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Abstract

Sustainable cropping systems that balance agricultural productivity and ecological integrity are urgently needed. Overreliance on
soil tillage and herbicides to manage weeds has resulted in a number of major environmental problems including soil erosion and
degradation, biodiversity loss, and water quality impairment. Combining organic farming and conservation agriculture is a viable
alternative to address these challenges. In particular, mulch-based no tillage systems can be used to reduce tillage in organic
production, improving soil quality while decreasing labor and fuel requirements. This technique involves planting cash crops
directly into terminated cover crops that remain on soil surface and serve as mulch to prevent weeds establishment and protect soil
from erosion. Despite potential benefits, adoption of organic mulch-based no tillage is limited due to challenges with cover crop
termination, weed suppression, and yields. Here, we (i) review international research on organic mulch-based no tillage systems
(soybean and maize), (ii) identify production issues that limit the success of this technique, and (iii) outline research priorities. As
result, organic mulch-based no tillage is knowledge intensive and requires advanced planning and careful management of the
cover crop. Primary challenges include timely cover crop establishment and termination, nutrient management, reduced soil
temperature and moisture at planting, and achieving adequate seed-to-soil contact when planting into thick mulch on soil surface.
Long-term research is needed to better understand the effects of this technique production on soil health and on the broader
environmental and economic impacts. To increase adoption of organic mulch-based no tillage, future research should focus on (i)
screening species and cultivars to identify cover crop and crop combinations that optimize cropping system performance and (ii)
developing equipment for improving cover crop termination and seed placement. Research conducted in partnership with farmers
will be valuable for developing guidelines and increasing adoption of this technique.
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minimal soil disturbance, (2) permanent soil cover, and (3)
crop rotation. A primary aim of CA includes the seeding of
cash crops without soil disturbance after the previous cash
crop harvest (Baker and Saxton 2007). Under the auspices
of CA, a variety of reduced tillage (RT) techniques has
been developed for arable crops, ranging from reducing
tillage depth to modifying planting equipment with coul-
ters to make a seed furrow with no further soil disturbance
(Fig. 1). Production systems utilizing conservation tillage,
no-till (NT), ridge-till, and mulch-till techniques have in-
creased dramatically in the USA, with demonstrated soil
benefits, reliable yields, and economically robust perfor-
mance of field crops (Pittelkow et al. 2015). USDA’s
Economic Research Service reported 36 million
hectares—or about 40 percent of all US planted
cropland—implemented some form of NT management in
2010, including 34% of corn, 46% of soybean, 30% of
cotton, and 48% of wheat areas within the contiguous 48
states (USDA-ERS 2015).

However, increased use of NT practices has not been
observed across OF, which has been criticized for exces-
sive use of tillage for weed management, potentially
compromising soil quality and health as well as increasing
the risk of water and wind erosion (Carr 2017). Despite the
benefits arising from NT practices (e.g., reduced soil ero-
sion, labor costs, and energy consumption) (Teasdale et al.
2007; Triplett and Dick 2008), NT adoption in OF remains
limited, mainly due to inadequate weed suppression.
Although beneficial from a soil conservation perspective,
the dependence of conventional NT on herbicides creates
concerns regarding the development of herbicide-resistant

Fig. 1 Techniques for reducing
tillage that have been developed
in conservation agriculture

weeds and negative environmental impacts, such as re-
duced water quality and non-target impacts on wildlife
(USDA-ERS 2015; Uri 2000; Kniss 2017). These
herbicide-related concerns, coupled with the demands of
a rapidly growing organic crop production sector (Wyse
1994; Jackson 1997), has forced more farmers and re-
searchers to examine alternative strategies of NT to im-
prove soil health while maintaining high yields and achiev-
ing effective weed management (Moyer 2011; Silva and
Delate 2017).

Cover crop—based no tillage (CCBNT) has emerged as a
possible sustainable alternative to traditional herbicide-based
NT practices. CCBNT involves no-till planting cash crops into
a cover crop (Figs. 1 and 2) (Triplett and Dick 2008). CCBNT
offers benefits of continued cover on soil health and weed
suppression through physical barriers, light and nutrient com-
petition, and allelopathic effects, which reduce or eliminate
herbicide use (Teasdale et al. 2007). CCBNT encompasses
two distinct approaches: living cover-based no tillage
(LCNT), which involves the planting of cash crops into a
growing cover crop, and mulch-based no tillage (MNT),
which involves the planting of cash crops into a cover crop
that is mechanically terminated by rolling or mowing to pro-
vide mulch (Fig. 1). In many circumstances, planting cash
crops into a living cover has failed due to cover crop compe-
tition with the cash crop (Hiltbrunner et al. 2007a). As such,
research efforts have turned to improving best management
practices of MNT without herbicides, relying on the cover
crop biomass to create mulch that serves as a physical barrier
to protect the soil and suppress weeds (Fig. 2) (Teasdale et al.
2004; Carr et al. 2013).
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Fig. 2 Soybean emergence through cover crop cereal rye residue left on
soil surface that provides physical barrier to prevent weeds development
(pictures L. Vincent-Caboud)

While maintaining compliance with the principles and reg-
ulations of organic certification programs, MNT can provide
an alternative approach to typical organic practices, which
often include primary tillage and multiple passes with cultiva-
tion equipment for weed management (Méder and Berner
2012; Silva and Delate 2017). Although MNT is still only
practiced on a limited number of farms, both organic and
conventional farmers are interested in adopting this technique
as a strategy to improve soil quality, reduce labor and fuel use,
and decrease reliance on herbicides and mechanical cultiva-
tion (Ryan et al. 2003; Bernstein et al. 2011; Casagrande et al.
2015; Crowley 2017). Weed and cover crop management are
major challenges for maintaining crop yield in organic MNT.
These challenges are due to the lack of knowledge, skills, and
equipment needed to optimize cover crop establishment, en-
sure effective cover crop termination, and successfully estab-
lish cash crops (Halde et al. 2017; Wallace et al. 2017; Zikeli
and Gruber 2017).

In this paper, we review the international literature related to
MNT in organic soybean and maize production, addressing the
major issues impeding MNT success and identifying the ongo-
ing challenges to integrating MNT into OF. First, we review
studies investigating organic MNT, identifying the underlying
principles that govern success. Second, we consider factors that
can improve cover crop establishment and termination as well
as cash crop planting. Lastly, we discuss the direction of inter-
national research and offer suggestions for future research that
could facilitate farmer adoption of MNT in OF.

2 Scope of international research on mulch no
tillage in organic farming

In Europe, MNT research in organic farming is limited, with
most studies focusing on LCNT (Weber et al. 2017; Cooper
et al. 2016; Méader and Berner 2012; Vincent-Caboud et al.

2017). Research conducted on clay loam or silty soils has
focused on the direct seeding of winter wheat (Triticum
aestivume L.), maize (Zea mays L.), quinoa (Chenopodium
quinoa Willd), or flax (Linum usitatissimum L.) into living
legumes (e.g., clovers species, alfalfa) which often results in
unacceptable resource competition with cash crops (Bilalis
et al. 2011, 2012; Hiltbrunner et al. 2007a, b; Zikeli and
Gruber 2017). For example, NT planting maize into alfalfa
resulted in yield losses of 75% compared to maize that was
planted into tilled soil (p < 0.001) in Southeastern France
(Peigné et al. 2015). This is because alfalfa is a perennial
and continued to grow even after a roller-crimper was used
to limit competition between alfalfa and maize. In the same
location, soybean (Glycine max (L.) Merr.) that was NT
planted into rolled cereal rye (Secale cereale L.) yielded only
25% lower compared with traditional plowing (p < 0.05)
(Peigné et al. 2015).

Counter to the research trends in Europe, a fair number
of MNT research trials have been conducted in the USA
(largely on silty loam soils), primarily focused on soybean
and maize (Ryan et al. 2011; Silva and Vereecke 2019; Parr
et al. 2014; Mischler et al. 2010a; Wells et al. 2015). These
studies included a wide range of production research ques-
tions, including screening cover crop species, describing
the effects of the timing of cover crop rolling and crop
seeding on crop performance, weed population and com-
munity dynamics, and estimating the energy use, green-
house gas emissions, and profitability of MNT compared
to traditional practices. Several of these studies have doc-
umented that no-till planted soybean into rolled cereal rye
produces relatively high yields comparable with soybean
planted into tilled soil (Clark et al. 2017; Silva and Delate
2017; Wallace et al. 2017). The sowing of maize into ter-
minated legume cover crops (e.g., hairy vetch, Vicia villosa
Roth) has also been extensively studied. Results with
maize are more variable compared to soybean depending
on location and climate, ranging from significant losses
over 90% to yields of approximately 9.0 t ha™', equal to
traditional tillage-based production (Mischler et al. 2010b;
Parr et al. 2011).

Organic MNT has also been studied in Canada and has
been adapted to a shorter growth season and low tempera-
tures (Beach et al. 2018). Canadian trials integrated MNT
into the production of spring wheat, flax, and soybean on
sandy loam soil (Halde et al. 2017). Initial trials resulted in
NT wheat and flax yields comparable or greater than the
regional averages with traditional tillage (Halde et al.
2014; Halde and Entz 2014). However, one persistent chal-
lenge with using MNT for small grain production is to
effectively suppress small-seeded annual weeds without
affecting small grain seedlings, which also have relatively
small seeds compared to soybean and maize (Nichols et al.
2015). Organic MNT is also used in South America (Altieri
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et al. 2011), where MNT is widely applied in conventional
farming (Derpsch 1998). Researchers have reported on
studies related to fertilization strategies, cover crop species
performance, and innovative solutions to suppress weeds
using electrical current in MNT systems (Penha et al. 2012;
Favarato et al. 2014; Landers et al. 2016).

Several studies on organic MNT have been conducted in
vegetable production systems (Altieri et al. 2011; Canali et al.
2015; Robb et al. 2018). Compared with grain crops, impor-
tant differences exist that are related to the shorter growing
season of vegetable crops and the more complex crop rota-
tions, which can facilitate organic MNT practices. One poten-
tial advantage of MNT in vegetable production is reduced
incidence of soil-borne diseases. In this review, however, we
focus on organic MNT issues related to grain crops, specifi-
cally soybean and maize.

Previous studies have demonstrated that cash crop estab-
lishment and resource competition from both surviving cover
crops and weeds are primary challenges to achieving accept-
able yields (Fig. 3). In light of these ongoing challenges, we
address the following key questions regarding the sustainabil-
ity and suitability of organic MNT:

*  Which cover crop management practices optimize weed
suppression?

Which cover crop control strategy best mitigates cover
crop competition with cash crops?

Which cash crop management technique best maintains
cash crop yields compared with traditional organic
practices?

Fig. 3 Primary challenges of
mulch no tillage under organic
conditions

Is MNT agronomically, economically, environmentally,
and socially sustainable in OF?

3 How can cover crop and cash crop
management optimize organic mulch-based
no tillage success?

3.1 Cover crop management

To suppress weeds throughout the entire cash crop season,
rapid cover establishment and high cover crop biomass are
required (Reberg-Horton et al. 2012; Mirsky et al. 2013).
Cover crop management, including cover crop selection,
seeding date and rate, termination date, equipment, fertiliza-
tion, and irrigation, is critical to produce adequate biomass
and achieve effective termination. Optimization of these fac-
tors can improve weed suppression, soil fertility, and cash
crop performance (Mirsky et al. 2012; Schmidt et al. 2019).

3.1.1 Cover crop species

The selection of the cover crop species in a given region and
crop rotation depends upon cash crop sequence and the
lengths of time between cover crop planting, fall dormancy,
and spring termination (Moyer 2011). Ideal cover crops for
MNT must have certain key traits including adequate fall
growth before entering the dormancy period, ability to over-
winter, sufficient biomass at termination for weed suppression
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Table 1

Effect of cover crops tested in organic soybean and maize mulch-based no tillage system

Cover crop Advantages Drawbacks

Location References

Pure winter grain Allelopathic effect, N

N immobilization,

-North America (Iowa, (Altieri et al. 2008; Clark et al.

cover crop immobilization, substantial needs Pennsylvania, 2017;

(cereal rye, high C/N ratio, high biomass of water and nutrients Wisconsin, North Delate et al. 2012a, b;

triticale, oat, production, resources, Carolina, Lefebvre et al.

barley) height specie, slow decay, slow N release Quebec) 2011; Liebert et al. 2017,
terminated by -South America (Brazil) Mirsky et al.
rolling, early flowering, -Europe (southern France) 2012; Peigné et al. 2015;
sowing date Silva 2014;
flexibility, low sensibility to Wallace et al. 2017; Wells
pest et al. 2015;

Species mixture High biomass production, high

Slow N release, lower

Zinati et al. 2017)
-North America (New York) (Altieri et al. 2008; Delate et al.

(cereal rye/ C/N biomass than -North America (Iowa) 2012a,b;
barley; cereal ratio than pure legume, pure rye, N provisioning -South America (Brazil) Keene et al. 2017; Liebert
rye/hairy compromise reduced et al. 2017)
vetch; between N release and residue by high N immobilization
wheat/Austrian persistence by
pea, hairy microorganisms during
vetch/triticale) rye decay,
more difficulties in
terminating
cover with several species
Pure legume cover ~ Higher N production and Fast decay, excellent -North America (Iowa, (Delate et al. 2012a, b; Silva
crop restitution, termination by Wisconsin) 2014,
(hairy vetch, high biomass production rolling at early pod set Parr et al. 2011)
Austrian compared stage, lower
winter pea) with other legumes biomass than grain species

throughout the cash crop season, synchronicity of cover crop
maturity for termination and cash crop planting dates, and
resistance pests and diseases that could affect cash crops
(Mischler et al. 2010a; Mirsky et al. 2012).

In MNT soybean production, small grain species (e.g., ce-
real rye, barley (Hordeum vulgare L.), triticale (x Triticosecale
Wittmack), and oats (Avena sativa L.)) have been most exten-
sively studied (Table 1). These species produce high amounts
of biomass at the time of termination, with higher carbon-to-
nitrogen (C:N) ratios which slow residue decay (Mirsky et al.
2012) and provide persistent soil coverage for weed suppres-
sion throughout the season. Cereal rye is the most common
small grain cover crop evaluated for soybean MNT, as it is
easily integrated into typical organic crop rotations with plant-
ing after the crop harvest in late summer or early fall, while
providing the advantages of winter hardiness, high biomass,
and consistent weed suppression (Smith et al. 2011; Clark et al.
2017). Cereal rye provides further benefits compared with oth-
er small grains including faster emergence, greater allelopathic
effects, earlier flowering, and consistent cover crop termination
by rolling-crimping, as well as producing the highest soybean
yields across a variety of pedo-climatic conditions (Liebert
et al. 2017; Silva and Delate 2017; Wallace et al. 2017;
Vincent-Caboud et al. 2019) (Table 1). Beyond the physical

impedance provided by the mulch, decomposition of cereal rye
mulch can result in N immobilization, which further inhibits
the germination and development of weeds (Mohler et
Callaway 1995; Reberg-Horton et al. 2012).

In MNT organic maize production, several legume cover
crop species have been studied which can supply a portion of
the N requirements for maize (Table 1) (Mischler et al. 2010b;
Parr et al. 2011). These legume cover crops include hairy
vetch, winter pea, and crimson clover (7rifolium incarnatum
L.). Hairy vetch has been the most frequently studied, as it can
produce high levels of biomass and substantial N compared to
other legume species and is winter-hardy across a wide range
of geographic regions (Mirsky et al. 2012). Hairy vetch typi-
cally produces from 4900 to 6000 kg ha ' of biomass, provid-
ing 140 to 225 kg N ha', which could theoretically meet the
maize requirements for N (Table 1) (Mirsky et al. 2017). As
such, hairy vetch has resulted in the highest maize yields
among the cover crop screened (Table 2) (Parr et al. 2011).
Species such as crimson clover, although able to provide sub-
stantial N credits when plowed under, are not adapted to or-
ganic MNT due to low biomass production leading to weed
development (Parr et al. 2011; Peigné et al. 2015). While some
studies focused on MNT maize production have included ce-
real grains either in a monoculture of in a mixture with a
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Table 2

Effect of different cash crop sowing periods in mulch no tillage production

Cash crop sowing period

Advantages

Drawbacks/difficulties

References

Seeding 1-2 weeks
after rolling

Seeding same day
of rolling

Seeding before the
cover crop rolling

N supply, soil warming, second
rolling possible

Minimal soil disturbance: rolling
and sowing operation combination
possible (fuel and labor savings),
longer cover crop growth season,
sowing into recent flattened cover
crop (fewer technical issues)

Potential lower hair-pinning problem,
potential better soil-seed contact,

Cover crop regrowth, risk of weed
emergence before the main crop
sowing, technical problems with
sowing into flattened cover crop
(soil-seed contact), shorter cover
crop growth season

Technical problems with seeding into
thick mulch (seed-soil contact),
low N released, lower soil
temperature

Technical problems related to cover
crop height, lack of reference

(Delate et al. 2012a, b; Mirsky et al.
2012; Reberg-Horton et al. 2012;
Bernstein et al. 2011)

greater yield potential from longer
cash crop growing season

legume cover crop, the inclusion of cereal grains can increase
N immobilization and increase insect pest issues, including
true armyworm (Pseudaletia unipuncta), black cutworm
(Agrotis ipsilon), and seed maize maggot (Delia platura)
(Dunbar et al. 2016).

Research has also been conducted on mixtures of cover crop
species in MNT which can provide benefits for weed suppres-
sion and hasten canopy cover prior to termination (Table 1)
(Liebert et al. 2017). For instance, cereal rye combined with
other species (e.g., triticale and barley) characterized by shorter
height and wider leaves could increase light interception and
shading. However, the use of multi-species mixtures can create
additional management challenges due to the absence of syn-
chronized maturity across species (Moyer 2011).

Cereal and legume mixtures can provide benefits to weed
control and foster a balance between N availability, N immobi-
lization, and cover crop decomposition (Altieri et al. 2008;
Delate et al. 2012a, b). Pure legume cover crops are character-
ized by a low C:N ratio (e.g., C:N of 11 for hairy vetch), which
can lead to rapid residue decay, limiting the ability of mulch to
ensure adequate weed suppression (Reberg-Horton et al. 2012).
Legume/cereal grain mixtures can offer advantages in maize
MNT systems by increasing the C:N ratio of the cover crop
mulch, thus improving both the N availability and the mulch
persistence on the soil surface (Parr et al. 2011). Across cereal
grain/legume mixtures tested, the cereal rye/vetch mixture
showed greater benefits with respect to soil fertility and bene-
ficial insect populations compared with a winter wheat/Austrian
winter pea (Pisum sativum L.) mixture (Delate et al. 2012a, b).

3.1.2 Cover crop seeding

As referenced above, a large component of MNT success lies in
the production of adequate cover crop biomass at termination,
which has been estimated at 8000 to 9000 kg ha ' of dry cover
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crop biomass. Cover crop seeding date and rates have been
shown to have a profound impact on cover crop biomass and
weed suppression (Ryan et al. 2011; Reberg-Horton et al. 2012;
Hayden et al. 2014). Studies also showed that earlier cover crop
sowing during the late summer/early fall planting windows can
increase cover crop biomass production, thereby enhancing
weed control (Mirsky et al. 2013; Moyer 2011). Similarly, the
seeding rate of the cover crop influences final biomass which in
turn decreases the potential for weeds to establish. Ryan et al.
(2011) reported that 10 days after cover crop termination, a 31%
decrease of weed density occurred with an increase in the cereal
rye seeding rate from 90 to 210 kg ha™' (p = 0.018). A similar
conclusion was obtained with hairy vetch (Mirsky et al. 2017).
The combination of a high seeding rate and an early planting
with adequate fertility reduces weed establishment due to greater
soil coverage both prior and subsequent to cover crop termina-
tion (Boyd et al. 2009; Brennan et al. 2009).

Seedbed preparation at cover crop planting can also impact
the success of MNT systems. While tillage is eliminated with
MNT during cash crop development, cover crop seeding is
often performed in organic farming after soil tillage to manage
existing perennial weeds and to allow for rapid cover emer-
gence as soil temperatures begin to cool in the fall (Mirsky
etal. 2013). A false seedbed before seeding the cover crop can
further reduce weed populations by lowering the weed
seedbank and preventing early emerging weeds from estab-
lishing through the mulch (Ryan et al. 2011).

3.1.3 Cover crop termination

As synthetic chemicals are prohibited in OF, termination typ-
ically relies on mechanical methods with a roller-crimper,
mower, or chopper machine. Decisions on the cover crop con-
trol method should consider (1) sustained persistence of the
mulch on the soil surface to maintain weed suppression, (2)
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labor and fuel used requirements, and (3) level of soil
disturbance.

Effect of cover crop maturity on termination efficacy To suc-
cessfully terminate a cover crop without herbicides, the cover
crop must be an annual species and reach the appropriate growth
stage (Ashford and Wayne Reeves 2003). Typically, cover ter-
mination is improved by delaying until the reproductive stage
(i.e., flowering stage) (Parr et al. 2014; Wells et al. 2014, 2015).
Cover crop termination at 80—100% flowering for winter annual
cereal species has been reported to be most effective, with ter-
mination becoming increasingly effective as the cover crop ma-
tures to the soft dough stage (Moyer 2011). Winter annual le-
gume species similarly must reach appropriate physiological
maturity, with termination most effective when a minimum of
75% of plants have reached the end of the flowering or early pod
stage (Cook et al. 2010; Légere et al. 2012). Mischler et al.
(2010b) demonstrated excellent hairy vetch control with termi-
nation at the late pod stage compared to termination at less than
80% flowering because of a shorter height than winter cereal
species and stems climbing and branching. Yield losses in maize
are often attributed to insufficient termination of the cover crop,
with hairy vetch regrowing during the cash crop establishment
(Keene et al. 2017; Wallace et al. 2017). Additionally, soil N
deficiency can result due to lack of synchronization between N
release from the cover crop and cash crop N needs (Parr et al.
2014). These issues with using hairy vetch as the cover crop in
maize MNT have contributed to the significant yield losses doc-
umented in many regions including lowa (USA) and France
(Delate et al. 2012a, b; Peigné et al. 2015).

A longer period of cover crop growth results in a greater
cover crop biomass, leading to thicker and more persistent
mulch layers for effective weed suppression (Hartwig and
Ammon 2002). However, synchronizing crop seeding with
the appropriate stage of cover crop termination can result in
delayed planting dates, compromising crop yields (Carr et al.
2013; Davis 2010). For example, in Pennsylvania, the pod set
growth stage of hairy vetch occurs 4 to 6 weeks after the
typical maize planting dates (Mischler et al. 2010b). Mirsky
etal. (2012) suggested developing earlier-maturing cover crop
cultivars adapted for rolling when maize is typically planted.

Mechanical strategies for cover crop termination In organic
MNT systems, mechanical strategies are the primary method of
cover crop termination. Several techniques have been assessed,
including types of roller-crimpers, sickle bar mowers, and flail
choppers (Kornecki et al. 2010; Reberg-Horton et al. 2012).
Mowing has been evaluated for MNT, as many types of
mowing and chopping equipment are available on farms
(Smith et al. 2011; Vaisman et al. 2011). However, the smaller
cover crop fragments created by the chopper accelerate resi-
due decay, resulting in limited soil cover (Creamer and
Dabney 2002). The flail chopper can also lead to an uneven

distribution of mulch on the soil surface, allowing weeds to
emerge. Compared to the flail chopper, the sickle bar mower
minimizes these issues by creating a mulch of intact cereal
grain stems laid down in a parallel arrangement, increasing
persistence and easier planting through the residue (Smith
et al. 2011). However, the sickle bar mower does not perform
well in the termination of legume species due to cover crop
entanglement with the cutter blade.

The roller-crimper, which originated in Brazil, has emerged
as a particularly promising tool for organic MNT (Ashford and
Wayne Reeves 2003; Mirsky et al. 2011). The roller-crimper
crushes the stems of plants, damaging the vascular tissues with-
out cutting the stems, thereby inhibiting the continued growth of
the crop. Because the cover crop is anchored to the soil by the
root, there is less potential for raking and dragging of the mulch
when planting as well as movement of the mulch by wind and
water later in the season. The maintenance of intact cover crop
residue ensures longer mulch persistence, thereby improving
weed control (Mirsky et al. 2012; Liebert et al. 2017). The
roller-crimper also provides a more uniform mulch distribution
and requires less labor and fuel compared to mowing (Mischler
et al. 2010b; Mirsky et al. 2012). Greater weed suppression after
cover crop termination with the roller-crimper compared with
other mechanical strategies (i.e., a mower, sickle bar mower,
and/or flail mower) was reported (Smith et al. 2011; Silva 2014).

Roller-crimpers for MNT are being developed with a wide
variety of designs and widths (Kornecki et al. 2006, 2009),
with sizes varying from 2- to 6-m wide. However, the avail-
ability of this equipment is limited in Europe, creating a bar-
rier for development and limiting options for cover crop man-
agement (Soane et al. 2012). Thus, farmers and researchers are
compelled to build their own equipment, requiring skill in the
design and fabrication of rollers adapted to MNT principles
(e.g., minimal soil disturbance and damaging the cover crop
without cutting the stems) (Peigné et al. 2015).

Improvements in roller-crimper performance have been
proposed to increase the success of MNT based on equipment
changes and the technical skills of the operator. The USDA-
ARS has provided technical information comparing the ef-
fects of several roller designs on cover crop control, equip-
ment vibration, rolling speed, and soil covering (Kornecki
et al. 2010, 2012). The results showed that certain roller de-
signs led to less vibration with higher rolling speeds; the ex-
cessive vibration associated with the first-generation designs
ofrollers had decreased their adoption. While reducing rolling
speed can mitigate vibrations, a slower roller increases labor
hours, which is also a concern for farmers. Roller-crimper
blades arranged in a chevron pattern on the cylinder reduce
vibrations (Kornecki et al. 2005).

Minor technical and agronomic changes can enhance the
efficacy of the roller-crimper. Additional weight may be added
on the roller-crimper, with some designs allowing the roller-
crimper to be filled with water (Delate et al. 2012a, b). The
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direction of rolling can impact termination efficacy, with
crimping at a diagonal angle (45°) or at an angle of 90° to
the seeding direction of cover crop resulting mulch distribu-
tion (Kornecki et al. 2005; Mirsky et al. 2012) (Fig. 4). To
improve and speed up the cover crop termination after cover
crop rolling, Frasconi et al. (2019) use a flame weeder after
cover crop rolling. Flame weeders were also tested by other
researchers as an alternative option to manage weeds in or-
ganic MNT production system but they explained that further
studies are needed to optimize the economic benefits regard-
ing to the high operational cost required (Landers et al. 2016;
Frasconi et al. 2019; Bavougian et al. 2019).

3.2 Cash crop production

While the cover crop management factors related to the estab-
lishment of a thick persistent mulch are key aspects of MNT
success, cash crop establishment is equally important. The
presence of the mulch at cash crop planting can lead to several
challenges, including cooler soil temperatures, excessively
wet or dry soil moisture conditions, poor seed-to-soil contact,
and difficulty applying starter fertilizers.

Obtaining target plant populations can be difficult in MNT.
Recent studies have shown that higher soybean planting rates,
compared to the standard regional recommendation, result in
not only greater plant populations and yields, but also expedite
soybean canopy closure resulting in greater weed suppression
(Place et al. 2009; Liebert and Ryan 2017; Liebert et al. 2017).
For example, in North Carolina (USA), researchers testing a
range of planting rates to a maximum of 740,000 seeds ha '
found that increasing the standard soybean seeding rate by
nearly 50% increased yields by approximately 15% with less
weed pressure (Place et al. 2009). Increasing cash crop
seeding rates can be particularly important to compensate
when cover crop biomass is low (i.e., < 8000 kg ha ') (Ryan
etal. 2011).

Appropriate equipment for cash crop planting into the cov-
er crop mulch is essential for the success of MNT systems
(Wallace et al. 2017). A number of equipment companies
manufacture heavy duty planters that are appropriate for

MNT (Delate et al. 2012a, b; Moyer 2011). Poor seed-to-soil
contact may occur at planting due to the thick mulch layer on
the soil surface (e.g., “hair-pinning” of the cover crop) and can
impair seed placement at the 3 to 4 cm depth (Peigné et al.
2015). Thus, planter adjustments (e.g., addition of weight and
row cleaners) are recommended for optimizing the perfor-
mance of NT planters (Clark et al. 2017). Row cleaners have
been adapted to planters used in the USA for organic MNT,
assisting in the slicing of residues on the seeding row and
improving seed placement and crop emergence through the
mulch (Reberg-Horton et al. 2012). Additional weight on the
unit planter can also improve seed-soil contact, with removal
of coulters further increasing the overall weight on each indi-
vidual planter unit (Moyer 2011; Clark et al. 2017).

The cooler soil temperatures present under the thick mulch
layer can hinder cash crop establishment as well (Soane et al.
2012; Halde 2014; Mirsky et al. 2012; Dabney et al. 2001).
This delay in cash crop growth can persist for a prolonged
period, delaying canopy closure and allowing weeds to estab-
lish. Narrow row spacing has been proposed as a strategy for
enhancing early soybean canopy closure (Bernstein et al.
2011; Lefebvre et al. 2011). Lefebvre et al. (2011) obtained
improved soybean stand establishment but also soybean lodg-
ing with narrow row spacing (i.e., 2.10 t ha ' with 38 cm)
compared with 76-cm row spacing conducting to 1.84 t
ha™'. Further research is needed, however, to understand the
impact of narrow row spacing on yield and quality,
particularly related to pest pressure and lodging.

3.3 Nutrient and water management
3.3.1 Soil fertility and nutrient management

Changes in the chemical, physical, and biological properties
of soil have been reported with the use of organic MNT. Vian
etal. (2009) and Peigné et al. (2009) reported an improvement
of soil health indicators, with a greater abundance of earth-
worms and a higher organic carbon, N mineralization and
microbial carbon concentration at 0-30 cm depth compared
with traditional plowing. In conventional production systems,

Fig. 4 a Illustration of cover crop control after rolling was performed in a similar direction to the cover crop sowing, b illustration of cover crop
management after rolling was carried out in a perpendicular direction to the cover crop sowing. (pictures L. Vincent-Caboud)
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long-term studies have shown increased microbial biomass,
soil N, and organic carbon storage with winter cover crop
use (Garcia-Gonzalez et al. 2018; Liu et al. 2005; Ding et al.
2006; Motta et al. 2007; Blanchart et al. 2007). Cover crop
were also shown to have potential to improve water quality
because of decreased NO3 ™ leaching (Qi and Helmers 2010;
Dabney et al. 2001; Villamil et al. 2006). However, long-term
research is needed in organic MNT systems to determine if
results are similar to what has been observed in conventional
systems.

Research has also shown that mulch on the soil surface
change the mineralization dynamics and can have negative im-
pacts on N availability for the cash crop (Bemnstein et al. 2011;
Halde et al. 2014). For example, Bernstein et al. (2011) reported
that the tissue N concentration of soybean grown under mowed
rye was significantly lower than plowed soybean (i.e., respec-
tively 41 g kg ' and 49 g kg "), potentially due to nutrient tie-
up related to decomposition of the cereal rye mulch.

The importance of developing fertility management strate-
gies in MNT is an emerging theme in research community.
According to Clark et al. (2017), soil fertility is fundamental
for supporting cover crop development and maintaining yields
in MNT. With the cover crop remaining physiologically active
for 3—6 weeks after rolling, solutions to manage cover crop
competition with the cash crop at emergence must be consid-
ered (Delate et al. 2012a, b; Légére et al. 2012). Delate et al.
(2012a, b) argued that the cover crop cannot be relied upon as
the sole source of N for cash crops with high N needs such as
maize. At the Rodale Institute in Pennsylvania, a high maize
yield was obtained with sufficient N provided from compost
that was applied before seeding hairy vetch in the fall in ad-
dition to the N from the rolled hairy vetch (Vann et al. 2017).
Mirsky et al. (2012) suggested that a high rate of fertilizer
applied to the planting row could support emergence and
early growth of the cash crop. Fertility management can also
contribute to ensuring adequate cover crop biomass. Ryan
(2010) reported an increase in cereal rye biomass with the
highest fertilizer rate applied in spring to cereal rye; however,
the increased cover crop biomass did not translate into im-
proved weed suppression.

3.3.2 Water and temperature conditions under mulch-based
no tillage systems

The effect of MNT on soil moisture conservation and related
water requirements remains unclear and is climate-dependent.
Understanding these dynamics is essential for developing best
management practices for establishing cash crops using NT
(Pittelkow et al. 2015). In Wisconsin, a more humid climate, a
greater conservation of soil water content was reported in
MNT throughout the cash crop production season (Silva
2014; Lefebvre et al. 2011). However, in Canada, a lower soil
water content was reported under cereal rye mulch, as the

cover crop likely consumed significant water from the soil
profile prior to termination (Lefebvre et al. 2011). In conven-
tional production, researchers have observed that the depletion
of soil water due transpiration from cover crops was offset by
a lower soil water evaporation during the cash crop season (Qi
and Helmers 2010; Duval et al. 2016). Moisture retention
from mulch could be an important benefit in regions where
short-term droughts during the midsummer are projected to
increase in frequency (Basche et al. 2016). Cover crop species
also affects the soil water content. For example, greater soil
moisture was reported under mulch from legume species com-
pared with mulch from winter annual grain species (Silva
2014). In situations where the option is available, irrigation
can be applied to offset any deficits created through transpi-
ration from the cover crop (Delate et al. 2012a, b).

Lower soil temperatures in MNT can affect weed growth,
but also hinder the germination and emergence of cash crops,
particularly those planted earlier in the spring (Soane et al.
2012; Halde et al. 2014). Teasdale and Mohler (1993) indicate
that soil temperature was 3 °C lower under cover crop than
control treatment without cover crop. The authors explain that
this temperature difference did not reduce weed emergence
but delayed their development compared with the tillage plots.
Regarding slower soil warming in MNT system compared
with traditional practices without cover crop, delaying cash
crop seeding resulted in planting into warmer soil, which has-
tened crop seedling emergence and limited pest insect damage
at emergence. However, this change in cash crop planting date
must be considered in tandem with the general optimization of
crop management (Mirsky et al. 2012; Delate et al. 2012a, b;
Moyer 2011) (Table 2).

Despite some scattered references on nutrient and water
management in organic MNT, the physical properties of soil
in such systems have not yet been documented due to the
short-term trials carried out with this technique. In conven-
tional system production, researchers have shown that cover
crop-based production systems improve soil aggregate due to
higher binding agents (e.g., polysaccharides, water extractable
carbohydrates) (Lal 2015; Liu et al. 2005). Further studies are
required under long-term organic MNT systems to better un-
derstanding the specific changes on to soil properties.

3.4 Economic performance and social benefits

Although few references exist, several researchers have
highlighted the economic and social benefits conferred
through MNT systems (Bemnstein et al. 2011; Delate et al.
2012a, b; Singh et al. 2018). Economic benefits have been
documented in the USA and Canada as a result of fewer field
operations, resulting in decreased fuel, energy use, and labor
costs (Moyer 2011; Silva and Delate 2017). Consequently,
despite slightly reduced yields in MNT soybean, the return
per ha is 25% greater in organic MNT compared to typical
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organic practices (Bernstein et al. 2011). Furthermore, MNT
can improve the quality of life for farmers, reducing labor
requirements, which allow for additional time to engage in
other on- and off-farm activities that can improve overall gross
margins. Fuel costs in organic MNT can be reduced by 50%
compared with typical organic practices (Moyer 2011). Delate
et al. (2012a, b) found that MNT practices resulted in a 65%
decrease in production costs compared to typical organic man-
agement; however, these lowa-based trials also highlighted
that the resulting yields greatly impacted the return to man-
agement for farmers. For example, the return to management
was reduced by 93% in MNT for maize and by 67% for
soybean compared to typical organic practices, in part, due
to cover crop competition with the main crop under low pre-
cipitation. Long-term studies are needed to create reliable eco-
nomic assessments at crop rotation levels that consider
system-wide impacts on soil fertility and weed seedbanks.

4 Research agenda for the future

Current research demonstrates the potential of MNT as an
organic management tool and highlights areas that could lead
to significant advancements in the success and adoption of the
organic MNT. The following sections discuss these ongoing
challenges and future directions.

4.1 Optimizing organic cash crop planting

While cash crop planting in MNT typically occurs at cover
crop termination, other timing strategies for cash crop planting
and cover crop termination have recently emerged. Table 2

Fig. 5 Schema representing
methods of cash crop sowing
using an organic mulch no tillage

Cereal rye flowering stage *

Cereal rye flowering stage  :

Summer/ Fall Spring

Spring

Summer/ Fall

-------- > Cover crop termination with roller crimper
—> Direct seeding of cash crop
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Same day

and Fig. 5 describe three practices for cash crop sowing ac-
cording to cover crop rolling time: (1) cash crops are typically
sown the same day as cover crop termination with a tractor-
mounted roller-crimper (Delate et al. 2012a, b) (Fig. 5a); (2)
cash crop seeding several days or weeks after rolling the cover
crop at anthesis, fostering quicker cash crop emergence due to
warmer soil, and synchronization with the beginning of N
release from mulch decay (Fig. 5b) (Liebert et al. 2017); and
(3) cash crop seeding prior to cover crop termination, over-
coming difficulties faced when seeds are sown into the bio-
mass, and thereby improving seed-soil contact (Fig. 5c)
(Porter et al. 2005; Bernstein et al. 2011). More research are
needed to clarify the best combination of cash crop planting
and cover crop termination practices across geographic re-
gions and climatic conditions.

4.2 Cash crop variety selection and breeding
for adaptation to organic mulch-based no tillage

There is limited information on the impact of cash crop culti-
vars on MNT success. In Canada, Lefebvre et al. (2011) com-
pared three cultivars of soybean with early, mid-late, and late
maturity traits. Although weed biomass did not differ, higher
soybean yield was obtained with the mid-late-maturing culti-
var (i.e., 2.23 t ha ') compared with the early-maturing culti-
var (i, 1.88 tha™').

Further breeding and screening efforts could be increased
to develop cash crop cultivars that are better adapted to MNT
in OF. More competitive cultivars with greater N efficiency
could contribute to the mitigation of the issue of N immobili-
zation in the system. Cultivars adapted to the challenges relat-
ed to germination and stand establishment, including poor

(a) Direct seeding of
cash crop following
cover crop rolling

(b) Direct seeding of
cash crop  several
weeks after rolling

(c) Direct seeding of
cash crop some days

Summer before cover crop rolling

Period between roling and seeding
operation in days
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seeding conditions, cool soil temperatures, and emergence
through the thick mulch, could provide significant benefits.
Finally, early-maturing cultivars could help mitigate the issues
with delayed cash crop planting caused by the need to syn-
chronize seeding with the mechanical management of the cov-
er crop. The seeding of Flex-Ear maize in MNT systems can
be conducive to very good performance in both high and low
populations.

4.3 Optimizing cover crop/cash crop combinations

Optimizing cover crop mixture and cover crop/cash crop com-
binations remains a major challenge in organic MNT success
(Moyer 2011; Halde et al. 2017). Further research must be
conducted to document the performance of cover crop mixture
with respect to weed suppression and cover crop control under
awide diversity of temperate soil and climate. Many questions
remain on the selection of the best cover crops for non-legume
cash crop organic MNT production, where yields have been
documented to be extremely variable (Mischler et al. 2010b;
Peigné et al. 2015). Compromises must be developed between
two conflicting production goals: (1) increased C:N ratio of
cover crop to manage weeds and (2) decreased C:N ratio to
provide sufficient N availability ensuring the needs of the cash
crop (Williams et al. 2018; Liebman et al. 2018). Further re-
search is needed to optimize mechanical termination with di-
verse species that have different phenologies (Moyer 2011;
Wallace et al. 2017; Tosti et al. 2012; Halde and Entz 2016;
Jani et al. 2016).

Additionally, studies are required to screen a range of both
pure stands and mixtures of cover crop under various pedo-
climatic conditions to provide more flexible decision support
tools. As a result of this review, six primary factors can be incor-
porated into a decision support tool related to both cover crop and
cash crop management in organic MNT: (i) critical cover crop
biomass and height, (ii) appropriate C:N ratio, (iii) estimation of
mulch decay rates, (iv) efficiency of cover crop termination, (v)
cover crop maturity dates, and (vi) competition for and/or provi-
sion of nutrients and water resources with cash crops.

4.4 Roller-crimper and mulch-based no tillage
planting equipment

While effective equipment has been designed for cover crop
control, less emphasis has been placed on the modification of
traditional NT equipment to allow the planter to perform in
thick mulch (Kornecki et al. 2005; Kornecki et al. 2010;
Reberg-Horton et al. 2012). Gaps in access, skills, and knowl-
edge regarding both roller-crimper and MNT planter optimi-
zation limit the success of MNT and its wide acceptance.
Additional equipment and strategies should be identified to
provide solutions to manage weeds and improve cover crop
control while ensuring seed placement through the mulch

(Zinati et al. 2017). However, as with the integration of any
new tools, their impact on the goals of MNT (e.g., soil quality,
fuel, energy, and labor savings) must be considered. The in-
clusion of a diversity of regional stakeholders in a participa-
tory research process would be a solution to provide appropri-
ate equipment specific to the local conditions (e.g., farmers,
manufacturers, and researchers).

In addition to planting equipment, researchers should con-
sider different tools that can be used to control weeds after
cash crops are planted in the MNT system. High-residue cul-
tivation could be used for supplemental weed control in or-
ganic MNT soybean and maize production (Zinati et al. 2017).
For example, crop yields increased by up to 35% when a
multi-tactic weed management approach was used that includ-
ed high-residue cultivation and hand weeding (Zinati et al.
2017). Another option being explored for between-row weed
management includes inter-row mowing equipment that could
limit weed growth while avoiding soil disturbance.

4.5 Redesigning the organic cropping system

Implementing technical solutions requires substantial changes
at several levels (e.g., altering planting dates at the field scale,
designing crop rotations at the cropping system scale, priori-
tizing equipment at the farm scale) (Moyer 2011). Long-term
research has recently begun in North America at the crop
rotation scale, but this approach needs to be applied to other
regions to consider the specific constraints of the current crop
rotations practiced by local farmers and the diversity of farm-
ing systems encountered in specific regions (Teasdale et al.
2007; Anderson 2015; Wallace et al. 2018).

Research is needed on the effect of crop rotations for or-
ganic MNT and the impact of crop rotation on weed popula-
tions, weed communities, and crop yields. In some cases, crop
rotations will need to be redesigned to accommodate early
seeding of cover crops for the MNT system. To ensure align-
ment with farmers’ objectives, a participatory approach is crit-
ical. Farmer-researcher partnerships create greater valorization
of both scientific and local farmer knowledge and expedite the
development of innovative and relevant solutions (Lefevre
2013). The development of sustainable cropping systems, in-
cluding organic MNT, requires research and innovation across
scales, including the field, cropping system, and farm.

5 Conclusion

MNT can provide a number of benefits in organic cropping
systems, addressing agroecological (e.g., improving soil fer-
tility, reducing soil erosion), economic (e.g., limiting fuel and
energy consumption), and social concerns (e.g., reducing la-
bor, improving well-being). In many regions, conditions re-
quired to optimize organic MNT performance remain poorly
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documented. The challenges that prevent expansion of organ-
ic MNT are related to the lack of knowledge and inclusion of
strategies that work within farm constraints. In particular, a
large knowledge gap exists with respect to soil changes (bio-
logical, chemical, and physical properties) in organic MNT
systems due, in large part, to the lack of long-term studies.
Identification of the best cover crop/cash crop combinations
remains a primary bottleneck that must be addressed to ensure
weed suppression while maintaining crop yields, particularly
as related to local environments. The combination of a cereal
rye cover crop/soybean cash crop has produced consistently
positive results; however, in organic MNT maize production,
the choice of cover crop species to allow for adequate planting
dates, season-long weed suppression, and N availability re-
mains a major challenge. The broader integration of MNT into
organic cropping systems will require technical and social
changes, including redesigning crop rotations and developing
viable solutions with consideration of soil properties to ad-
dress organic farmers’ objectives and local constraints at the
farm level.
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