was

best fit with a quadratic polynomial regression indicating that

achieving adequate rye growth is essential for effective weed

control (Figure 4A). Both biomass and abundance of broadleaf

and grass weed components showed negative correlations with

rye biomass with the exception of broadleaf weed abundance

(p < 0.1; Table 4).
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TABLE 3 Analysis of variance and mean soybean stand counts and soybean grain yield, shown with standard deviation, at the Arlington Agricultural

Research Station (AARS), Arlington, WI and Michael Fields Agricultural Institute (MFAI), East Troy, WI, 2019–2020.

Site year Treatment Soybean stand Grain yield

plants ha−1 Mg ha−1

AARS June Rye+ Soy
†

443.133± 17.831 a§ 3.85± 0.32 a

2019 June Control 395.772± 13.807 b 3.55± 0.12 a

May Control 411.422± 27.181 ab 3.85± 0.21 a

AARS June Rye+ Soy 433.876± 20.546 a 3.24± 0.64 b

2020 June Control 449.114± 16.244 a 3.88± 0.36 ab

May Control 421.314± 24.300 a 4.60± 0.19 a

MFAI June Rye+ Soy 359.244± 88.256 a 1.85± 0.54 b

2020 June Control 321.515± 86.884 a 3.10± 0.39 a

May Control 178.802± 14.549 b 2.23± 0.30 ab

Source Pr > f

Treatment (Trt) *** ***

Site Year (SY) *** ***

Trt*SY ** ***

†
Treatment abbreviations: June Rye + Soy (rye interseeded with late-planted soybeans), May Control (tilled soybeans without rye seeded in May), June Control (tilled soybeans without

rye seeded in June).
§Means within each column followed by a letter are significantly different at p < 0.05 using the Tukey-Kramer procedure of mean separation. Mean separation was performed within each

individual site year.

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level.

***Significant at the 0.001 probability level.

TABLE 4 Pearson correlation coe�cients (r values) between the soybean grain yield (Mg ha−1), the soybean stand (plants ha−1), and the rye biomass

(kg ha−1) with measures of weed parameters located at the Arlington Agricultural Research Station in Arlington, WI and the Michael Fields

Agricultural Institute, East Troy, WI, 2019–2020.

Weed measurements Agronomic measurements

Soybean yield Soybean stand Rye biomass

Total Weed Biomass (kg ha−1) −0.69*** −0.55*** −0.71**

Grass Biomass (kg ha−1) −0.48** −0.05NS −0.64*

Broadleaf Biomass (kg ha−1) −0.56*** −0.69*** −0.70*

Total Weed Abundance (weeds m−2) −0.74*** −0.52** −0.77**

Grass Weed Abundance (weeds m−2) −0.57*** −0.17NS −0.62*

Broadleaf Weed Abundance (weeds m−2) −0.59*** −0.59*** −0.50NS

NSsignifies non-significant results at the p < 0.05 probability level.
*Significant at the 0.05 probability level.
**Significant at the 0.01 probability level.
***Significant at the 0.001 probability level.

Soybean yield

Soybean yields were significantly different among treatments

in 2 of 3 site years with no difference in yield reported at AARS

2019 (Table 3). At AARS 2020, soybean grain yields were greater

in the May Control than the June Rye + Soy, whereas yields

in the June Control were similar to the other two treatments

(Table 3). At MFAI 2020, soybean grain yields were greatest in

the June Control and lowest in the June Rye + Soy, whereas

grain yields in the May Control were similar to the other two

treatments (Table 3). Soybean grain yield exhibited a quadratic

relationship with rye biomass (Figure 4B) indicating higher

soybean yields as rye biomass increased (R2 = 0.76, p < 0.001)

likely achieved through improved weed suppression. Soybean

yield was most strongly correlated with total weed abundance

but exhibited negative correlations with all measured indicators

of weed prevalence (Table 4).

Discussion

While it appears that rye successfully controlled weeds to

an extent, total weed abundance remained higher for June Rye
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FIGURE 4

E�ects of winter rye biomass on (A) weed biomass and (B) soybean yield measured at the Arlington Agricultural Research Station in Arlington, WI

and the Michael Fields Agricultural Institute, East Troy, WI, 2019–2020.

+ Soy at all 3 site years matching reports of greater weed

prevalence for rye living mulch systems seen in the literature

(Robinson and Dunham, 1954; Ateh and Doll, 1996). Weed

pressure and rye biomass in this study varied substantially by

location likely as a combined result of soil moisture conditions

and weed seed bank. Lower rye biomass at MFAI 2020 as

compared to other site years was likely a result of dry conditions

following rye planting, giving the rye a slow start, whereas the

high rye biomass observed at AARS 2019 was likely driven

by well above average precipitation throughout the growing

season. Rye and weed biomass observed at MFAI 2020 match

observations from Nelson et al. (2011) who saw rye dry weights

below 400 kg ha−1 resulting in heavy weed pressure exceeding

2,400 kg ha−1 and soybean yields below 2.0Mg ha−1. In contrast

Geddes and Gulden (2021) observed rye mulch exceeding

1,000 kg ha−1 that reduced volunteer canola stands without

lowering soybean yield in 2 of 3 site years. These results fit

with the trends observed in the present study where a strong

positive relationship between rye biomass and soybean yield

coupled with a negative relationship between rye biomass and

weed biomass suggest that achieving adequate rye biomass is

essential to controlling weeds in this system. The previous

studies have noted that when rye seeding rates are increased to

obtain greater ground cover, soybean yield drops due to greater

competition for soil moisture (Ateh and Doll, 1996; Nelson

et al., 2011). Therefore, under high precipitation conditions

as observed at AARS 2019, the moisture competition from

rye may be mitigated while providing substantial biomass to

suppress weeds. Following these results, when spring and the

early summers are predicted, we would recommend growers not

use rye as a living mulch for soybeans.

Study results indicate that a winter rye living mulch may

provide better suppression against broadleaf weeds as opposed

to grass weeds indicating that the type of dominant weed present

may impact the weed control ability of rye. In this study,

interseeding rye was associated with higher levels of grass weeds

as compared to broadleaf weeds. Furthermore, at MFAI 2020

which experienced relatively higher proportions of broadleaf

weeds as compared to grasses, June Rye+ Soy reduced broadleaf

weed biomass even though higher broadleaf abundance was

observed. This effect was less pronounced for grasses indicating

a greater propensity for rye and soybean companion crops

to together compete with broadleaf weed types as opposed to

grasses. Interestingly, measures of weed abundance proved to

be a more sensitive indicator of differences in weed pressure

as opposed to weed biomass in this study. While this is likely

partially affected by high variability in weed biomass sampling, it

may also reflect an ability of rye to reduce weed growth potential

through allelopathic effects. Allelopathy in winter rye has been

well-established showing that rye’s allelochemicals can reduce

both weed germination and growth (Barnes and Putnam, 1983;

Schulz et al., 2013; Grint et al., 2022). The previous research has

suggested that broadleaf weeds tend to exhibit greater sensitivity

to the benzoxazinoid allelochemicals produced by rye forming a

major component of their weed suppression ability (Barnes and

Putnam, 1986; Gavazzi et al., 2010; Schulz et al., 2013).
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Soybean yield was not significantly different between the

June Control and the May Control in any of the locations. With

the exception of MFAI 2020, June Control yielded numerically

lower than May Control at AARS 2019 and AARS 2020

indicating the potential for a loss of yield potential as indicated in

the literature (Pedersen and Lauer, 2004; De Bruin and Pedersen,

2008; Hu and Wiatrak, 2012). The numeric yield increase of

June Control over May Control at MFAI 2020 may be due to

a higher weed abundance and lower plant stands reported with

May Control. This indicates that while it is likely that yield

potential is being lost by delaying planting date, the potential

for higher weed pressure due to fewer stale seedbed passes may

offset potential increases in yield potential by pushing planting

dates earlier. Therefore, earlier planting dates must be balanced

with the ability to reduce the weed seed bank prior to planting

through stale seedbed practices.

In this study, establishing winter rye as a living mulch

showed both neutral and negative effects on soybean yield

throughout the course of this study which match the generally

negative (Ateh and Doll, 1996; Thelen et al., 2004; Nelson

et al., 2011) and generally neutral effects (Robinson and

Dunham, 1954; Geddes and Gulden, 2021) observed on soybean

yield by year when interseeding rye as a living mulch as

compared to a chemically managed or tilled control. Yield

reductions when utilizing rye as a living mulch have been

attributed to competition for soil moisture (Thelen et al.,

2004; Uchino et al., 2009; Geddes and Gulden, 2021) and

insufficient weed control (Nelson et al., 2011) which are in

accordance with results obtained from the present study. This

system proved most successful when under high precipitation

conditions that maximized rye biomass growth without

competing with soybeans for available moisture, as observed at

AARS 2019.

Conclusion

Rye was unable to provide as consistent or as effective

weed control as the tilled controls evidenced by higher

weed abundance throughout the study. However, the negative

relationship observed between rye biomass and weed biomass

coupled with the positive affect of rye biomass on soybean

yields suggest that under high precipitation conditions rye

biomass can be maximized without inducing competitive effects

for soil moisture. June Control trended toward lower soybean

grain yields as compared to May Control indicating a yield

potential loss by pushing the planting dates into June. However,

consistently higher weed abundance in May Control represents

a tradeoff of maximizing yield potential with achieving adequate

weed control. Therefore, delaying establishment of a winter

rye living mulch with soybeans until June can aid in reducing

weed populations through stale seedbed techniques. Ultimately,

successful implementation of a rye living mulch system,

demonstrated specifically at AARS 2019, was achieved by June

planting rye and soybeans under high precipitation conditions

that allowed substantial rye growth to reduce weed populations

without competing with soybeans for soil moisture. This study

confirms the potential for spring-seeded rye with reduced tillage

as an effective adaptive management approach to increase crop

biodiversity without compromising soybean yield in organic

crop production systems. However, these results also underscore

the risks associated with intensifying agricultural management

and minimizing mechanical weed control.
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