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Cover crop-based reduced
tillage management impacts
organic squash yield, pest
pressure, and management time
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Cover crop-based reduced tillage (CCBRT) systems can provide multiple

benefits in cucurbit cropping systems, including potential to reduce spread

of soil-borne pathogens, minimize erosion, and decrease weed pressure.

Despite benefits and farmer interest, adoption has been limited, in part due

to inconsistent weed suppression and potential for reduced yields. Prior

studies have suggested that N competition, allelopathy, and lower temperature

may be factors in reducing vegetable yield in CCBRT systems. A strip tillage

approach has been suggested as one strategy that could mitigate those

issues, but cucurbit yields using these systems have shown mixed results in

prior studies, some of which did not include other important considerations

for growers such as the impact on weed and pest pressure. In 2018 and

2019, CCBRT strip till practices for organic acorn winter squash (Cucurbita

pepo L.) production were assessed in Wisconsin on certified organic land.

Combinations of di�erent between-row (aisle) and in-row mulches were

compared to attempt to identify reduced tillage combinations that e�ectively

manage weeds while resulting in yields comparable to full tillage production,

testing our hypothesis that no di�erences between production systems would

be observed due to strip tillage and plastic mulch warming soil and minimizing

competition while promoting cash crop growth. Aisle treatments included

roller-crimped cereal rye (Secale cereale L.) mulch, strawmulch and cultivated

bare ground, and in-row treatments included plastic mulch, ground straw

mulch, and cultivated ground. Weed and pest counts, weed management

time, and yields were compared between treatments. Plots managed with rye

and straw in the aisles had significantly less weed pressure as compared to

cultivated aisle treatments, although rye required more weed management

time than ground straw mulch. In addition, rye resulted in lower marketable

yield due to higher proportion unmarketable fruit in 2018, likely related to a

25 cm rain event 2weeks prior to harvest. A significant rowmulch× aislemulch

interaction was observed for marketable fruit m−1, showing that yield was not

significantly a�ected by the type of in-row mulch in plots with crimped rye

mulch in the aisle. Pressure from squash bugs (Anasa tristis) was also higher

in treatments with organic or synthetic mulches (straw in aisles or rows, rye in

aisles, and plastic in rows). Our results support previous evidence that crimped

rye can be an e�ective mulching strategy to reduce weed pressure, with more

e�cient management than traditional straw mulch. However, crimped rye
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systems may have negative implications for yield and pest pressure regardless

of the use of a strip-tillage approach, indicating that more research is needed

to refine the production system.

KEYWORDS

organic agriculture, cover crop-based reduced tillage, acorn squash, cover crops,

crimped rye, no till vegetables

Introduction

Weed management is consistently cited as a significant

obstacle for organic farmers (Moynihan, 2010; Jenkins and

Ory, 2016). To manage weeds in cucurbit crops, most organic

growers rely heavily on either mechanical cultivation or black

plastic mulches, both of which bring considerable economic and

biological costs. For example, a recent survey of 105 organic

farmers in Michigan revealed that the mean number of tillage

passes in winter squash production was 6.5 per season, with

some growers tilling as many as 15 times (Lowry and Brainard,

2019). Cover crops have been recognized as a valuable tool

in the “many little hammers” approach to creating long-term

organic production strategies that lower the weed seedbank

while providing additional ecological benefits (Liebman et al.,

1997; Baraibar et al., 2018; Wauters et al., 2021). Cover crops

can support weed management through direct competition, the

creation a physical barrier through crop residues, the release

of allelochemicals, and the alteration of soil nutrient dynamics

(Teasdale and Mohler, 2000; Sarrantonio and Gallandt, 2003;

Hiltbrunner et al., 2007; Bezuidenhout et al., 2012; Teasdale

et al., 2012; Brust et al., 2014). Beyond their weed suppressive

benefits, cover crops also improve soil health and water quality

by reducing erosion and increasing organic matter (Reicosky

and Forcella, 1998; Sarrantonio and Gallandt, 2003; Ryder and

Fares, 2008; Luo et al., 2010; De Baets et al., 2011; Kaspar et al.,

2011).

Although cover crops are used extensively in organic

production (USDA-NASS, 2019), adoption as a full-season weed

control strategy has been limited, and cover crops are usually

terminated and incorporated prior to planting the cash crop

(Magdoff and Van Es, 2000), precluding potentially unique

benefits afforded by full season cover crops (Deguchi et al.,

2012). Shorter growing seasons in temperate climates (Snapp

et al., 2005), and diverse, complex, and high value rotations

on vegetable farms complicate integration of cover crops

(Sarrantonio, 1992) into tillage-intensive production systems of

northern cucurbit growers. Cover crop-based reduced tillage

(CCBRT) encompasses a suite of practices which strategically

integrate cover crops into a cash crop rotation with the goal

of suppressing weeds while reducing soil disturbance (Vincent-

Caboud et al., 2019). These practices frequently integrate the

use of a roller-crimper to create an in-situ mulch of killed

cover crop residue into which the cash crop can be planted,

providing a thick layer of biomass allowing for season-long weed

suppression without the need for tillage and cultivation (Smith

et al., 2011; Delate et al., 2012; Mirsky et al., 2012; Silva, 2014;

Silva and Delate, 2017). Such full season applications extend the

environmental benefit of cover crops typically limited by cash

crop seasonality, while also limiting the number of tillage passes

required and thus reducing production costs.

While much of the research regarding CCBRT has been

conducted with grain crops, an increasing number of studies

have evaluated this system for organic vegetable production.

The performance of CCBRT in organic vegetable systems has

varied widely depending on the vegetable crop, cover crop,

and environment (Forcella et al., 2015; Chehade et al., 2019;

Lounsbury et al., 2020). In certain circumstances, the practice

has resulted in equivalent or greater vegetable yields than those

obtained from more typical organic systems using mechanical

weed management (e.g., Creamer et al., 1996; Campiglia et al.,

2010; Vollmer et al., 2010; Lounsbury and Weil, 2015; Jokela

and Nair, 2016; Sportelli et al., 2022), while in other studies, the

system resulted in reduced yields (e.g., Leavitt et al., 2011; Delate

et al., 2012; Bietila et al., 2016; Jokela and Nair, 2016).

Reduced yields under CCBRT management can often

be attributed to several factors, including insufficient weed

suppression and competition of the cover crop with the cash

crop, such as for nitrogen (Vincent-Caboud et al., 2019).

Slow nitrogen mineralization rates associated with lower soil

temperatures can limit available nitrogen at key phases of crop

growth within CCBRT systems (Leavitt et al., 2011). Some

of the most used cover crops found in CCBRT management,

such as cereal rye (Secale cereale L.), are characterized by

high carbon to nitrogen (N) ratios at maturity which can

lead to N immobilization, especially if cover crop residue

remains on the soil surface rather than incorporated into the

soil (Clark et al., 1994; Van Den Bossche et al., 2009; Salon,

2012; Chehade et al., 2019). The effects of these phenomena

can be observed in the results of several CCBRT vegetable

studies. For example, in Iowa, organic bell pepper yields under

CCBRT management were comparable in one season, but lower

during the second year, with the differences being attributed to

differences in temperature and nutrient availability in soil under
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no-till management (Jokela and Nair, 2016). This phenomenon

may have also been a factor in the performance of CCBRT

systems in the Northeastern US, where organic cabbage yields

were reduced 21% and temperatures under rye mulch were 2–

3◦C lower than bare soil, although other factors such as stunting

due to rye allelopathy may have also impacted final yields of the

crop (Mochizuki et al., 2008). Leavitt et al. (2011) also suggested

that lower temperatures in CCBRT treatments led to lower yields

for organic tomato, pepper, and zucchini in Minnesota.

Strip tillage has been presented as an alternative

management approach to mitigate the potential yield losses

related to the adoption of CCBRT practices, including in organic

vegetable systems (Delate et al., 2003, 2012; Mochizuki et al.,

2007; Leavitt et al., 2011; Luna et al., 2012; Bietila et al., 2016;

Ginakes and Grossman, 2021). With strip tillage management,

primary tillage and associated cover crop incorporation is

restricted to the in-row planting zone, with the aisles between

the rows remaining undisturbed. Strip tillage systems have the

potential to combine the weed management benefits of intensive

cover cropping practices with soil-building and reduced soil

disturbance, while reducing risk of yield loss compared to

full NT systems (Thomas et al., 2001; Brainard et al., 2013).

Strip tillage systems can promote plant growth and yields

through quicker warming of soil temperatures comparable to

conventional tillage systems but not as great as with the use of

plastic mulch (Licht and Al-Kaisi, 2005; Tillman et al., 2015).

Further, strip tillage management allows for the

incorporation of high-carbon crop residues with the planting

zone, which supports microbial populations and promotes

N mineralization (Brainard et al., 2013). In one case in a

conventional pumpkin production system, the use of strip

tillage in combination with a crimped rye/hairy vetch mixture

increased the number of marketable fruits by reducing pathogen

incidence (Everts, 2002).

CCBRT systems in vegetable production have shown clear

promise for conserving soil health and playing a role in long

term weed management. Yet results for pest pressure and,

most critically, yield have been variable across different reduced

tillage systems and vegetable crops (e.g., Delate et al., 2003;

Snyder, 2015; Jabbour et al., 2016; Jokela and Nair, 2016;

Skidmore et al., 2019), including for cucurbits specifically. For

instance, Forcella et al. compared conventionally cultivated

and crimped rye systems in Western Minnesota and found

that cucumber (Cucumis sativus L.) yields were comparable,

pumpkin (Cucurbita pepo L.) yields were 25% lower in rye,

and watermelon (Citrullus lanatus) yields were 75% lower in

rye (Forcella et al., 2015). However, few if any studies have

assessed the feasibility of crimped rye as a management strategy

for organic winter squash production while assessing critical

management considerations such as yields, insect pest and weed

pressure, and labor, all of which need to be understood before

growers can be confident adapting CCBRT practices.

This study expands on previous research on organic CCBRT

management for cucurbit systems by integrating strip tillage

strategies, evaluating both in-row management of the tilled

strips and between row (aisle) management strategies. Specific

objectives included: (1) comparison of pest (weed, disease, and

insect pressure) throughout the cucurbit production season,

through the visual assessment of disease incidence and physical

counts of insect and weed pressure; (2) comparison of yields

through the fruit counts and weights of both marketable and

unmarketable fruits; and (3) comparison of labor required for

weed management throughout the cucurbit production season

through tracking of hours needed for plot maintenance. Whole

plot row mulch treatments representing possible strip tillage

options included plastic mulch, straw mulch and bare cultivated

ground, while split plot aisle mulch treatments included full

tillage cultivated ground, straw mulch and crimped rye. Data

collected included vegetable yield, plant survival rate, weed

counts and management time, and cucumber beetle and squash

bug counts.

Materials and methods

Site and treatment descriptions

Field trials were conducted at the University of Wisconsin’s

West Madison Agricultural Research Station (Verona, WI,

USA) from September 2017 to September 2019. Two adjacent

areas of certified organic land (43.0734, −89.5474 and 43.0744,

−89.5465) were used for the experiment, both of which had been

previously planted with a 3-year old alfalfa stand and managed

in accordance with the United States Department of Agriculture

National Organic Program (USDA-NOP) regulations (National

Organic Program, 2000). Soil types were Batavia and Troxel

silt loams, with organic matter content of 3.3% in 2018 and

2.9% in 2019, and pH 6.6 in 2018 and 7.2 in 2019. The

experiment was established as a split-plot randomized complete

block design with three replications, with row mulch as the

whole-plot factor and aisle mulch as the strip-plot factor

(Supplementary Figure 1). Each subplot had 10 plants. Whole

plot, row mulch factors included a cultivated control, black

plastic mulch, and ground straw mulch applied at a rate of

33,625 kg ha−1. Strip plot, aisle mulch treatments included

cereal rye crimped at anthesis with a roller-crimper (I&J

Manufacturing, Gap, PA), ground winter wheat straw mulch

applied at a rate of 33,625 kg ha−1, and a cultivated control.

Field activities

Field activities are summarized in Table 1. Cereal rye was

seeded in the entire study area with a Landoll grain drill

(Landoll Corporation, Marysville, KS) at a rate of 250.96 kg
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TABLE 1 Summary of field activities for CCBRT management of organic squash, 2018 and 2019.

Date (2017) Date (2018) Date (2019) Activity

September 25 September 27 “Aroostock” rye seeding (4 bu/acre)

May 17, June 14 May 15, May 30, June 11 Tilling planting strips and control plots

to terminate cover crop or incorporate

fertilizer

June 6 June 6 Rye biomass

June 7 June 7 Termination of rye plots by crimping

June 14 June 11 Application of fertilizer

June 14 June 12 Application of straw and plastic mulches

June 14 June 14 Winter squash transplanting

July 18 and 25; August 8, 20

and 31st; September 7

July 16, 23, and 28; August 6,

13, 20, and 27

Insect counts

July 17 and 25; August 8 and

20

July 3, 12, and 23; August 7

and 28

Weed counts

July 17; August 8 and 20 July 3, 12, and 23; August 7

and 28

Timed weed management

September 13 September 3 Harvest

ha−1 on September 25, 2017 and September 27, 2018, 2–

3 weeks following the termination of a 3-year alfalfa stand

with a Brillion Super Soil Builder Disk Chisel (Brillion Iron

Works, Brillion, WI). The following spring, cultivated and

straw mulched treatments were terminated when the cereal

rye reached 0.25m in height. Planting rows were strip tilled

on 2.74m centers within roller-crimped treatment plots using

900DRT Husqavarna walk-behind rototiller (Husqvarna Group,

Stockholm, Sweden) to a 1.22m width. In all treatment plots

containing ground straw or cultivation, the cereal rye cover crop

was mowed using a rotary mower followed by tillage using a

Case IH JX65 tractor with 65 horsepower (Case IH, Racine, WI)

with a PTO driven Land Pride RTA3576 tiller with a 1.83m

working width (Land Pride, Salinas, KS). One tillage event was

adequate to terminate the rye in 2018, but a second tilling

was required in 2019. Rye biomass was measured at anthesis

immediately prior to crimping by clipping above ground growth

in two 0.25 m2 sections, immediately adjacent to each rye plot

but outside of the study area, so as not to affect weed pressure

within plot. Biomass samples were then placed in a heated air

dryer (54◦C) at WMARS for 14 days and weighed. Remaining

cereal rye within the rye aisle treatments was terminated by

roller-crimping at anthesis, with the 4.57m roller-crimper (I&J

Manufacturing, Gap, PA).

Fertilizer was applied by hand within planting

strips according to University of Wisconsin-Extension

recommendations (Laboski and Peters, 2019) based on soil

test results, including 134.5 kg ha−1 of N, followed by an

additional shallow pass with the rototiller to incorporate

fertilizer. Drip irrigation, plastic and straw mulches were

applied by hand following final rye termination. Three-

week old “Honey Bear F1” acorn squash (Cucurbita

pepo) transplants grown in 50 cell trays were hand

transplanted at 0.61m in-row and 2.74m between-row

spacing 1 week after crimping, in both years. Drip irrigation

placed under mulch was applied as needed throughout

the season.

In both rows and aisles, weeds were categorized as broadleaf

or grass weeds and counted within two randomly placed 0.25

m2 quadrats within 24 h prior to timed manual weeding (n

= 18 per treatment at each date). Straw and plastic mulch

treatments were weeded by hand, and cultivated treatments

were managed with stirrup hoes supplemented by additional

hand weeding close to plants. Total weeding time (for a single

person) required for weed management after the planting of

the cash crops was recorded separately for each row and aisle

treatment at each weeding event (n = 9 per treatment at each

date). Cucumber beetle, squash bug egg clusters, and adult

squash bugs per plant were counted as close to a weekly basis

as possible (n = 90 per treatment at each date). Squash was

harvested at maturity, assessed visually by the condition of fruit

peduncles and plant senescence in combination with projected

days tomaturity. In each plot, the final plant count was recorded,

and all mature squash of marketable size were harvested and

sorted as marketable or non-marketable as determined by visible

evidence of rot, insect damage, surface blemishes, or being

misshapen. Immature fruit (as assessed by very small size and

green peduncles) were not counted.

Data analysis

Data were analyzed in R (R.app GUI 1.73 (7892 Catalina

build), S. Urbanek & H.-J. Bibiko, © R Foundation for Statistical
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TABLE 2 Weather data collected at UW-Madison ArboretumWeather Station, 2018 and 2019.

Time period Total precipitation in

cm (deviation from 40

yr average)

Average daily

temperature in ◦C

(deviation from 40 yr

average)

GDDU 50 (deviation

from 40 yr average)

October 2017 to February 2018 27.89 (+2.02) −0.7 (+0.49) 182 (+77)

March to May 2018 33.07 (+7.71) 7.41 (−0.13) 463 (+128)

June to Sept 2018 86.11 (+41.28) 20.57 (+0.95) 2,286 (+238)

October 2018 to February 2019 37.24 (+11.37) −1.13 (+0.06) 86 (−19)

March to May 2019 24.05 (−3.53) 7.45 (-0.09) 259 (-76)

June to Sept 2019 58.90 (+14.07) 20.28 (+0.66) 2,164 (+116)

Computing, 2020). ANOVAs were done using the lme() function

in the “nlme” package (Pinheiro and Bates, 2022) using the

following model:

Yijkl = µ + Ai + Bj(i) + WPk + δk(ji) + SPl

+ (AWP)ik + (ASP)il + (AWPSP)ikl + ǫijkl

where Yijkl is the observation for the ith year, jth block, kth

row mulch (whole plot) treatment, and lth aisle mulch (subplot)

treatment, Ai is the fixed effect of the ith year (i = 2018, 2019),

Bj(i) is the random effect of the jth block nested within the ith

year (j = 1, 2, 3), WPk is the fixed effect of the kth whole plot

row mulch treatment (k= cultivated, straw, plastic), δk(ji) is the

random effect of the whole plot error term nested within the jth

block within the ith year, SPl is the fixed effect of the lth subplot

aisle mulch treatment (l= cultivated, straw, rye), (AWP)ik is the

effect of the interaction between the ith year and kth aisle mulch,

(ASP)il is the effect of the interaction between the ith year and lth

row mulch, (AWPSP)ikl is the effect of the interaction between

the ith year and kth aislemulch and lth rowmulch, and ǫijkl is the

residual error associated with the observation for the ith year, jth

block, kth rowmulch (whole plot) treatment, and lth aisle mulch

(subplot) treatment.

Pest data, weedmanagement time, weed counts, and survival

data were analyzed following the same procedure. However,

pest counts and weed management time were transformed

to cumulative counts, with only the final cumulative count

analyzed. Weed counts and weed management time were

analyzed with either the whole plot or subplot terms as

appropriate, not both, and thus did not include the whole

plot error term or associated interactions, so in-row weeding

data was only associated with row mulch effects, and aisle

weeding data was only associated with aisle mulch treatments.

Pest and weed counts also included an additional subsampling

error term γm(k(ji)) which was the random effect of the mth

subsample (m = 1. . . 10 where 10 is the number of plants per

plot checked for pests, or where m = 1, 2 subsamples for

weed counts).

Normality and equality of variances were checked visually

with standardized residuals vs. fitted value plots and normal

QQ plots, respectively (R Core Team, 2021). Right skewed

count data for individual models (i.e., an entire given variable

for a single model) were transformed with log(x + 1) when

necessary to improve assumptions of normality and equality

of variances. Pest count data could not be fully transformed

to meet assumptions, but due to relative robustness of the

F-test to deviations from normality and equal variances F-

tests were performed anyway. Left skewed plant survival data

was transformed with an arcsin(sqrt(x)) transformation. When

ANOVA F-tests were significant, Tukey’s Multiple Comparison

Procedure was used to compare treatment means and develop

significance groupings using the emmeans() function in the

“emmeans” package, which is also how estimated marginal

means for tables were obtained (Lenth, 2022). When two-

way interactions between main effects were found, pairwise

comparisons for the simple main effect were made for each level

of the other factor, again using the emmeans() function with a

Tukey adjustment. All figures are shown with non-transformed

data though significance groupings are based on transformed

data when applicable.

Results and discussion

Weather

Winter and spring precipitation leading into the 2018

season was slightly greater than average, with close to average

temperatures and the accumulation of more growing degree

day units (GDDU) than normal (Table 2). In contrast, winter

conditions prior to the 2019 production season were colder and

wetter than average, with a cooler and drier than average spring.

Both 2018 and 2019 saw greater summer rainfall than average,

with a single rain event in late August of 2018 releasing over

25 cm of rain within 24 h at the study site. Weed data was ended

after that extreme rainfall event (MRCC, 2021).
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Yield and plant survival

While the rye treatment yielded equivalent total fruit m−1

to the cultivated treatment, rye produced lower yields with

respect to marketable fruit m−1 and a higher proportion and

count of unmarketable fruit than cultivated aisles, regardless

of row mulch (Table 3, Figure 1). The amount of marketable

fruit plant−1 produced by cultivated aisles was similar to straw-

mulched aisles; however, yield in terms of total fruit plant−1

was lower. Across aisle mulch treatments, plastic rows produced

fewer total fruit m−1 than rowsmulched with straw or cultivated

rows, likely due to the low survival rate observed in plastic rows

(Figure 2). With a lower number of unmarketable fruit, plastic

rows produced yields of marketable fruit comparable to that

of the rows mulched with straw despite the reduced number

of total fruit, although the trend was toward lower marketable

yields. Treatments utilizing straw produced greater total fruit

yield in rows on a m−1 basis, and greater yields in both rows and

aisles on a plant−1 basis but did not result in better marketable

fruit yields due to producing more unmarketable fruit than

cultivated treatments.

A significant row mulch × aisle mulch interaction was

observed for marketable fruit m−1 (Figure 3). Where rows were

cultivated, yield was similar regardless of the combination with

straw, rye or cultivation in the aisle. Similarly, whenever aisles

were cultivated, equivalent yields were observed regardless of

row mulch treatment. The use of straw mulch within the row

resulted in higher yields when coupled with cultivated aisles

as compared to rye aisles (Figure 3A). Within rows with the

plastic mulch treatment, higher yields were observed for plots

with cultivated aisles as compared to straw or rye in the aisle

(Figure 3A). No significant differences were observed for row

mulch treatments utilizing cultivated or rye aisles. However,

within straw-mulched treatments, the marketable fruit yield

utilizing cultivated rows was double that of treatments utilizing

plastic rows (Figure 3B).

Differences in marketability were driven by a

significant year × aisle mulch interaction, with clearly

higher proportions of unmarketable fruits for both

straw mulched aisles and crimped rye in 2018, the year

the field flooded prior to harvest, and no significant

differences in 2019 (Figure 1; Supplementary Tables 1, 2).

Similarly, a year × aisle mulch interaction was observed

for marketable fruit plant−1 (Supplementary Figure 2).

In both years, rot was the most common cause

of fruit being deemed unmarketable, followed by

rodent damage.

While the primary yield declines in this study appeared to

be caused by the 2018 rain event and subsequent fruit rot, the

crimped rye treatments also produced fewer total fruit plant−1

than treatments with straw mulch in the aisle, suggesting

there may be other mechanisms impacting yield. One such

mechanism may be N immobilization with rye cover crops (e.g.,

Delate et al., 2008; Van Den Bossche et al., 2009; Chehade et al.,

2019) or reduced Nmineralization thanks to lower temperatures

(as suggested by Leavitt et al., 2011).

Although previous research suggests that supplementary

fertilization could improve vegetable yields in reduced

tillage systems, studies largely focus on either fertigation or

sidedressing (e.g., Delate et al., 2008; Schellenberg et al., 2009;

Jokela and Nair, 2016). Future studies assessing the benefits of

supplementary fertilizers should compare approaches, timing,

and rates within a single study. Choosing cover crop species or

mixes that include the benefit of nitrogen fixation from legumes

and optimizing management to maximize nitrogen cycling may

also be an option for reducing the potential for yield declines

(Ginakes and Grossman, 2021).

In general, a stronger effect from rowmulch than aisle mulch

on total yield m−1 was observed in our study. Cultivated rows

had higher yields than mulched rows, again pointing to the

sensitivity of these systems to environmental conditions. These

system× environment interactions indicate the need for further

study of disease and pest dynamics within CCBRT systems

as driven by different environmental conditions. Despite the

potential for reduced yields, all treatments generally produced

well relative to the advertised marketable yield plant−1 for the

variety used (All American Selections, 2009).

CCBRT systems provide the notable benefit of resilience

in the face of extreme rainfall events through protecting the

soil and reducing erosion. However, while soil is protected

under wet conditions, our study indicated that trade-offs may

exist with respect to the system exacerbating disease pressure.

While some research has investigated disease dynamics in

CCBRT systems for cucurbits (e.g., Maglione et al., 2022), it

is crucial that such research also simultaneously integrates the

assessment other agronomic impacts such as yield quantity and

weed management in order to form a more holistic picture of

system performance.

Insect pest pressure

Striped cucumber beetle

Striped cucumber beetle counts were very low overall,

especially in 2018, and the only clear effect was from year

(Table 4; Supplementary Table 3).

Squash bug adults

Significant aisle mulch × year and row mulch × year

interactions were observed in explaining squash bug pressure

due to lower counts in 2019, with overall effects driven primarily

by 2018 (Figure 4). The simple main effect of year was also

significant due to the low counts in 2019. Both aisle and

row mulches were significant in 2018. Rows with straw and

plastic mulch had higher numbers than cultivated rows across
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TABLE 3 Yield, quality, and survival data for organic squash managed with CCBRT by mulch treatment.

Aisle mulch Rowmulch Total fruit

m−1
Marketable

fruit m−1
Proportion

unmarketable

fruit

Unmarketable

fruit m−1
Total fruit

plant−1
Marketable

fruit

plant−1

Proportion

plant

survival

Cultivated Straw 10.29 6.48 0.36 3.66 8.92 5.11 0.80

Black plastic 8.50 5.85 0.32 2.11 7.48 4.58 0.72

Cultivated 9.25 5.93 0.32 2.57 6.82 3.93 0.93

Simple main effect across

row mulch

Cultivated aisle average 8.87 6.09A 0.33 B 2.78 B 6.70 B 4.54A 0.82

Roller-crimped rye Straw 10.59 3.83 0.58 5.71 9.17 3.01 0.77

Black plastic 6.71 3.91 0.45 3.01 6.20 3.05 0.72

Cultivated 11.78 5.93 0.44 4.84 8.14 3.78 0.97

Simple main effect across

row mulch

Rye aisle average 9.08 4.56 B 0.46A 4.52A 6.77 B 3.28 B 0.82

Straw Straw 11.43 5.30 ab 0.53 6.12 9.58 3.84 0.85

Black plastic 6.76 3.77 b 0.47 3.47 8.58 4.34 0.55

Cultivated 11.73 7.30 a 0.38 4.32 7.87 4.57 0.97

Simple main effect across

row mulch

Straw aisle average 10.10 5.46 AB 0.49A 4.64A 7.93A 4.25A 0.79

Rowmulch Straw 10.37A 5.20 0.49 5.17A 7.96A 3.98 0.81 B

Simple main effect across

aisle mulch

Black plastic 7.37 B 4.51 0.41 2.86 B 6.85 AB 3.99 0.66 B

Cultivated 10.30A 6.39 0.37 3.91 AB 6.58 B 4.09 0.96 A

Treatment effects Row mulch F= 9.28,

p < 0.01

F= 2.54, ns F= 1.79, ns F= 9.70,

p < 0.01

F= 5.04,

p < 0.05

F= 0.03, ns F= 11.54,

p < 0.01

Aisle mulch F= 2.10, ns F= 10.54,

p < 0.001

F= 7.71,

p < 0.01

F= 8.65,

p < 0.01

F= 5.62,

p < 0.05

F= 10.54,

p < 0.001

F= 0.19, ns

Row× aisle F= 2.03, ns F= 2.98,

p < 0.05

F= 0.53, ns F= 0.17, ns F= 1.56, ns F= 2.69,

p < 0.1

F= 1.38, ns

Year F= 12.59,

p < 0.05

F= 5.22,

p < 0.1

F= 0.09, ns F= 0.21, ns F= 13.97,

p < 0.05

F= 2.62, ns F= 0.15, ns

Year× aisle F= 0.64, ns F= 2.87,

p < 0.1

F= 3.83,

p < 0.05

F= 2.61,

p < 0.1

F= 0.33, ns F= 6.47,

p < 0.01

F= 0.26, ns

Year× row F= 0.89, ns F= 1.58, ns F= 1.67, ns F= 0.91, ns F= 1.32, ns F= 2.81, ns F= 0.24, ns

Year× row× aisle F= 0.46, ns F= 0.14, ns F= 0.09, ns F= 0.32, ns F= 0.27, ns F= 0.34 ns F= 0.71, ns

Estimated marginal means in 2018 and 2019 averaged across the level of block and year are shown. Untransformed data is shown in the table but significance groupings according to a p-value adjustment for pairwise comparisons following the Tukey

method are based on transformed data where applicable. Columns with the same letter (or no letter) were not significantly different across mulch treatments within the same year at p < 0.05. Lowercase letters indicate significance groupings for the

whole plot effect of row mulch treatments within one aisle mulch treatment, and uppercase letters indicate significance groupings for the whole plot effect of row mulch across aisle mulch treatments, or the sub plot effect of aisle mulch across row mulch

treatments. Significance groupings for the simple main effects of aisle mulch within row mulch treatments are not shown. Cultivated aisles yielded significantly higher than rye aisles when paired with hay mulch in rows and cultivated also yielded higher

than hay aisle mulch when paired with plastic in rows.
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FIGURE 1

Yield m−1 of marketable and unmarketable of acorn squash
grown using di�erent aisle mulches, 2018 and 2019. Lowercase
letters indicate significance groupings for marketable fruit m−1

and uppercase letters indicate significance groupings for
unmarketable fruit m−1. Groups with the same letter (or no
letter) did not di�er across aisle mulch treatments within the
same year at p < 0.05.

FIGURE 2

Proportion of squash plants surviving until fruit maturity by row
and aisle mulches. Uppercase letters indicate significance
groupings for row mulches. Groups with the same letter (or no
letter) were not significantly di�erent across years and aisle
treatments at p < 0.05.

aisle mulch levels, while cultivated aisles also resulted in lower

numbers than the mulched treatments of ground straw or rye

aisles across row mulch levels. Overall, cultivated treatments

resulted in lower populations compared to other mulches,

and across all aisle mulch treatments rows with plastic mulch

consistently resulted in the highest counts.

Squash bug egg clusters

A significant aisle mulch × year interaction explained

cumulative squash bug egg cluster counts per plant (Figure 5).

The simple main effects of row mulch and aisle mulch were

also significant across years. Similar to results for squash bug

adults, cultivated treatments had lower egg cluster counts. For

FIGURE 3

Marketable fruit yield m−1 of acorn squash grown using di�erent
row mulch (A) and aisle mulch (B) treatments. (A) Lowercase
letters indicate significance groupings for aisle mulch within a
given row mulch group, p < 0.05. (B) Lower letters indicate
significance groupings for row mulch treatments within a given
aisle mulch group, p < 0.05.

row mulches, ground straw performed similarly to cultivation,

with lower counts than plastic. In aisles, rye resulted in higher

egg cluster counts as compared to cultivation.

Results regarding both squash bug adults and their egg

clusters are consistent with observations reported by Doughty

et al. (2016) who suggested that squash bugs will often be

found in the planting holes of plastic mulches, a behavior

that could make it difficult for a grower to effectively apply

pesticide when needed. While the effect of row mulches was

clear, the results of our 2-year study showed inconsistent effects

of aisle mulching (either as crimped rye or ground straw)

on squash bugs, with 2018 demonstrating greater squash bug

pressure with aisle mulching, and 2019 showing no clear effect,

when counts were lower across treatments. Habitat provided

by mulches may benefit cash crops by promoting within-field

natural enemy activity and biological control (Tonhasca and

Byrne, 1994; Langellotto and Denno, 2004; Bryant et al., 2013;

Hinds and Cerruti, 2013), but our results indicated that the

habitat could also benefit pests. Cranshaw et al. (2001) also

showed increased damage to pumpkin by squash bugs when

using straw or plastic mulches.

The strongest effect was seen from plastic mulch in rows,

so applying hay mulch within the tilled planting strip may be

a better option than black plastic for growers adopting CCBRT
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TABLE 4 Average (2018 and 2019) cumulative cucumber beetle, squash bugs and egg cluster counts by aisle mulch treatment.

Aisle Mulch Rowmulch Cumulative cucumber

beetles per plant

Cumulative squash

bugs per plant

Cumulative egg

clusters per plant

Cultivated control Ground straw 0.67 1.18 0.22

Black plastic 0.53 3.33 1.07

Cultivated 0.80 0.37 0.28

Cultivated aisle average 0.67 1.63 0.52 B

Roller-crimped rye Ground straw 1.03 2.50 0.62

Black plastic 0.77 3.58 1.62

Cultivated 0.78 0.95 0.40

Rye aisle average 0.86 2.34 0.88 A

Ground straw Ground straw 102 2.25 0.52

Black plastic 0.73 3.43 1.32

Cultivated 0.70 0.87 0.43

Straw aisle average 0.82 2.18 0.76 AB

Row type Ground straw rows 0.91 1.98 B 0.47 B

Black plastic rows 0.68 3.45A 1.33 A

Cultivated rows 0.76 0.73 B 0.35 B

Treatment effects Row mulch F= 1.93, ns F= 16.01, p < 0.01 F= 19.48, p < 0.001

Aisle mulch F= 1.34, ns F= 2.06, ns F= 4.85 p < 0.05

Year F= 264.19, p < 0.0001 F= 60.39, p < 0.01 F= 1.86, ns

Row× aisle F= 1.03, ns F= 0.34, ns F= 0.25, ns

Aisle× year F= 2.58, p < 0.1 F= 6.72, p < 0.001 F= 12.39, p < 0.001

Row× year F= 0.61, ns F= 5.10, p < 0.05 F= 0.87, ns

Aisle× row× year F= 0.61, ns F= 0.41, ns F= 1.78, ns

Untransformed data is shown, but significance groupings are based on transformed data where applicable. Columns with the same letter (or no letter) were not significantly different across

mulch treatments within the same year at p < 0.05. Uppercase letters indicate significance groupings for the simple main effect of aisle mulch across row mulch treatments or row mulch

across aisle mulch treatments.

practices for cucurbit production with the potential for high pest

pressure. In general, pest abundance on the squash was relatively

low in our experimental field during the study period, whichmay

have contributed to the variable response between years.

Weed populations and management time

Aisle weed counts and management time

Cultivated aisles resulted in the highest total, broadleaf, and

grass weed counts and required the greatest weed management

time inputs (Table 5). Rye aisles resulted in fewer weeds and

required less weed management time as compared to cultivated

treatments but had significantly more weeds and took longer

to manage than straw mulch (Figure 6). There was a significant

aisle mulch × year interaction for all weed related data points

due primarily to changes in significance level in pairwise

comparisons between aisle mulches because of generally higher

weed counts in 2019 than 2018, except for higher broadleaf

weed counts in 2018 (Supplementary Table 4). There were no

significant crossover interactions, except for rye and straw aisle

FIGURE 4

Cumulative numbers of squash bugs per plant by row and aisle
mulch, 2018 and 2019. Lowercase letters indicate significance
groupings for row mulch across aisle mulch treatments within
the same year. Groups with the same letter were not
significantly di�erent at p < 0.05.

mulches being similar in 2019 for grass weeds. Broadleaf and

grass weeds differed in 2018 and 2019 within cultivated aisle

treatments, but not total weeds, as more broadleaf weeds were
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present in 2018 and more grass weeds in 2019. Overall, year was

significant for both broadleaf and grass weed counts because of

the higher counts in 2018 and 2019, respectively.

The effectiveness of the cereal rye treatment with respect to

weed suppression was likely influenced by heavy mulch residue

created by the rye cover crop. One key factor affecting successful

weed suppression of CCBRT systems is the cover crop biomass

at termination; cover crop biomass on the soil surface should

reach 8–9Mg ha−1 to obtain satisfactory weed suppression

without additional weed control methods, which can include

time-consuming and labor-intensive hand-weeding to rescue

the vegetable crop from excessive yield loss (Smith et al., 2011;

FIGURE 5

Cumulative squash bug egg cluster counts per plant by aisle and
row mulch treatments, 2018 and 2019. Lowercase letters
indicate significance groupings for aisle mulch across row
mulch treatments within the same year. Groups with the same
letter or no letter were not significantly di�erent at p < 0.05.

Mirsky et al., 2012; Bietila et al., 2016). In the 2 years of the

study, the biomass of cover crop produced reached or nearly

reached the threshold needed for adequate weed suppression

(mean biomass of 11,756 kg ha−1 in 2018 and 7,866 kg ha−1

in 2019). Lower biomass in 2019 may have contributed to that

year’s higher weed counts.

While the use of CCBRT techniques in this study did result

in fewer weeds as compared to management with cultivation, a

small number of weeds were still present in the field throughout

the production season. In organic production, crop canopy

cover is another important tool for continued weed suppression

(Hoad et al., 2012). Variety trials conducted within CCBRT

management systems could further optimize the system toward

complete elimination of weed seed production; for example, the

cultivar in this trial was a semi-bush type, and vining cucurbit

cultivars providing greater ground cover which could further

contribute to weed suppression, especially during years where

cover crop biomass might be lower than the ideal range.

The weed suppression provided by the CCBRT approach

translated into fewer weeding hours required for crop

management as compared to cultivation. Despite the decreased

yields observed in 2018 using the metric of marketable fruit, this

approach could still be considered advantageous to farmers, as

labor needs across the entire farm during the peak production

times of mid-summer can be limiting, and the opportunity costs

of not having the ability to use that labor elsewhere on the

farm (e.g., harvesting crops or attending a market), as well as

the actual costs of the labor, may justify the tolerance of the

lower yields.

A notable benefit of CCBRT systems is the potential to

reduce erosion during extreme rainfall events, such as the

TABLE 5 Weed counts and management time in 2018 and 2019 relative to row and aisle mulch treatments.

Mulch type Weeding time (h/ha) Total weed ct per ¼

m2

Broadleaf ct per ¼m2 Grass ct per ¼m2

Cultivated aisle 841 a 10.43 a 3.73 a 6.69 a

Rye aisle 523 b 3.28 b 1.31 b 1.97 b

Straw 206 c 0.86 c 0.23 c 0.64 c

Aisle treatment effects

Aisle mulch F= 95.39, p < 0.0001 F= 155.12, p < 0.0001 F= 133.05, p < 0.0001 F-127.36, p < 0.0001

Year F= 70.31, p < 0.01 F= 1.14, ns F= 5.54, p < 0.1 F= 7.71, p < 0.05

Aisle× year F= 15.11, p < 0.001 F= 3.73, p < 0.05 F= 8.01, p < 0.01 F= 13.86, p < 0.0001

Straw row 119 b 0.28 b 0.12 b 0.16 b

Plastic row 140 b 0.72 b 0.20 b 0.52 b

Cultivated row 704 a 8.57 a 3.64 a 4.94 a

Row treatment effects

Row mulch F= 108.53, p < 0.0001 F= 370.90, p= < 0.0001 F= 135.55, p < 0.0001 F= 192.29, p < 0.0001

Year ns ns F= 11.55, p < 0.05 F= 12.03, p < 0.05

Row× year ns F= 6.03, p < 0.01 F= 20.52, p < 0.0001 F= 14.72, p < 0.0001

Untransformed data is shown in the table but significance groupings are based on transformed data where applicable. Columns with the same letter were not significantly different across

mulch treatments and years at p < 0.05 in either aisles or rows.
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FIGURE 6

Total (Top), broadleaf (Middle) and grass (Bottom) weed counts
per 0.25 m2, 2018 and 2019. Lowercase letters indicate
significance groupings for aisle mulch within a given year.
Groups with the same letter were not significantly di�erent at
p < 0.05.

one in late August 2018 at this study site, but if the CCBRT

systems are at risk of increasing disease pressure after such

events then growers need more information to be able to

adequately assess tradeoffs. Previous research suggests that

supplementary fertilization could improve vegetable yields in

reduced tillage systems, but studies largely focus on either

fertigation or sidedressing, rather than comparing approaches

and rates within a single study (e.g., Schellenberg et al., 2009;

Jokela and Nair, 2016). In addition, the large Rodale-style

chevron blade roller-crimpers, such as the one used in this

study, rely on weight to effectively crimp, and thus require

relatively large tractors with adequate horsepower to operate;

testing the efficacy of smaller crimper types, such as those that

mount on a walk-behind tractor or do not rely solely on weight

as a crimping mechanism (Kornecki and Reyes, 2020) would

further elucidate the adaptability of the system to small scale

vegetable production.

Row weed counts and management time

Overall, weed counts and management time were higher

in cultivated rows than in those mulched with either straw or

plastic. Similar to aisle weed counts, a significant effect of year

was observed with respect to broadleaf and grass weed counts

due to higher counts in 2018 and 2019, respectively, and a

significant row mulch× year interaction for cultivated rows was

observed due to those higher counts. A crossover interaction for

row weed counts was also observed; straw and plastic mulches

were equivalent for total and grass weed counts in 2018, but

plastic had higher counts than straw in 2019. This interaction

was likely due to the overall increased prevalence of grass weeds

in 2019, exacerbated by the difficulty of managing weeds at the

shoulders of the beds with plastic mulch where exposed soil was

present, whereas the in-row straw mulch extended to the rye or

straw mulches in aisles.

Mulching with straw resulted in adequate weed suppression

and increased the total fruit yield, while avoiding the problems

of plastic mulch with respect to increased squash bug pest

pressure. Thus, applying straw mulch within the tilled planting

strip may be a better option than black plastic (which also

resulted in higher pest pressure) for growers adopting CCBRT

practices for cucurbit production. Anecdotally, the straw mulch

was also easier to apply in combination with rye than it was

to dig the plastic mulch in by hand since conventional mulch-

layers could not deal with the heavy residue at the edge of the

tilled strip.

Conclusions

The primary goal of this study was to evaluate the

impact of strip tillage management with CCBRT practices for

organic squash production. The data derived from this work

demonstrated that the use of CCBRT practices with strip

tillage techniques in organic cucurbit systems has the potential

to produce overall yields comparable to that of standard

organic cucurbit production practices using cultivation, with

total fruit m−1 equivalent between approaches in both years

and marketable fruit comparable in 2019. This supports the

suggestions of previous research that strip tillage in CCBRT

systems can be a viable alternative to full tillage systems (Forcella

et al., 2015; Tillman et al., 2015; Jokela and Nair, 2016). However,

reduced marketable fruits plant−1 and m−1 were observed

in 2018 as a result of increased rates of unmarketable fruit

in that year, likely influenced by the record-breaking rain

event that released 25 cm of precipitation in <24 h two weeks

prior to harvest.

Overall, rolled-crimped management strategies for organic

cucurbit management were demonstrated to be a valuable

tool for organic vegetable farmers in the upper Midwestern

US. However, our research did highlight questions related

to the interaction between specific management choices and

environmental conditions and the resulting agronomic impacts;

providing answers to these questions will reduce risk for growers

and drive further adoption of this practice. Thus, future research
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should focus on understanding the more nuanced management

aspects of the system, including the identification of cultivars

adapted to reduced tillage systems, supplementary fertilization

methods that might result in more reliable yields, and longer

term studies that explore disease and pest dynamics (such as the

potential for cover crop species to provide alternate hosts for

diseases, residue to increase fruit rot incidence by maintaining

higher soil moisture, and predator populations and predation of

common pests).
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