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Editorial on the Research Topic
Continuous living cover: adaptive strategies for putting regenerative
agriculture into practice

Introduction

Continuous Living Cover (CLC) is a term used to describe agricultural systems that
include year-round vegetative cover above ground and living roots below ground. Examples
of CLC include agroforestry, perennial biomass, perennial forages and grazing lands,
perennial grains, and systems of summer and winter annuals and cover crops managed to
maximize soil coverage (Jewett and Schroeder, 2015; Chrisman et al., 2021). Continuous
Living Cover offers a framework for studying and implementing agricultural strategies that
keep land in production while maintaining or enhancing soil and water quality in the long
term. These strategies promote a diversified agricultural landscape and can be combined in
myriad ways to help farmers achieve both economic and environmental goals.

Strategies for achieving CLC addressed in this Research Topic include spring planted
winter cereal rye (Secale cereale L.) interseeded with soybeans (Glycine max (L.) Merr).
(Brockmueller et al.), pennycress (Thlaspi arvense L.) relay-cropped with soybeans (Gesch
et al.), silvopasture systems (Mayerfeld et al.), perennial grains (Chamberlain et al; Pinto
et al; Reilly et al; Cureton et al; Mulla et al.), perennial forages (Chamberlain et al;
McPheeters et al.), perennial grasslands (Audia et al; Wepking et al; Rissman et al),
and cover crops (Ingram; Koehler-Cole et al.; Myers and Wilson; Nichols and MacKenzie;
Thompson et al.). While CLC can be employed on a global scale, most of the research in
this Research Topic was conducted in the context of the predominant cropping systems
in the Midwestern United States, but conclusions are suitable for broader geographies and
agroecological systems.
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History of the CLC concept

Continuous Living Cover strategies have been used since
ancient times. Virgil’s (c 29 BCE) writings reference diverse annual
rotations, legume cover crops, animal integration and reduced
tillage, noting their beneficial effects on soil (Mackail, 1950). North
American Indigenous agriculture has long integrated perennial
and annual polycultures, intercropping, animals, and agroforestry
(Salmén, 2012; Carlisle, 2022; Nabhan et al., 2022; Kapayou et al.,
2023). Benefits of these agricultural practices include stabilizing
crop yields over time, soil health enhancement, crop pest and
pathogen management, and weed reduction, all of which have
been reported since at least 1939 (Blake, 1939) and supported by
scientific literature since at least the 1980s (Lewandowski, 1987;
Rossier and Lake, 2014; Mueller et al., 2019), though they have been
observed by practitioners for much longer.

In the early 2000s, a coalition of partners across the U.S.
Upper Midwest, including the Green Lands Blue Waters steering
committee, was looking for a term to convey the sustainable
agriculture practices and goals they wanted to promote. They
initially used “continuous cover” and “conservation cover” before
arriving at “Continuous Living Cover”, which became an umbrella
term around which others began organizing (Aaron Reser, personal
communication, June 25, 2023; Jeff Berg, personal communication,
June 30, 2023). The term appears in titles and keywords of scientific
literature from 2010 (Jordan and Warner, 2010), and in U.S.
government agency funding and support beginning slightly later
(e.g., SARE, 2014).

The benefits of CLC systems in the U.S. Upper Midwest are
relatively well-documented (Feyereisen et al, 2006; Basche and
DeLonge, 2017; Franco et al.,, 2018, 2021a; Liebig et al., 2018;
Jungers et al., 2019; Reilly et al.), and a renewed interest in them
has been brought about by the continuing dominance of low
diversity, input-intensive cropping systems and the adverse impacts
associated with them.

Rationale

There is an urgent need for agriculture systems that keep land
in production while preserving soil and water quality, providing
wildlife habitat, and limiting greenhouse gas emissions. In the
U.S. Upper Midwest, summer annual row crops have replaced
much of the historical native forests and prairies (Schulte et al,
2006; Liebman and Schulte, 2015) that built deep soils and
supported diverse ecosystems. The current agricultural paradigm
is supported by federal policy, notably crop insurance, along
with well-developed infrastructure and supply chains, technical
assistance, industry interests, and dominant narratives about
American agriculture (Boody et al., 2005; Jordan et al., 2007).
For example, agricultural subsidies totaled $276.1 billion from
1995 to 2021, the majority of which supported a few annual
commodity crops including corn (Zea mays L.), soybeans, wheat,
and cotton (Gossypium hirsutum L.) (EWG, 2023). While modern
row crop agriculture produces high yields, it also results in negative
externalities which are well-documented and widespread (Boody
and DeVore, 2006; Davis et al., 2012; Liebman and Schulte, 2015).

Rates of soil erosion from farm fields in the U.S. Midwest
are 10-1,000 times higher than natural systems (Quarrier et al,
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2023), resulting in the loss of an estimated ~57.6 billion tons of
soil over the past 150 years (Thaler et al., 2022), as well as large
losses of soil organic carbon (Sanford et al., 2012; Sanderman et al.,
2017). Widespread nitrogen fertilizer continues to contribute to the
hypoxic zone in the Gulf of Mexico (Rabalais and Turner, 2019),
nitrate leaching into groundwater, and formation of the potent
greenhouse gas nitrous oxide (Wang and Li, 2019), threatening
human health, ecosystem function, and long-term climate stability.
Globally, the food system is the largest driver of biodiversity
loss and continues to threaten species as land is converted to
agricultural uses (Williams et al., 2020; Knapp and Sciarretta, 2023).
Consolidation has also led to fewer, larger farms and decreased
diversity of farm owners (USDA, 2019; Congressional Research
Service, 2021).

Continuous Living Cover systems offer an evidence-based
avenue to address these challenges. They facilitate longer periods of
crop growth that maximize solar energy use, minimize erosion and
nutrient loss, support greater wildlife diversity, incorporate more
crop and livestock species, and provide socioeconomic benefits
such as diversified income streams (Boody et al., 2005; Jordan
et al., 2007; Davis et al., 2012; Tamburini et al., 2020). In addition,
by increasing soil organic matter, CLC systems can increase soil
water retention, conferring greater resilience to floods and droughts
that are becoming more common due to climate change (Hatfield
and Dold, 2017; Lal, 2020; Berdeni et al., 2021). Some practices,
especially agroforestry and managed grazing, can increase soil
organic carbon and could be avenues for agricultural carbon
sequestration (Becker et al, 2022; Mayer et al, 2022). Several
articles in this Research Topic further describe ecosystem-scale soil,
water, and habitat benefits from CLC strategies (Audia et al; Reilly
et al; Chamberlain et al; Wepking et al.). There is also evidence
that diversified CLC systems can improve agronomic outcomes
including yield, yield stability, and weed and pest suppression
(Davis et al., 2012; Isbell et al., 2017; Tamburini et al., 2020).

Scientific basis for CLC

The science of CLC is firmly rooted in ecology. Soil ecosystems
require energy and nutrient inputs, the means for nutrient cycling
and nutrient loss minimization, and protection from degradative
forces. Inputs must be of a biochemical diversity commensurate
with the diverse types of ecophysiology and ecological life
strategies found in these systems. In short, the scientific basis
of CLC is supported by four foundational concepts: functional
biodiversity, rhizosphere activity, year-round surface cover, and
minimal disturbance.

Functional biodiversity

Functional biodiversity is the collective of organismal and
ecological traits that increase overall ecosystem service provisions,
resistance, and resilience (Tilman et al.,, 1997, 2014; Loreau et al.,
2001; Hooper et al., 2005). A growing body of literature speaks
to the importance of functional biodiversity to agroecosystems.
Adding to the functional biodiversity of cropping systems has been
shown to enhance productivity (Franco et al., 2015), yield stability
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(Khan and McVay, 2019; Franco et al., 2021b), and substantially
increase soil health metrics (McDaniel et al., 20145 Costa et al., 2018;
Sprunger et al., 2020). Articles in this Research Topic also highlight
how functional biodiversity can increase crop pest suppression
[Brockmueller et al; Bruce et al.(b)], retain nutrients (Wepking
et al.), and augment soil water retention (Nichols et al., 2022;
Moore, 2023).

Rhizosphere activity

Temporal and spatial expansion of the rhizosphere, along with
associated rhizodeposition, microbial activity, and nutrient cycling,
have been shown to support soil health and ecosystem functioning
(Neumann, 2007; Moore et al.,, 2014; Reilly et al.). Root exudates
seem to disproportionately influence soil microbial community
composition (Dennis et al., 2010) and soil organic matter cycling
(Sokol et al., 2019) more so than shoot or root decomposition.
Kelly et al. (2022) found that crop root exudates were a main
factor in determining soil microbial community composition,
as well as nitrogen cycling. Other microbes such as arbuscular
mycorrhizal fungi that inhabit the rhizosphere are also critical
in nutrient cycling and enhancing crop resiliency in response
to abiotic stressors (Begum et al., 2019). Another example from
research in this Research Topic showed that a perennial grain crop
had higher root biomass compared to annual crops, and that this
root biomass was likely associated with nitrate leaching reductions
in the perennial crop (Reilly et al.).

Year-round surface cover

Year-round cover on the soil surface substantially attenuates
wind and water erosion. Incorporation of living cover, such as
perennial grass (Acharya et al, 2019) and agroforestry systems
(Sauer et al,, 2021), have been shown to be effective in reducing
sediment transport compared to conventional row crop systems.
Additionally, dead or decomposing cover, such as crop residues,
can also reduce erosion (Kaspar and Singer, 2011) and improve soil
structural stability (Kahlon et al., 2013).

Minimal disturbance

Minimizing disturbance, namely tillage, facilitates functional
biodiversity, rhizosphere activity, and perennial surface cover.
Soil structure (Kahlon et al., 2013), soil ecological community
composition (Mathew et al., 2012), and water flow (Zhang et al,
2017) can vary significantly as a function of tillage. As such, no-
tillage and reduced tillage management systems serve to facilitate
many of the soil ecosystem services detailed herein.

Challenges and barriers to adoption

While Continuous Living Cover strategies offer many
environmental benefits, adoption has been slow. For instance,
although cover crop usage has increased by 50% from 2012 (4.2
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million ha) to 2017 (6.3 million ha), cover crops were used on only
3.9% of total U.S. cropland (USDA, 2019).

Some challenges are related to the climate. In the U.S. Upper
Midwest and other cold climates, the short growing season and
limited planting window after harvest of summer annual crops have
necessitated research on cover crop interseeding, which has yet
to produce consistent results, limiting its use by growers. Even in
corn silage production systems, which have a shorter seeding-to-
harvest window than corn harvested for grain, cover crops should
generally be planted on or before September 15 to provide the
greatest benefits (Feyereisen et al., 2006), leaving little time for
establishment and biomass production.

Slow adoption is also a result of lack of policy support
and incentives (Rissman et al.), as well as limited availability
of technical assistance (Cureton et al). For example, while
the United States Department of Agriculture (USDA) Natural
Resources Conservation Service (NRCS) encourages year-round
cover through practices like cover cropping and intercropping, the
Risk Management Agency imposes varying planting limitations
for insurance eligibility (NRCS, 2014, 2019; RMA, 2019). Further,
though cover crop cost share funding is sometimes available, it may
not adequately compensate the farmer for the cost of seed, planting,
and potential yield reductions, meaning that implementation
may entail personal income loss (Plastina et al, 2018). When
CLC practices are incentivized, adoption increases. For example,
participation in an incentive program doubled average cover crop
acreage among farmers in the Northeastern United States, a region
with similar climatic challenges to the U.S. Upper Midwest (Chami
etal., 2023).

Another factor is variability and trade-offs in on-farm
performance due to regional or other factors, a topic addressed
by several of the articles in this Research Topic. For example,
Brockmueller et al. observed more variability in yields of organic
soybeans with an interseeded rye living mulch compared to the
tilled control. Effective weed suppression depended on having
enough soil moisture for sufficient rye biomass production, thus,
soil moisture influences the success of this CLC practice. Bruce
et al.(a) demonstrated that cover crops and reduced tillage
management of organic squash (Cucurbita pepo L.) resulted in
trade-offs: weed pressure was reduced, but yield was also reduced
and there was a similar negative outcome on pest pressure. Other
work by Bruce et al.(b) shows how living cover crop mulches can
reduce both pest and weed pressures, but may also reduce crop
yield. Similarly, soybean-pennycress relay systems show promise,
but require more regional adaptation research (Gesch et al.).

Also addressed by this literature is one of the challenges for
broader CLC adoption, the fact that the factors that affect the
scope, extent, or rate of improvement are not well-identified,
so it is difficult to predict conditions for the greatest success.
Modeling helps to illustrate these dynamics. Grass bioenergy crops
strategically integrated into an Iowa watershed could provide
ecosystem services, but projected watershed-wide revenues ranged
from -$44.2 to $128.8 million (Audia et al.). This variability
in outcomes, whether it is the magnitude of improvement or
simply trade-offs between positive and negative effects, is a
key limiting factor in widespread adoption (Ingram) because it
creates a high-risk decision-making environment for producers,
compounded in some cases by increased management needs. For
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example, top concerns reported by non-adopter farmers in a
national farmer survey about adopting cover crops were related to
variability in system performance (Myers and Wilson). Potential
reduction in crop yields and economic returns, and poor stand
establishment were second only to the additional time and labor
needed to manage an integrated system with cover crops.

A theme that appears throughout this Research Topic is
concern about on-farm performance being compounded by the
disconnect between institutional resources and support as research
attempts to gain a deeper understanding of the nuances in
performance of these systems. Kochler-Cole et al. note a significant
discrepancy in outcomes in cover crop research between controlled,
replicated researcher-led trials and “real world” performance in
farmer-led trials, indicating a need for more of the latter. A survey
of Wisconsin farmers using cover crops also identified needs for
more regionally-specific information, which is deeply entwined
with availability of research, as well as better contextualized data—
the “story” behind the numbers (Ingram). Though these challenges
exist, CLC practices can also be implemented with few apparent
downsides. For example, intercropping Kernza (Thinopyrum
intermedium [Host] Barkworth & D.R. Dewey), perennial grain
with legumes increased forage value without decreasing grain yield
(Pinto et al.). Reduced tillage didn’t affect the profitability of
conventional or organic systems (Pearsons et al.), and occasional
tillage could reduce herbicide reliance without harming soil health
when combined with cover crops and perennial grains (McPheeters
etal.).

The existence of successful CLC systems, ongoing challenges,
and the growing interest among farmers (Mayerfeld et al)
underscores the need for continued research efforts to assess
which factors influence outcomes under different conditions, as
well as for improved policy and technical assistance to encourage
adoption and manage risk. This requires building a deeper
understanding of agroecological interactions in order to provide
practitioners with nuanced recommendations, which can help
generate more reliable performance and make the increased effort
a worthwhile investment.

Putting CLC into action

built
on CLC practices will require ongoing research, consistent

Implementing multifunctional agriculture systems

communication of technical information to producers,
development of relevant enterprises to support sustainable
commercialization, and  reshaping public policy and
opinion (Boody and DeVore, 2006; Jordan and Warner,
2010; 2015; 2016).
Each article in this Research Topic offers insight from
a different into how CLC

be expanded.

Liebman and Schulte, Jordan et al,

perspective adoption could

Foundational research continues to demonstrate how CLC can
achieve the goals of many different stakeholders (Chamberlain
et al; Reilly et al; Mayerfeld et al). As research on CLC
crops and strategies advances, the findings can be translated
into applied practices and tested by researchers and early-
adopter growers to determine how to integrate them into

conventional cropping systems (Gesch et al;; Koehler-Cole et al.).
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Underutilized strategies can help identify research needs (Nichols
and MacKenzie), which in some cases should be expanded to
on-farm experimentation at a range of scales (Koehler-Cole
etal.).

As more empirical data are generated from experiments
and on-farm studies, researchers can model where to best
promote specific CLC practices for optimized economic and
(Audia et al.).
such as remote sensing can pinpoint hotspots of adoption,

agronomic outcomes Innovative strategies

providing useful insights (Thompson et al). Throughout
the development and testing process, researchers also must

economic and environmental

(e.g.

measure the

of CLC

etal.).
Grower adoption and successful marketing of CLC crops

implications

implementation Pearsons et al; Pinto

requires effective, ongoing communication between farmers,

researchers, intermediaries, technical service providers,
policy makers, and food processors (Jordan et al; Conway).
Empirical data and models are important for guiding policy
recommendations to support grower adoption of CLC (Mulla
et al; Thompson et al). Early partnerships are also critical to
prioritize research goals and ensure that new CLC practices are
deployed in scenarios with high likelihood of success (Mayerfeld

etal.).

Conclusion

The articles in this Research Topic span a range of disciplines,
describe several topics in agronomic and environmental quality
research, and address several key factors for implementation:
identifying and addressing research needs; shaping policy and
program supports for CLC; and equipping the people and
entities central to the transition. The Research Topic compiles
research that represents current work and needs around CLC,
but perhaps more importantly, it aims to define and establish
the concept in the scientific literature. Although there are
barriers to establishing CLC systems that are practically and
economically viable and accessible to all farmers, CLC strategies
offer a pathway to mitigate and perhaps avoid some of the
worst harms caused by the dominant agricultural system in the
U.S. Upper Midwest. Exciting opportunities are emerging in
current research and through innovative partnerships. Pairing
new science with an openness to learning more from historical
and Indigenous approaches, CLC holds promise to create
an agriculture that supports resilient farms, ecosystems, and
rural communities.
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As recognition increases of the benefits of reducing soil disturbance to preserve
soil health, there is mounting interest in developing innovative methods of
using cover crops as living mulches to control weeds in organic grain systems.
Spring-planted winter cereal rye (Secale cereale L.) interseeded with soybeans
(Glycine max. [L.] Merr) is a promising, yet untested, living mulch system
because rye exhibits vigorous growth in the early spring during the critical
weed free period, but then dies back as the soybean canopy matures. The
objectives of this study were to compare a rye living mulch system with a tilled
“organic business-as-usual” control, and to understand the risks and benefits
associated with delaying soybean planting date to manage the weed seed
bank prior to establishment of rye and soybeans. Three treatments including
(1) a June-planted rye and soybean living mulch system, (2) a June planted
tilled control, and (3) a May planted tilled control, were compared in terms
of weed prevalence and soybean grain yield in a randomized complete block
experimental design with four replications implemented across 3 site years
from 2019 to 2020. Interseeding rye as a living mulch resulted in consistently
higher weed pressure as compared to tilled controls. Increased weed pressure
in May- over June-planted controls in 2 of 3 site years indicate planting date
influences weed dynamics. Rye biomass was positively correlated with soybean
yield (R2 = 0.76, r = 0.87, p < 0.05) and negatively correlated with weed
biomass (R2 = 0.63, r = —0.79, p < 0.05). Under optimal conditions where
rye biomass was maximized, interseeding rye adequately suppressed weeds
without reducing soybean yields as compared to tilled controls. However,
under drier conditions with lower rye production, increased weed pressure and
reduced yields emphasize the risks associated with living mulch systems.

organic agriculture, living mulch, interseeding, winter cereal rye, soybeans

Introduction

Organic agriculture provides an alternative management paradigm that limits
environmental externalities through the adoption of practices that promote ecosystem
services; most notably soil health (Tuck et al., 2013; Reganold and Wachter, 2016; Muller
et al,, 2017). However, concerns over organic grain production systems dependence
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on tillage to control weeds, terminate cover crops, manage
disease, and incorporate crop residues has prompted substantial
research and innovation efforts to advance the development
of reduced or no-till organic cropping systems (Carr, 2017;
Silva and Delate, 2017; Silva and Vereecke, 2019). In recent
years, advances in no-till organic soybean production have
arisen through the strategic use of fall-planted cover crops,
most commonly winter cereal rye, to suppress weed growth in
place of tillage (Silva, 2014; Silva and Delate, 2017; Vincent-
Caboud et al,, 2019). Winter rye is typically seeded in September
in the Upper Midwest (Silva, 2014; Silva and Delate, 2017)
to reach the recommended minimum threshold of 8,000kg
ha~! of biomass for consistent weed suppression (Mirsky et al.,
2013; Vincent-Caboud et al., 2019) before being terminated
with a roller crimper in the spring to create a thick mulch
layer to cover the soil. Meeting these early rye planting date
requirements to achieve adequate weed suppression can be
challenging following corn, which almost always appears before
soybeans in rotations and is often not harvested for grain
until November in the Upper Midwest. Therefore, organic
producers are seeking adaptive management strategies to
achieve weed suppression while maintaining reduced tillage
systems without relying on fall-planted covers. Interseeding
winter rye simultaneously with soybeans as a living mulch has
been demonstrated as an alternative weed control approach
that minimizes soil disturbance in organic soybean production
(Thelen et al., 2004; Uchino et al., 2009; Nelson et al., 2011),
would not rely on operational timing in the fall, and could even
enable stale seedbed techniques in the spring prior to planting.

Living mulches maintain both weed suppression and
cash crop yield when selected living mulch species have
morphological and physiological differences from cash crops
that limit competition for light, nutrients, and water (Verret
et al., 2017; Bhaskar et al., 2021). Winter rye is an ideal living
mulch for soybeans because its life cycle is complementary
to soybean’s. Due to winter rye’s vernalization requirement, it
will not set seed when spring sown (Barberi, 2002; Uchino
et al,, 2009), precluding issues from rye seedbank or soy seed
lot contamination. Winter cereal rye creates a living mulch
that is highly competitive with the early season germinating
weeds through light interception, soil resource competition,
and allelopathic effects (Brainard and Bellinder, 2004; Reberg-
Horton et al., 2005; Datta et al.,, 2017; Vollmer et al., 2020;
Bhaskar et al., 2021). However, winter rye begins to senesce
as temperatures increase and soybean demand for water and
nutrients intensifies, thereby potentially limiting the competitive
effects of the living mulch on soybean grain yield (Robinson and
Dunham, 1954; Ateh and Doll, 1996; Thelen et al., 2004).

While spring-seeding winter rye as a living mulch in
soybean production systems was initially proposed in the 1950’,
knowledge on agronomic best management practices remains
limited. Explorations into variations on rye seeding rate (Ateh
and Doll, 1996; Nelson et al., 2011), soybean seeding rate
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(Thelen et al., 2004), rye and soybean planting dates (Thelen
et al., 2004; Nelson et al., 2011), and soybean row spacings
(Nelson et al.,, 2011) have been examined in the literature. High
soybean seeding rates and narrow rows have been recommended
as cultural weed control strategies that can result in earlier
canopies and greater direct competition with weeds (Holshouser
and Whittaker, 2002; Mortensen et al., 2012; Datta et al.,
2017). However, planting soybeans on narrow rows increases
risk as it precludes the opportunity to perform cultivation if
weed control from the rye living mulch becomes inadequate
(Uchino et al., 2009; Nelson et al., 2011). Planting rye prior to
soybean planting has been seen as impractical as rye growth
competes strongly with soybeans for resources (Robinson and
Dunham, 1954; Uchino et al., 2009). Seeding rye in the weeks
following soybean planting have limited impacts on soybean
vigor and grain yield; however, delayed seeding prohibits winter
rye’s niche of competing with the early season weeds thereby
requiring additional soil disturbance to control weeds prior to
rye interseeding (Uchino et al., 2009).

A previous experience at the University of Wisconsin has
indicated that there is value to delaying rye and soybean
planting dates later than typically seeded under standard
organic management practices to decrease the risk from rye
vernalization occurring as well as to lower the weed seed
bank through additional stale seed bedding prior to planting
(Rasmussen, 2004; Boyd et al, 2017). However, delaying
planting to reduce weed populations represents a potential trade
off as delaying planting dates beyond mid-May in the Upper
Midwest can result in the loss of yield potential (Pedersen
and Lauer, 2004; De Bruin and Pedersen, 2008; Hu and
Wiatrak, 2012). Therefore, there remains a need to elucidate the
dynamics of winter rye and soybean planting dates to determine
agronomic management systems that balance weed suppression
with soybean production.

Given the potential utility of spring-seeded rye as a reduced
tillage weed control measure in organic agriculture, further
research is required to optimize management and address yield
losses (Uchino et al., 2009; Nelson et al., 2011). The objectives
of this study were to understand potential risks and benefits
from (1) interseeding winter rye with soybeans and (2) delaying
soybean planting date within the context of a spring-seeded
rye system on weed prevalence and soybean production in the
Upper Midwest to further guide adaptation of organic weed
management strategies.

Materials and methods

Field history and site description

A field experiment to examine spring-seeded winter rye
with soybeans was implemented at the Arlington Agricultural
Research Station (AARS) (43°30°N, 89°34’'W) in Columbia
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FIGURE 1
(A) Monthly averaged air temperatures (°C) and (B) precipitation (mm) plotted against 57-year averages (1963-2020) at the Arlington Agricultural
Research Station, Arlington, W1, 2019-2020. Area shaded in gray signifies the active growing season of soybean during the 2 study years.
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County, WI in 2019-2020. The experimental location contained
a Plano series silt loam soil (Fine-silty, mixed, superactive,
mesic Typic Argiudolls) (USDA, NRCS, 2021). These trials were
implemented following a corn silage crop on certified organic
land (Midwest Organic Services Agency. Viroqua, WI). Weather
data for the research site was acquired from the National
Weather Service and accessed through the Wisconsin State
Climatology Office (https://www.aos.wisc.edu/~sco/). Plots
were established under rainfed conditions without irrigation in
all site years. Cumulative annual precipitation was 1,180 mm
and 944mm in 2019 and 2020, respectively, as compared
against the 57-year historical average of 861 mm. In-season
precipitation trends from June through August were above the
historical average by 43.6mm in 2019 and 23.5mm in 2020
(Figure 1).

A third site year was conducted at the Michael Fields
Agricultural Institute’s (MFAI) research farm (42°48N,
88°26’'W) in Walworth County, WI in 2020. The MFAI
location contained a St. Charles silt loam soil (Fine-silty, mixed,
superactive, mesic Typic Hapludalfs) (USDA, NRCS, 2021). The
MFALI experimental site land has been certified organic since
2017, and the previous crop before soybeans in this experiment
was an alfalfa + grass mix. Precipitation was only recorded
in-season at the MFAI site. Monthly cumulative precipitation
of 52.1 mm in June, 78.7mm in July, and 55.9 mm in August
were recorded. These observed values fall 74.5, 156, and
274 mm below the established 7-year site history (2014-2020)
averages for June, July, and August, respectively, indicating
abnormally dry conditions during the winter rye and soybean
growing season.

Treatments and experimental design

A randomized complete block design with three treatments
examining the presence or absence of winter rye as a living
mulch and soybean planting date were replicated four times
in all site years. Treatments contrasted a winter cereal rye
living mulch (“June Rye + Soy”) with (1) a May-planted

10.3389/fsufs.2022.926606

tilled soybean control using standard weed control practices of
tine weeding and inter-row cultivation (“May Control”), and
to a (2) June-planted tilled soybean control that allows for
additional stale seedbed preparation to manage the weed seed
bank prior to in-season tine weeding and inter-row cultivation
(“June Control”) (Figure2). A May-planted living mulch
with soybean treatment was excluded from the experimental
design based on previous experience at the University of
Wisconsin indicating the early seeding of rye increases risk
of rye vernalization and higher weed pressures due to fewer
opportunities to manage the weed seed bank prior to planting.
Plot size was 68 x 5m in 2019 and lengthened to 137m
in 2020.

Crop management

Organic fertility sources were not applied either before or
after planting during the duration of the study in all site years.
Pre-plant cultivation occurred as a stale seedbed technique to
reduce the weed seedbank prior to crop establishment (Travlos
et al., 2020) using a field cultivator (Sunflower Manufacturing,
Beloit, KS) at AARS and a disc + finisher at the MFALI site,
from late April until planting (Table 1). Winter rye and soybeans
were seeded on the same day with rye planted immediately
following soybean sowing (Table 1). Soybeans (Viking O.1706N)
were planted (JD 1750, John Deere, Moline, IL) 3.8-cm deep
on 76-cm row spacing according to the treatment structure
at 531,265 seeds ha~!. Winter rye was interseeded with a
no-till drill 2-cm deep on 19-cm row spacing to maintain
four rows of rye between each soybean row. A seeding
rate of 4.9 million seeds ha~! using Spooner (University of
Wisconsin, Madison, WI) and Aroostook (Soil Conservation
Service Plant Materials Center et. al, Big Flatts, NY) winter
rye varieties in 2019 and 2020, respectively, in accordance with
Wisconsin interseeded spring rye seeding rates as described
by Ateh and Doll (1996). Tine weeding and rotary hoeing
were performed 1 to 2 times as necessary to adequately
disrupt emerging weed seedlings with minimal soil disturbance

June Rye+Soy|
Rye Growth

None ‘Weed Management
Harvest | Soybe ans
Rye Residue Cover ‘Winter Rye

June Control

None Weed Management
Havest|Soybeans
None Winter Rye

None

May Control

None Weed Management
Havest[Soybeans
None Winter Rye

FIGURE 2

Cropping systems diagram illustrating conceptual differences and timing of weed control activities, soybean growth, and winter rye cover when
managed under three experimental treatments (June Rye + Soy, June Control, and May Control) as implemented at the Arlington Agricultural
Research Station, Arlington, Wl and the Michael Fields Agricultural Institute, East Troy, WI, 2019-2020.
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TABLE 1 Frequency of pre-plant and post-plant tillage operations for spring-seeded rye and tilled control treatments located at the Arlington
Agricultural Research Station (AARS) in Arlington, Wl and the Michael Fields Agricultural Institute (MFAI), East Troy, W1, 2019-2020.

Site year Treatment Pre-plant Planting Post-plant tine Post-plant Soybean
cultivation weeding and row harvest
rotary hoe cultivation
AARS 2019 June Rye + Soy™ 4x Rye: June 5 Soybeans: June 5 2x - November 24
June Control 4x Soybeans: June 5 3x 3x November 24
May Control 2x Soybeans: May 23 2x 4x November 24
AARS 2020 June Rye + Soy 4x Rye: June 2 Soybeans: June 2 1x - October 9
June Control 4x Soybeans: June 2 3x 5% October 9
May Control 3x Soybeans: May 22 3x 5x October 9
MEFAI 2020 June Rye + Soy 3x Rye: June 1 Soybeans: June 1 1x - October 22
June Control 3x Soybeans: June 1 1x 2x October 22
May Control 2x Soybeans: May 25 1x 3x October 22

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

rye seeded in June).

(Table 1) following soybean and rye sowing. However, no
mechanical methods of weed control were utilized until the
rye two-leaf growth stage (Zadoks 12) and soybean cotyledon
stage (VC) to minimize damage to emerging crops (Zadoks
et al., 1974). Rye growth then was allowed to control weeds
without the use of mechanical weed management tools after
initial tine weeding and rotary hoe passes were completed
in the June Rye + Soy treatment. In contrast, the no-rye
control treatments followed typical weed control management
practices for organic soybeans by receiving 2-5 post-plant tillage
operations using a field cultivator to achieve adequate weed
control until canopy closure of soybean rows. All treatments
were harvested for soybean grain upon reaching crop maturity
(Table 1).

Data collection

Individual weeds in each plot were counted and separated
by grasses and broadleaves as a measure indicating weed
abundance. At the AARS location in 2019 and 2020, weed
abundance was recorded in the early August by counting
all weed plants in three locations per plot using a frame of
0.25 m2. At MFAI 2020, weed abundance was recorded on
July 1 at two locations per plot using a frame of 0.25 m?.
In early August at all site years, broadleaf and grass weeds
and rye biomass were cut at ground level at the time of
rye senescence, and fractions were separated upon collection
to understand the community structure of present weeds.
Biomass samples were dried in a forced air oven at 60°C
until completely dry. Soybean plant stand was determined by
counting all soybeans on 1/1,000 of an acre of row length
in three locations per plot in mid-July. At AARS, the plots
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were machine harvested with yield determined by weighing
harvested soybean grain and correcting to 13% moisture
from harvested moisture as determined by a soil moisture
meter (Dickey-John GAC 2500). At MFAI, soybean grain
yields were determined by cutting all soybean plants within
a 1-m? quadrat per plot, hand threshing grain from pods,
and weighing grain. The yields reported were adjusted to
13% moisture.

Data analysis

Data analysis was performed with RStudio statistical
software, version 4.1.0 (R Core Team, 2021). The data was
separated and analyzed by individual site year due to significant
differences in site year when pooled. A two-way ANOVA
linear model tested differences between total weed, grass, and
broadleaf biomass as well as soybean stand counts and grain
yield. Assumptions of normality and homogeneity of variances
were confirmed through examination of residual plots using
the ggResidpanel package (Goode and Rey, 2019), Levene’s
test, and the Shapiro-Wilk normality test. All weed biomass
measurements were log(l + x) transformed to validate the
models. The total weed, grass, and broadleaf abundance was
analyzed using a negative binomial generalized linear model
through the MASS package (Venables and Ripley, 2002). The
mean separation was performed using Tukeys HSD at p
< 0.05 using the agricolae package (de Mendiburu, 2021)
while Pearson’s correlations were examined using the hmisc
package (Harrel and Dupont, 2021). Principle component (PC)
analysis was performed using the FactoMineR package (Lé
et al., 2008) to calculate the PC scores as well as loadings for
each parameter.
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TABLE 2 Analysis of variance and treatment means of biomass (dry matter basis) and abundance of total, broadleaf, and grass weeds located at the
Arlington Agricultural Research Station (AARS) in Arlington, WI and the Michael Fields Agricultural Institute (MFAI), East Troy, W1, 2019-2020.

Site year  Treatment Total weed  Grass weed Broadleaf Total weed  Grass weed Broadleaf  Total rye
abundance abundance weed biomass biomass weed biomass
abundance biomass
weeds m~2 kgha?
AARS June Rye + Soy]\ 16.0 a8 6.75a 9.25a 293a 26.0a 267a 2206
2019 June Control 1.38b 0.63b 0.75b 31.6a 2.88a 28.8a —
May Control 13.6a 7.13a 6.50a 181a 132a 48.4a —
AARS June Rye + Soy 96.3a 68.7a 27.7a 1557 a 1092a 465a 949
2020 June Control 0.33b 0.33b 0.00 b 33.0b 0.00 b 33.0b —
May Control 1.67b 0.00 b 1.67b 223 ab 0.00 b 223b —
MFAI June Rye + Soy 156a 61.6a 94.5a 2366a 1425a 941b 278
2020 June Control 28.1¢ 1.20¢ 269c¢ 2458 a 213a 2245a —
May Control 105b 43.7b 61.6b 2827a 290a 2536a —
Source Pr>f
Treatment (Trt) ootk . * ot - * _
Site Year (SY) - - - - - ootk -
TreSY NS NS NS * * * —

¥

Total, grass, and broadleaf weed abundance was analyzed using a negative binomial generalized linear model while total, grass, and broadleaf weed biomass used a log transformed linear
model with back transformed means presented.

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

8Means within each column followed by a letter are significantly different at p < 0.05 using the Tukey-Kramer procedure of mean separation. Mean separation was performed within each
individual site year.

“Significant at the 0.05 probability level.

" Significant at the 0.01 probability level.

“Significant at the 0.001 probability level.

Results + Soy than the May and June Controls (the opposite trend
. as that observed from weed abundance; Table 2). Although
Effect on weed abundance and biomass weed biomass was not statistically different between the May
and the June Control treatments, at all 3 site years weed
There was an interaction between location and year for biomass trended higher in the May Control (Table 2), similar
weed abundance. At 2 site years, total weed abundance was to trends observed in previous studies (in this case, unusually
greatest in the June Rye + Soy treatment and was similar to high variability precluded detection of statistical differences;
the May Control at AARS 2019 (Table 2). The June Control Supplementary Figures 1, 2).
treatment experienced the lowest total weed abundance at AARS A principal component (PC) analysis revealed that study
2019 and MFAIT 2020, and was similar to the May Control at location primarily separated along PC 1, with the AARS
AARS 2020 (Table 2). In breaking out the counts by species, locations associated with higher soybean yields and stand
the weed abundance counts for grass and broadleaf weeds counts, and the MFAI 2020 location strongly affected by weed
were statistically similar to total weed abundance results among biomass, particularly broadleaves (Figure 3). Treatment effects
treatments, and both grass and broadleaf weeds were present at separated mainly along PC 2, with the tilled control treatments
similar levels within a treatment (Table 2). not strongly associating with any particular measured variables
Fewer differences were observed among treatments in total (but weakly associated with broadleaf weed biomass), and the
weed biomass compared to abundance counts, likely due to June Rye + Soy weakly associated with grass weed biomass
the high variance often encountered when measuring weed (Figure 3).

biomass. The only differences in total weed biomass among
treatments was detected at AARS 2020, where weed biomass

was greater in the June Rye 4 Soy than the June Control, Soybean plant stand

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

In examining grass vs. broadleaf biomass, the only notable Significant differences in soybean plant stand among
difference from the abundance results occurred at MFAI 2020, treatments were noted in 2 of 3 site years (Table 3). At AARS
where broadleaf weed biomass was lower in the June Rye 2019, higher soybean plant stands were recorded in June Rye
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Total.Weeds
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FIGURE 3

PC 1 (63.7%)

Principal component (PC) plot superimposed with eigenvectors of treatments and site years in relation to measures of weed biomass (kg ha=?),
soybean plant stand (plants ha!), and soybean grain yield (Mg ha~!). Treatment abbreviations: June Rye + Soy (rye interseeded with
June-planted soybeans), May Control (tilled soybeans without rye seeded in May), June Control (tilled soybeans without rye seeded in June).
Site year abbreviations: AARS, Arlington Agricultural Research Station; MFAI, Michael Fields Agricultural Institute.

+ Soy as compared to June Control. May Control exhibited
lower soybean stand in relation to either of the June-planted
treatments at MFAI 2020 (Table 3), due to relatively wet and
cold soil conditions persisting into the end of May in that
site year. The Pearson correlation coefficients indicated that
soybean stand counts were significantly related to broadleaf
weed abundance indicating that soybean stands are important
for competing with germinating broadleaf weeds (Table 4).
In contrast, soybean stand counts were not correlated with
grass weed abundance. Similar correlation trends were observed
between the soybean stand counts and the weed biomass, as for
weed abundance (Table 4).
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Rye biomass

Winter rye biomass production was strongly affected by site
year (Table 2) with AARS 2020 and MFAI 2020 achieving only
43 and 12.6% of the rye biomass observed at AARS 2019. The
relationship between the rye biomass and the weed biomass was
best fit with a quadratic polynomial regression indicating that
achieving adequate rye growth is essential for effective weed
control (Figure 4A). Both biomass and abundance of broadleaf
and grass weed components showed negative correlations with
rye biomass with the exception of broadleaf weed abundance
(p < 0.1; Table 4).
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TABLE 3 Analysis of variance and mean soybean stand counts and soybean grain yield, shown with standard deviation, at the Arlington Agricultural
Research Station (AARS), Arlington, Wi and Michael Fields Agricultural Institute (MFAI), East Troy, WI, 2019-2020.

Site year Treatment Soybean stand Grain yield
plants ha—1 Mgha~1
AARS June Rye + Soy' 443133 +17.831 a8 385+032a
2019 June Control 395.772 £ 13.807 b 3.55+0.12a
May Control 411.422 £ 27.181 ab 3.85+021a
AARS June Rye + Soy 433.876 £ 20.546a 324+0.64b
2020 June Control 449.114 £ 16.244a 3.88 £0.36 ab
May Control 421.314 +24.300a 4.60+0.19a
MFAI June Rye + Soy 359.244 + 88.256 a 1.85+0.54b
2020 June Control 321.515 4+ 86.884a 3.104£0.39a
May Control 178.802 £ 14.549 b 2.234+0.30 ab
Source Pr>f
Treatment (Trt) b i
Site Year (SY) ok oox
Tre*SY - .

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

8Means within each column followed by a letter are significantly different at p < 0.05 using the Tukey-Kramer procedure of mean separation. Mean separation was performed within each
individual site year.

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level.

***Significant at the 0.001 probability level.

TABLE 4 Pearson correlation coefficients (r values) between the soybean grain yield (Mg ha=!), the soybean stand (plants ha=1), and the rye biomass
(kg ha—') with measures of weed parameters located at the Arlington Agricultural Research Station in Arlington, Wi and the Michael Fields
Agricultural Institute, East Troy, WI, 2019-2020.

Weed measurements Agronomic measurements
Soybean yield Soybean stand Rye biomass

Total Weed Biomass (kg ha™!) —0.69%* —0.55%%* —0.71%*
Grass Biomass (kg ha™!) —0.48** —0.05N —0.64*
Broadleaf Biomass (kg ha™!) —0.56*** —0.69*** —0.70*
Total Weed Abundance (weeds m~2) —0.74%* —0.52%* —0.77**
Grass Weed Abundance (weeds m~2) —0.57%%* —0.17N —0.62*
Broadleaf Weed Abundance (weeds m~2) —0.59*%% —0.59*** —0.50N8

NSsignifies non-significant results at the p < 0.05 probability level.
“Significant at the 0.05 probability level.

" Significant at the 0.01 probability level.

“*Significant at the 0.001 probability level.

Soybean yield relationship with rye biomass (Figure 4B) indicating higher
soybean yields as rye biomass increased (R> = 0.76, p < 0.001)

Soybean yields were significantly different among treatments likely achieved through improved weed suppression. Soybean

in 2 of 3 site years with no difference in yield reported at AARS yield was most strongly correlated with total weed abundance
2019 (Table 3). At AARS 2020, soybean grain yields were greater but exhibited negative correlations with all measured indicators

in the May Control than the June Rye + Soy, whereas yields of weed prevalence (Table 4).
in the June Control were similar to the other two treatments

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

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

grain yields in the May Control were similar to the other two While it appears that rye successfully controlled weeds to
treatments (Table 3). Soybean grain yield exhibited a quadratic an extent, total weed abundance remained higher for June Rye
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FIGURE 4
Effects of winter rye biomass on (A) weed biomass and (B) soybean yield measured at the Arlington Agricultural Research Station in Arlington, WI
and the Michael Fields Agricultural Institute, East Troy, WI, 2019-2020.

+ Soy at all 3 site years matching reports of greater weed
prevalence for rye living mulch systems seen in the literature
(Robinson and Dunham, 1954; Ateh and Doll, 1996). Weed
pressure and rye biomass in this study varied substantially by
location likely as a combined result of soil moisture conditions
and weed seed bank. Lower rye biomass at MFAI 2020 as
compared to other site years was likely a result of dry conditions
following rye planting, giving the rye a slow start, whereas the
high rye biomass observed at AARS 2019 was likely driven
by well above average precipitation throughout the growing
season. Rye and weed biomass observed at MFAI 2020 match
observations from Nelson et al. (2011) who saw rye dry weights
below 400 kg ha™! resulting in heavy weed pressure exceeding
2,400 kg ha~! and soybean yields below 2.0 Mg ha=!. In contrast
Geddes and Gulden (2021) observed rye mulch exceeding
1,000 kg ha~! that reduced volunteer canola stands without
lowering soybean yield in 2 of 3 site years. These results fit
with the trends observed in the present study where a strong
positive relationship between rye biomass and soybean yield
coupled with a negative relationship between rye biomass and
weed biomass suggest that achieving adequate rye biomass is
essential to controlling weeds in this system. The previous
studies have noted that when rye seeding rates are increased to
obtain greater ground cover, soybean yield drops due to greater
competition for soil moisture (Ateh and Doll, 1996; Nelson
et al, 2011). Therefore, under high precipitation conditions
as observed at AARS 2019, the moisture competition from
rye may be mitigated while providing substantial biomass to
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suppress weeds. Following these results, when spring and the
early summers are predicted, we would recommend growers not
use rye as a living mulch for soybeans.

Study results indicate that a winter rye living mulch may
provide better suppression against broadleaf weeds as opposed
to grass weeds indicating that the type of dominant weed present
may impact the weed control ability of rye. In this study,
interseeding rye was associated with higher levels of grass weeds
as compared to broadleaf weeds. Furthermore, at MFAI 2020
which experienced relatively higher proportions of broadleaf
weeds as compared to grasses, June Rye + Soy reduced broadleaf
weed biomass even though higher broadleaf abundance was
observed. This effect was less pronounced for grasses indicating
a greater propensity for rye and soybean companion crops
to together compete with broadleaf weed types as opposed to
grasses. Interestingly, measures of weed abundance proved to
be a more sensitive indicator of differences in weed pressure
as opposed to weed biomass in this study. While this is likely
partially affected by high variability in weed biomass sampling, it
may also reflect an ability of rye to reduce weed growth potential
through allelopathic effects. Allelopathy in winter rye has been
well-established showing that rye’s allelochemicals can reduce
both weed germination and growth (Barnes and Putnam, 1983;
Schulz et al., 2013; Grint et al., 2022). The previous research has
suggested that broadleaf weeds tend to exhibit greater sensitivity
to the benzoxazinoid allelochemicals produced by rye forming a
major component of their weed suppression ability (Barnes and
Putnam, 1986; Gavazzi et al., 2010; Schulz et al., 2013).
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Soybean yield was not significantly different between the
June Control and the May Control in any of the locations. With
the exception of MFAI 2020, June Control yielded numerically
lower than May Control at AARS 2019 and AARS 2020
indicating the potential for a loss of yield potential as indicated in
the literature (Pedersen and Lauer, 2004; De Bruin and Pedersen,
2008; Hu and Wiatrak, 2012). The numeric yield increase of
June Control over May Control at MFAI 2020 may be due to
a higher weed abundance and lower plant stands reported with
May Control. This indicates that while it is likely that yield
potential is being lost by delaying planting date, the potential
for higher weed pressure due to fewer stale seedbed passes may
offset potential increases in yield potential by pushing planting
dates earlier. Therefore, earlier planting dates must be balanced
with the ability to reduce the weed seed bank prior to planting
through stale seedbed practices.

In this study, establishing winter rye as a living mulch
showed both neutral and negative effects on soybean yield
throughout the course of this study which match the generally
negative (Ateh and Doll, 1996; Thelen et al,, 2004; Nelson
et al, 2011) and generally neutral effects (Robinson and
Dunham, 1954; Geddes and Gulden, 2021) observed on soybean
yield by year when interseeding rye as a living mulch as
compared to a chemically managed or tilled control. Yield
reductions when utilizing rye as a living mulch have been
attributed to competition for soil moisture (Thelen et al,
2004; Uchino et al., 2009; Geddes and Gulden, 2021) and
insufficient weed control (Nelson et al,, 2011) which are in
accordance with results obtained from the present study. This
system proved most successful when under high precipitation
conditions that maximized rye biomass growth without
competing with soybeans for available moisture, as observed at
AARS 2019.

Conclusion

Rye was unable to provide as consistent or as effective
weed control as the tilled controls evidenced by higher
weed abundance throughout the study. However, the negative
relationship observed between rye biomass and weed biomass
coupled with the positive affect of rye biomass on soybean
yields suggest that under high precipitation conditions rye
biomass can be maximized without inducing competitive effects
for soil moisture. June Control trended toward lower soybean
grain yields as compared to May Control indicating a yield
potential loss by pushing the planting dates into June. However,
consistently higher weed abundance in May Control represents
a tradeoff of maximizing yield potential with achieving adequate
weed control. Therefore, delaying establishment of a winter
rye living mulch with soybeans until June can aid in reducing
weed populations through stale seedbed techniques. Ultimately,
successful implementation of a rye living mulch system,
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demonstrated specifically at AARS 2019, was achieved by June
planting rye and soybeans under high precipitation conditions
that allowed substantial rye growth to reduce weed populations
without competing with soybeans for soil moisture. This study
confirms the potential for spring-seeded rye with reduced tillage
as an effective adaptive management approach to increase crop
biodiversity without compromising soybean yield in organic
crop production systems. However, these results also underscore
the risks associated with intensifying agricultural management
and minimizing mechanical weed control.
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Measuring changes in financial
and ecosystems service
outcomes with simulated
grassland restoration in a Corn
Belt watershed

Ellen Audia @ *, Lisa A. Schulte ® " and John Tyndall'

Department of Natural Resource Ecology and Management, lowa State University, Ames, IA,
United States

While provisioning ecosystem services generated through agricultural
production are high, this often comes at the expense of other ecosystem
services. Approaches that support both farm income and a balanced array
of ecosystem services are needed. We employed a landscape modeling
approach to demonstrate the financial and ecosystem service outcomes
of strategically restoring grassland cover within a Corn Belt agricultural
watershed. We assessed potential changes associated with a “Baseline” land
use scenario and two alternative scenarios for the Grand River Basin (lowa and
Missouri, USA). In a "“Buffered” scenario we simulated the impacts of replacing
cropland within 20m of streams with restored native grassland cover. In a
“Productivity-based” scenario we simulated the replacement of annual row
crops on poorly performing croplands with native grassland cover. Grasslands
comprised 0.4% of the Baseline scenario. Grassland was expanded to 0.8%
of the watershed in the Buffered scenario, reducing annual nutrient and
sediment loss by 1.44%, increasing soil carbon sequestration by 0.12% over 10
years, and increasing pollinator abundance by 0.01%. The estimated annual
value of these enhancements was $1.7 million for nitrogen reduction, $0.1
million for phosphorus reduction, $0.5 million for sediment reduction, and
$1.3 million for soil carbon sequestration. Grassland comprised 4.9% of the
watershed in the Productivity-based scenario, reduced annual nutrient and
sediment loss by 11.50%, increased soil carbon sequestration by 1.13% over
10 years, and increased pollinator abundance by 0.42%. The estimated annual
value of enhancements was $18 million for nitrogen reduction, $1.4 million for
phosphorus reduction, $2.5 million for sediment reduction, and $14 million for
soil carbon sequestration. We also calculated the value of grassland biomass
for a potential energy market. The benefit of producing and selling grassland
biomass ranged -$445 to $1,291 ha—1 yrfl. Scaled to the watershed, annual
revenues ranged -$7.3 million to $21.1 million for the Buffered scenario and
-$44.2 million to $128.8 million for the Productivity-based scenario. This
study was the first to quantify changes in revenue and the value of ecosystem
services associated with grassland restoration in the Grand River Basin and
can help inform discussion among watershed stakeholders.

continuous living cover, perennial agriculture, bioenergy, environmental benefits,
InVEST, natural resource economics, water quality
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Introduction

Ecosystem goods and services are the benefits humans
derive from nature, which include provisioning (e.g., food),
regulating (e.g., water purification), cultural (e.g., recreation
and spirituality), and supporting services (e.g., soil formation
and nutrient cycling) (MEA, 2005). Agroecosystems have been
traditionally designed to produce the provisioning ecosystem
goods of food, feed, forage, fiber, bioenergy, and pharmaceuticals
(Power, 2010). In the past 60 years, global cropland expansion
and green technologies such as high-yielding cultivars, fertilizers
and pesticides, and mechanization have enabled cereal yields
to increase by 280 percent (Ritchie and Roser, 2019). However,
the low diversity, high input agricultural systems that work to
maximize crop yields also tend to have negative environmental
impacts, including on soil health, water quality, and wildlife
habitat, among other impacts (Foley et al., 2005; Power, 2010;
Asbjornsen et al., 2014; Liebman and Schulte, 2015). For
instance, of the 585 impaired waterbodies in Iowa most are
related to bacteria, fish kills, and algal growth, all of which
are largely due to agricultural runoft (lowa Department of
Natural Resources, 2020). Another example of this is the hypoxic
zone in the Gulf of Mexico, which is a result of nutrient loss
from agricultural lands within the Mississippi River Basin (Gulf
Hypoxia Action Plan, 2008), and impairs the Gulf region’s ability
to provide seafood and support tourism. Agriculture’s ability to
take advantage of emerging environmental markets, such as for
flood control, clean water, and carbon reduction can also be
limited as it is difficult to accurately measure and value the effects
of agricultural conservation practices on ecosystem services and
facilitate payments to landowners (Reed, 2020).

To sustain agriculture’s traditional role, shore up its
unintended negative environmental impact, and support the
expansion into new roles, efforts are being made to strategically
restore native perennial grassland within the U.S. Corn Belts
annual crop matrix (e.g., Glover et al, 2010; DeLuca and
Zabinski, 2011; Hirsh et al., 2013; Schulte, 2014; Zhou et al.,
2014). There is a growing body of research supporting the
need to maintain continuous living cover in agroecosystems and
understand the economic feasibility of doing so (e.g., Schulte
et al., 2006, 2017; Meehan et al., 2013; Asbjornsen et al., 2014;
Bonner et al.,, 2014; Zilverberg et al., 2014; Zimmerman et al,,
2019).

Perennials can maintain ecosystem services while
contributing to existing and emerging markets such as
bioenergy, outdoor recreation (e.g., agritourism), hunting, and
nutrient and carbon crediting (Mechan et al., 2013; Zilverberg
et al., 2014; John and Mclsaac, 2017; Powell et al., 2018; Ha and
Wu, 2022; Zimmerman et al., 2022).

Grassy feedstocks from restored perennial grassland are
being promoted for renewable fuel production. These grassy
feedstocks can be grown in areas where annual row crop
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production is chronically less profitable and/or areas of high
conservation value (Gelfand et al., 2013; Meehan et al., 2013;
Brandes et al., 2016; Schulze et al., 2016; Mishra et al., 2019;
Khanna et al., 2021; Martinez-Feria et al., 2022). Converting
low-yielding cropland to grassland cover has the potential to
improve the overall profitability of farm fields (Bonner et al,
2014; Brandes et al., 2018; Nair et al., 2018). The cost of grassland
establishment and management tends to be lower than for cash
crops, and depending on local or regional market development,
perennial systems may out compete annual systems in terms of
productivity and profitability (Tilman et al., 2006; Gelfand et al.,
2013; Manatt et al., 2013; Brandes et al., 2016). New markets for
bioenergy grassland crops could subsequently foster emerging
ecosystem and or commodity markets and the ecosystem
services associated with grassland systems provide widespread
public benefits, such as climate regulation, water purification,
and recreational services, some of which can be monetized
(Johnson et al., 2012; Meehan et al., 2013; Mishra et al., 2019).

Our goal with this research was to evaluate one method of
agroecosystem perennialization — strategically restoring and/or
reconstructing grassland composed of native species as a
biomass crop (hereafter referred to as bioenergy grassland) -
to jointly expand agricultural markets and enhance ecosystem
service outcomes in the Grand River Basin (GRB), located
in Towa and Missouri, USA. The GRB was chosen for
this study because it represents an agriculturally dominated
watershed contributing to water quality impairments in the
Mississippi River Basin. While grasslands have a variety of
different uses (e.g., grazing land, hay, bedding), the GRB
and surrounding region has for decades hosted projects
that seek to simultaneously meet bioenergy production and
conservation goals through perennial grassland restoration (e.g.,
Shepherd, 2000; Austin, 2011; Butler, 2019; Prairie Lands,
2022). Our specific objectives for the GRB were to (1)
create alternative land use scenarios that meet both bioenergy
development and conservation goals; (2) assess the potential
ecosystem service outcomes associated with current land use and
alternative land use scenarios, specifically impacts to nutrient
and sediment retention, carbon sequestration, and pollinator
abundance; (3) determine potential private financial and public
economic outcomes associated with the current land use and
alternative scenarios; and (4) inform agricultural and natural
resource decision-making.

Methods
Study area

The Grand River Basin is located in southwest Iowa (38%)
and northwest Missouri (62%), USA. The entire watershed
has an area of 20,460 km?, most of which lies in Missouri
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and entirely within the Dissected Till Plains (Pitchford and
Kerns, 1999; NRCS, 2006). The topography of the basin is
mostly composed of rolling and undulating uplands dissected
by broad, flat stream valleys (Pitchford and Kerns, 1999).
Shales, sandstones, and limestones underlie the watershed and
the predominating soils are silt loams and silty clay loams
derived from glacial drift and loess (Pitchford and Kerns,
1999; NRCS, 2006). Based on a weather station in the central
area of the basin, Gentry County, average temperatures in the
GRB for the period 2000-2022 ranged from 5.3 to 17.6, and
annual precipitation ranged from 0 cm to 112 cm (http://agebb.
missouri.edu/weather/stations/).

Land use in the basin is estimated to be 30% cropland, 44%
pasture, 17% forest, 3.7% water/wetland, 4.2% urban, and 0.6%
grassland and shrubland (Figure 1). Over 200,000 hectares of
the watershed is enrolled in the USDA Conservation Reserve
Program (USDA FSA, 2020).

Major environmental impairments within the GRB include
water quality degradation and habitat loss (Pitchford and Kerns,
1999). The Section 303 (d) list of impaired waters (category
5) in Iowa includes 585 impairments, six of which occur in
the GRB and are bacterial and biological in character (Iowa
Department of Natural Resources, 2020). The list in Missouri
includes 481 impairments, 11 of which occur in the GRB, with
bacteria, dissolved oxygen, mercury in fish, and heavy metals
being the reasons for impairment (MoDNR, 2020). Excess
nitrogen and phosphorus are also listed as impairments, and
20% of all pollutants come from non-point sources (MoDNR,
2020). Missouri and Iowa are major contributors to nutrient
loading in the Mississippi/Atchafalaya River Basin (MARB)
(Alexander et al, 2008), with agricultural land contributing
between 50-60% of the nutrients (MoDNR, 2014). ITowa and
Missouri have both pledged to reduce nutrient loading in
response to the 2008 Gulf Hypoxia Action Plan (MoDNR, 2014;
Iowa Nutrient Reduction Strategy (INRS), 2017), to shrink the
hypoxic dead zone that occurs there (Gulf Hypoxia Action
Plan, 2008). Various agricultural best management practices and
green infrastructure have been encouraged and implemented to
help control nutrient and sediment loss (MoDNR, 2014; Towa
Nutrient Reduction Strategy (INRS), 2017).

Habitat quality and loss are also of concern in the
GRB. Native Midwestern landscapes are considered critically
endangered as >50% of the native vegetation in the region has
been converted to other vegetation types (Hoekstra et al., 2005).
Loss of vegetation richness and simplification of landscapes
can negatively influence soil formation, erosion control, water
retention, nutrient cycling, and habitat quality all of which
impact plant and animal biodiversity (Schulte et al., 2006; Power,
2010). In Towa and Missouri, native prairie has been replaced
mainly by agricultural and urban land (Iowa Department of
Natural Resources, 2015; Missouri Department of Conservation,
2015). Such land use change is the primary threat to plant
and animal biodiversity within grasslands (Hirsh et al,
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2013; Towa Department of Natural Resources, 2015; Missouri
Department of Conservation, 2015). This landscape conversion
in Iowa and Missouri has led to very low numbers or even
extirpation of many native wildlife species (Iowa Department of
Natural Resources, 2015; Missouri Department of Conservation,
2015). Sedimentation, and nutrient loading from runoff, and
channelization and levee construction in streams cause aquatic
and riparian habitat degradation throughout Iowa and Missouri
as well (Towa Department of Natural Resources, 2015; Missouri

Department of Conservation, 2015).

Modeling framework

We employed a five-step methodological approach. We first
identified two contrasting land use scenarios — a “Buffered” and
a “Productivity-based” scenario - to compare with current land
use in the GRB, based on the 2016 National Land Cover Dataset
(Multi-Resolution Land Characteristic Consortium (MRLCC),
2018). Descriptions of each NLCD land cover type can be
found in the Supplementary material (Supplementary Table S1).
For the Buffered scenario, we identified all row-cropped areas
within 20m of a perennial stream and shifted them to
bioenergy grassland. For the Productivity scenario, we shifted
land use from row crops to bioenergy grassland in areas
that have low corn and soybean yield potential based on the
National Commodity Crop Productivity Index (NCCPI; Dobos
et al,, 2012), which we obtained from the gSSURGO database
(gSSURGO Database, 2020). Cropland with a NCCPI value
of < 0.5 was shifted to bioenergy grassland. We chose 0.5
as the cutoff point because those soils would likely have a
history of chronic economic loss. Dobos et al. (2008) present
a bivariate fit regression of corn yield from 35 different states
and NCCPI and indicate that expected corn yield ranged from
40 bushels per acre to about 160 bushels per acre with an
average of about 110 bushels per acre. For context, from 2016
to 2022 the average breakeven corn yield in six Iowa counties
(Black Hawk, Fremont, Hamilton, Mills, Tama, and Wright)
was 190 bushels per acre (lowa State University Extension
and Outreach (ISUEO), 2022). Furthermore, Li et al. (2016)
used crop insurance data from Midwestern states including
Towa and Missouri to indicate that crop insurance losses
increase at low to medium NCCPI value ranges and begins
to decrease after the 0.65 NCCPI value. Bioenergy grassland
was defined as a planted system based on a conservation-
oriented prairie seed mix suitable for the region. Specifically,
average seed mix costs were based on regional prices for mesic
pollinator 10/30 (10 grasses/30 forbs) plantings designed to
provide supportive environments for honeybees and butterflies.
Second, we used the Integrated Valuation of Ecosystem Services
and Tradeoffs model (InVEST; Natural Capital, Project, 2019)
model to estimate ecosystem service outcomes in the GRB,
including nutrient delivery ratios, sediment delivery, carbon
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storage, and pollinator abundance, based on current land use
and the Buffered and Productivity-based land-use scenarios.
Third, we conducted a comprehensive net present value financial
assessment associated with the bioenergy grassland as a source
of herbaceous biomass feedstocks. Fourth, ecosystem service
and net present value outputs were then combined in a
social benefit-to-cost analysis. Finally, we created maps and
other graphics to demonstrate bioenergy grassland, ecosystem
service, and financial opportunities. Detailed descriptions of
data, models, and analysis procedures can be found in the
Supplementary material.

Results

Land use/land cover change

The total amount of cropland decreased by 0.4% in
the Buffered and 4.5% in the Productivity-based scenarios.
A total of 7,743 ha of row-cropped land was converted to
grassland vegetation in the Buffered scenario and 91,274 ha
in the Productivity-based scenario (Supplementary Table S2).
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Approximately 1.2% of the Buffered area overlapped with the
Productivity-based area. These areas of overlap are dispersed
throughout the GRB, but occur mainly in the northern
and southern portions (see Supplementary Figure S1 in the
Supplementary material). It should be noted that our scenarios
did not account for any additional shifts in land use that
may well accompany the changes in cropped land that we
present. These changes could include converting pasture or
non-agricultural land (e.g., treed areas, fence rows, conservation
land) to cropped land or adopting less diverse crop rotations.
Such changes would likely have impacts on both the economic
and environmental outcomes of our overall analysis (Bonham
et al., 2006; Fleming, 2014).

Ecosystem services

Results indicate that integration of bioenergy grassland
into either perennial stream buffers or low-yielding cropland
increased ecosystem service outcomes (Table 1). In the Buffered
scenario, annual sediment retention increased by 86,088 Mg
(0.72% reduction in loss compared to baseline), annual total
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TABLE 1 Baseline, buffered, and productivity-based scenario outputs
for ecosystem services generated by InVEST (v 3.7.0) in the Grand
River Basin, lowa and Missouri, USA.

Ecosystem service ~ Baseline Buffered Productivity-based

Phosphorous export 2,367 2,355 2,234
Nitrogen export 14,973 14,938 14,594
Sediment export 12,007,418 11,921,329 11,602,739
Sequestered carbon 107,061,426 107,188,520 108,274,417
Pollinator abundance (0-1) 0.1098 0.1099 0.111

Phosphorus, nitrogen, and sediment export represent annual values, carbon sequestration
(Mg C) represents sequestration over 10-years, and pollinator abundance is indexed. All
other values are in Mg.

nitrogen retention increased by 35Mg (0.23% reduction),
annual phosphorus retention increased by 11Mg (0.49%
reduction), carbon sequestration increased by 127,093 Mg C
over 10 years (0.12% increase), and pollinator abundance
increased by 0.01%. In the Productivity-based scenario, relative
to baseline, annual sediment retention increased by 404,678 Mg
(3.37% reduction), annual nitrogen retention increased by
379 Mg (2.53% reduction), annual phosphorous retention
increased by 132 Mg (5.59% reduction), carbon sequestration
increased by 1,212,990 Mg C over 10 years (1.13% increase), and
pollinator abundance increased by 0.42%. Across all modeled
services, the Productivity-based scenario facilitated a greater
increase in ecosystem services than the Buffered scenario at the
watershed level (Table 1). In the Buffered scenario, the greatest
enhancement of ecosystem services occurred in the northern
portion of the GRB, while in the Productivity-based scenario
the greatest enhancement of ecosystem services occurred in
the south-central portion of the GRB and along the Grand
River (Figure 2). These relationships are likely caused by the
dominance of cropland in the south and along the Grand River,
and the high concentration of perennial streams intersecting
cropland in the north (Supplementary Figure S1).

We also calculated annual ecosystem service outcomes for
each scenario per-ha of restored native grassland (Figure 3).
In the Buffered scenario, phosphorous loss was reduced by
1.48kg ha~!, nitrogen loss was reduced by 4.54kg ha™l,
sediment loss was reduced by 12.26 tons ha=!, and carbon
storage increased by 1.64 Mg ha—! yr—1. In the Productivity-
based scenario, phosphorous loss was reduced by 1.45 kg ha™1,
nitrogen loss was reduced by 4.15kg ha~!, sediment loss was
reduced by 4.89 tons ha~!, and carbon storage increased by
1.33Mgha=!yr—1L

Economic valuation
We estimated baseline field-level per-ha annualized costs

(2022 USD; Supplementary Table S9) and net revenue associated
with producing a bioenergy grassland crop in Iowa and Missouri
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assuming three discount rates, three different yields, and eight
different farmgate selling prices for the biomass. Our cost
assessment methods are similar to those utilized in studies
that examined perennial cover establishment as either an in-
field practice or in riparian areas (e.g., Roberts et al., 2009;
Bravard et al., 2022) as well as part of biomass production
systems (James et al., 2010; Manatt et al., 2013). The costs and
net revenues for bioenergy grassland crop varied depending
on scenario due to differences in the opportunity cost of land
and the assumed biomass yield which impacted harvesting
costs. Opportunity costs of land were calculated by using area-
weighted land rent estimates for the counties in the GRB
which are largely determined by relevant soil productivity
measures; the Corn Suitability Rating in Towa and the National
Commodity Crop Productivity Index in Missouri (Massey
and Brown, 2021; Plastina et al., 2022). As noted in Bravard
et al. (2022) crop productivity indices are significant factors
in determining area land rent as they provide a comparative
numerical ranking of soil quality relative to producing a base
crop (corn in this case). The average baseline annualized cost
of establishing, managing and harvesting a bioenergy grassland
crop over a 10-year management horizon in the GRB was
estimated to be $592 ha~! for the Buffered scenario, and
$588 ha~! for the productivity scenario (using a real discount
rate of 5%; Supplementary Table S10). Production costs also
varied with discount rates (7-9%) from $591 ha—!-$705 ha~—!
(Supplementary Table S10). Here we discuss results that use
a 10-year average real discount rate of 5% (Table2). The
results from the other two discount prices can be found in
the Supplementary material (Supplementary Tables S12, S13).
Breakeven prices vary somewhat between the Buffered scenario
and the Productivity-based scenario. For the Buffered scenario,
results indicate that a biomass selling price above $88 Mg™!
will produce positive net revenue given yields > 6.7 Mgha=1, a

selling price above $50 Mg ™!

will produce positive net revenue
given yields > 13.5Mg ha™!, and a selling price above $35
Mg~! will produce positive net revenue given yields greater
than or equal to 20.2 Mg ha™! (Table 2). For the Productivity-
based scenario, results indicate that a biomass selling price
above $88 Mg~ ! will produce positive net revenue given
-1

yields > 6.7Mg ha~!, a selling price above $49 Mg~! will

produce positive net revenue given yields > 13.5Mg ha~!,

and a selling price above $35 Mg™!

will produce positive
net revenue given yields > 20.2Mg ha™! (Table2). These
results reflect assumed static establishment, management and
harvesting costs for an acre of bioenergy grassland in Iowa
and Missouri (Supplementary Table S9), a range of potential but
unmeasured yield outcomes, and the assumption that biomass
harvest would not occur until year three of the analytical
horizon. We also assume that current average land rent is
an adequate measure of the opportunity cost of land. The
reality is that actual opportunity costs of land may be higher
or lower than land rent in any given year and is dependent
upon commodity and production prices (Tyndall et al., 2013).
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FIGURE 2
Changes in ecosystem services across the Grand River Basin (IA and MO, USA) for Buffered and Productivity-based scenarios compared to
current land use/land cover baseline.

Nevertheless, because commodity markets are volatile and
difficult to predict, somewhat more temporally stable land rent
markets are often deemed an acceptable proxy (Tyndall and
Roesch, 2014). Because land rent is largely based on inherent soil
productivity, the relative comparative findings among scenarios
should remain unchanged (Zimmerman et al., 2019). Ultimately,
costs and revenue vary temporally and spatially depending on
site-level conditions, production practices, weather, policy, and
market conditions for biomass but also various inputs such as
land, fertilizer, labor, and seed (Tyndall et al., 2021). Individual
biomass systems may also experience additional costs associated
with prolonged establishment periods or maintaining the health
of any given stand of biomass. Some farmers may experience
costs associated with whole stand reestablishment in the case
of crop failure or hazard damage due to weather (Liu et al,
2011). Furthermore, in the productivity scenario the in-field
costs of grass harvest, baling and on-site transportation and
storage would likely be highly variable due to the heterogeneous
scale, shape and patchy nature of the biomass systems presented
(Nair et al., 2017). Likewise, accessibility in riparian areas can
be complicated by moisture conditions during harvest periods
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and the care often needed to minimize harvest impact in
hydrologically sensitive areas (Erdozain et al., 2020). Ultimately
the spatial fragmentation of the biomass systems presented in
our study would likely carry additional, but unaccounted for
logistical and or environmental costs associated with harvesting
and on-site handling of biomass materials (Ferrarini et al., 2017).

Total potential biomass yields in the GRB ranged from
58,075 to 174,226 Mg yr_1 in the Baseline scenario, 110,149
to 330,446 Mg yr—! in the Buffered scenario, and 671,900 to
2,015,701 Mg yr—! in the Productivity-based scenario. Given
these yields and assuming farmgate selling prices between
$22 and $99 Mg~!, total biomass net annual revenue ranged
from -$7,311,371 and $21,119,430 in the Buffered scenario,
and -$44,227,025 to $128,827,270 in the Productivity scenario
(Table 3).

We estimated the potential economic value generated from
ecosystem service enhancement for each modeled scenario
in the GRB. The annualized value for carbon sequestration
within the GRB is the highest among all analyzed ecosystem
services in both scenarios. In the Buffered scenario, we
estimate the annualized value of nitrogen reduction to be
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TABLE 2 Per hectare annualized net revenue of establishing, harvesting and selling bioenergy grassland biomass in lowa and Missouri, USA given
yield and scenario dependent annualized production costs at a 5% discount rate.

Bioenergy grassland biomass price ($ Mg™1)
Yield (Mgha™1) 22 33 44 55 66 77 88 99

Buffered 6.7 ($445) ($371) ($297) ($224) ($150) ($76) ($3) $71

135 ($378) ($230) ($81) $67 $216 $364 $513 $661

20.2 (5268) ($46) $176 $399 $621 $843 $1,065 $1,287
Productivity-based 6.7 ($441) ($367) ($294) ($220) ($146) ($73) $1 $75

135 ($375) ($226) ($78) $71 $219 $368 $516 $665

202 ($264) ($42) $180 $402 $624 $847 $1,069 $1,201

Prices are in 2022 US$. Yield scenarios were based on Tilman et al. (2006), James et al. (2010), Manatt et al. (2013), and Nichols et al. (2014). Parentheses indicate a negative number.

TABLE 3 Total annual net revenue generated from each modeled scenario in the Grand River Basin assuming yields of 6.7, 13.5, and 20.2 Mg ha 1,
farmgate selling prices between $22 and $99 Mg, and yield and scenario dependent annualized production costs.

Buffered Productivity-based
Price ($ Mg™1) 6.7Mgha~! 13.5Mgha~! 20.2Mgha~1 6.7Mgha~1 13.5Mgha~1 20.2Mgha~1
22 ($7,311) ($6,175) ($4,325) ($44,227) ($37,298) ($26,382)
33 ($6,100) ($3,752) ($690) ($36,836) ($22,516) ($4,209)
44 ($4,888) ($1,328) $2,945 ($29,445) ($7,734) $17,964
55 ($3,676) $1,095 $6,580 ($22,054) $7,048 $40,136
66 ($2,465) $3,518 $10,215 ($14,663) $21,829 $62,309
77 ($1,253) $5,941 $13,850 ($7,273) $36,611 $84,482
88 ($42) $8,365 $17,485 $118 $51,393 $106,655
99 $1,170 $10,788 $21,119 $7,509 $66,175 $128,827
Prices are in 2022 US$ (thousands). Yield scenarios were based on Tilman et al. (2006), James et al. (2010), Manatt et al. (2013), and Nichols et al. (2014). Parentheses indicate a
negative number.
$1,700,529, phosphorus reduction to be $124,089, sediment Discussion

reduction to be $524,921, and carbon sequestration to be
$1,348,229. For the Productivity-based scenario, we estimate
the annualized value of nitrogen reduction to be $18,330,016,
phosphorus reduction to be $1,428,914, sediment reduction
to be $2,467,500, and carbon sequestration to be $14,294,696.
Across all modeled services, the Productivity-based scenario
generated more ecosystem service related revenue, but also
converted a much larger area out of annual crops. We
therefore calculated ecosystem service related revenue per-
hectare of restored native grassland as well (Figure 3). In the
Buffered scenario, we estimated the annualized value of nitrogen
reduction to be $220 ha~!, phosphorous reduction to be
$16 ha~!, sediment reduction to be $68 ha=!, and carbon
sequestration to be $174 ha~!, for a combined annual ecosystem
service value of $478 ha—1. For the Productivity-based scenario,
we estimated the annualized value of nitrogen reduction to be
$201 ha™!, phosphorous reduction to be $16 ha~!, sediment
reduction to be $27 ha~!, and carbon sequestration to be
$157 ha~L, for a combined annual ecosystem service value of
$401 ha™ 1.
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Ecosystem services

We constructed and modeled two land-use scenarios for
the GRB using InVEST (v 3.7.0) to compare ecosystem service
enhancement relative to a baseline scenario. Ecosystem services
were enhanced in both the Buffered and Productivity-based
scenarios, with greater enhancement in the Productivity-based
scenario at the watershed scale. This was primarily due to
the variation in area converted to bioenergy grassland in
each scenario. Perennial vegetation has been proven to reduce
nutrient and sediment loss from agricultural fields, store carbon,
and increase pollination services (DeLuca and Zabinski, 2011;
Meehan et al., 2013; Asbjornsen et al., 2014; Schulte et al., 2017;
Zimmerman et al., 2019), and thus the per unit ecosystem service
values assigned to perennial land uses in this model were based
on empirical data.

Multiple empirical and modeling studies have determined
that increasing perennial vegetation on a landscape will help
reduce nutrient and sediment loss to waterbodies (e.g., Dabney
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et al., 2001; Vaché et al., 2002; Helmers et al., 2012; Asbjornsen
et al.,, 2014; Zhou et al., 2014; Schulte et al., 2017). Perennial
vegetation, with its abundant and complex root system increases
the ability of agricultural land to slow, filter, and store
water (Hernandez-Santana et al., 2013; Gutierrez-Lopez et al,,
2014; Zhou et al, 2014). These findings support our results
that increasing grassland cover on a landscape will reduce
nutrient and sediment loss to waterbodies. We found that the
Productivity-based scenario, which simulated land use change
from row crops to bioenergy grassland on a greater number
of hectares, more greatly reduced nutrient and sediment loss
than the Buffered scenario at the watershed scale. Although
this relationship might be true in a modeling context, after a
certain point more perennial vegetation on a landscape does not
necessarily lead to more or measurable water quality benefits.
For example, when planting prairie strips within row-cropped
catchments in Towa, Schulte et al. (2017) found little difference
in water quality measures between fields with 10% prairie vs.
20% prairie indicating that impacts were not a function of area
converted. Dosskey et al. (2002), Dosskey et al. (2005) recorded
similar findings regarding the effects of perennial vegetation on
water quality. There can also be significant lags associated with
the implementation of conservation practices and water quality
benefits (Meals et al., 2010), which we did not incorporate in this
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analysis. Our results, thus, represent reductions in nutrients and
sediment independent of time.

When all ecosystem services were measured per unit area
of restored grassland, the Buffered scenario performed more
efficiently than the Productivity-based scenario. In terms of
nutrient and sediment reduction, this is likely due to how
grassland was restored on the landscape as well as how
InVEST measures nutrient and sediment export. InVEST in
part determines nutrient and sediment export of a given pixel
in the landscape by measuring the size (or length), slope,
and vegetation’s retention efficiency and maximum retention
efficiency (nutrient export) or C-factor (sediment export) of
the area upslope (or downslope) from that pixel to understand
the nutrient delivery ratio or soil erosion probability of that
pixel. The difference in placement of native grassland between
the Buffered and Productivity-based scenario is likely the main
reason for the difference in area based nutrient and sediment
reduction. While field scale and downstream water quality
management practices are spatially explicit in their effectiveness
(Rao et al., 2009; Schulte et al., 2017), the area-based differences
in nutrient reduction between scenarios were small (<1kg
hajl). The difference in per hectare sediment reduction is
large (7 tons ha—1), and should be more carefully considered.
Multiple factors related to site history, topography, and soil
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affect whether an in-field or edge-of-field practice will be most
effective at generating conservation outcomes on any particular
field (Tomer et al,, 2013). However, multiple studies have found
that while perennial vegetation applied within fields keeps
nutrients and soil in place (Helmers et al., 2012; Zhou et al,,
2014), also placing it within riparian areas can further enhance
water quality (Vaché et al., 2002; Dabney et al., 2006). It should
be noted that approximately 1.2% of the buffered area was
located in areas of low productivity that were also converted
to herbaceous vegetation in the Productivity-based scenario.
These areas of overlap were mostly located in the northern and
southern portions of the GRB (Supplementary Figure S1), and
less in the central portion.

Compared to other studies, the reductions in nitrogen and
phosphorous we present in the GRB for each land use scenario
are conservative. For example, the Iowa Nutrient Reduction
Strategy determined that streamside buffers have the ability
to reduce phosphorous by 18% and nitrate-nitrogen by 7%,
and within-field perennial crops could reduce phosphorous by
29% and nitrate-nitrogen by 18% (depending on area of land
converted) (Iowa Nutrient Reduction Strategy (INRS), 2017).
Helmers et al. (2011) found restoring only 5% more of a
catchment to prairie strips resulted in over 70% reductions
in total nitrogen and phosphorous. In terms of per-hectare
reductions, Tyndall et al. (2013) cite that prairie strips can
reduce phosphorous by 7.32kg ha~! and nitrogen by 31.93kg
ha~!. These values are much higher than the per hectare values
we present in our scenarios: the Productivity-based scenario
restored 4.5% of the GRB to grassland (91,274 ha), resulting in
a 2.5-5.6% increase in nutrient retention of the landscape. We
do not model the use of prairie strips in our analysis, which are
likely better at reducing nutrients due to their spatially explicit
placement within field vs. within-watershed as in our case.

Polasky et al. (2011) also used InVEST to simulate multiple
alternate land cover scenarios for the state of Minnesota, in
which one scenario restored marginal agricultural lands and
100 m of lands along all streams to pre-settlement vegetation
(i.e., open water, restored forest, restored grassland, restored
wetland, and unknown restored cover). Polasky et al. (2011)
found that restoring only ~3% of the land in the state could
reduce phosphorous export by 34%. One difference between
their study and ours is that they restored lands to pre-settlement
vegetation, which included a mix of vegetation types including
grassland, wetland, savanna, woodland, and forest, while we
restored lands to perennial grassland. Regardless, InVEST
modules are designed only to understand the effects of land
management (see Hamel, 2014 for model assessment) and results
are often sensitive to geographic location, spatial scale, input
data (i.e., precipitation, export coeflicients), and the resolution of
those data sets (Salata et al., 2017; Benez-Secanho and Dwivedi,
2019). For example, Redhead et al. (2018) found that InVEST’s
nutrient reduction model performed well in terms of the relative
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magnitude of nitrogen and phosphorus export, but could over
or underestimate actual nutrient export by as much as 65%.

Our findings suggest the need for either land use conversion
to a much greater amount of continuous living cover and/or
the need to include and combine multiple practices (e.g., prairie
strips) in order to meet water quality targets for Iowa and
Missouri (see Zimmerman et al., 2019). However, incorporating
more spatially explicit practices such as prairie strips into our
modeling framework and/or using a more robust model like
SWAT would only be possible for an investigation considering
a different spatial extent, given the distribution of stream gauge
stations and monitoring data available in the GRB. Further
analyses are also needed that incorporate impacts to subsurface
flow and tile drainage through the use of conservation practices
that impact those flows (i.e., wetlands, bioreactors, etc.).

Carbon storage was also enhanced with both scenarios
compared to the Baseline. The higher amount of carbon stored
in the Productivity-based scenario at the watershed level is again
due to the larger relative area of bioenergy grassland. Others
have demonstrated the potential for perennial vegetation to store
carbon below-ground (DelLuca and Zabinski, 2011; Liebman
et al., 2014). Compared to certain row crops, perennial species
have much more extensive root systems that stay in the ground
all year allowing for higher levels of belowground biomass and
carbon storage (DeLuca and Zabinski, 2011; Whitmore et al,,
2015). For instance, Guzman and Al-Kaisi (2010) found that
tallgrass prairie remnant in Iowa had 86% greater belowground
carbon storage than a corn-soy rotation, and Glover et al. (2010)
found perennial grasslands in Kansas to have 43 Mg ha~! more
soil carbon than annual wheat fields. The per unit values of
belowground carbon storage assigned to each land cover type
in this analysis were based on empirical data that demonstrate
this difference. Since InVEST simply aggregates these per pixel
values, scenarios with more potential to store carbon will
have greater sequestration as is seen in the Productivity-based
scenario. When considered per hectare, the Buffered scenario
stored slightly more carbon (~0.3 Mg ha™1). It should be stated
that InVEST does not incorporate changes in the rate of carbon
storage through time and, eventually, the rate decreases as an
equilibrium is reached. The timeline for when this equilibrium
is reached depends on climate, soil type, land use, and other
factors and occurs over time horizons >50 years (Paustian and
Cole, 1998). In this analysis we converted depleted cropland
in which soil carbon stocks are likely diminished compared to
soils that have never been cultivated. Therefore, in the relatively
short 10-year period in which we simulated carbon storage the
relationship between increased grassland vegetation and carbon
storage was likely linear (Paustian and Cole, 1998). Still, because
estimates from this portion of the analysis simply represent
potential, we did not consider eventual equilibrium within
the landscape. Regardless, with support from a wide body of
research (Power, 2010; e.g., Guzman and Al-Kaisi, 2010; DeLuca
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and Zabinski, 2011; Whitmore et al., 2015), this analysis reveals
opportunities to increase the carbon storage potential of the
GRB’s annual row-crop matrix through the implementation of
perennial grassland.

Pollinator abundance as a function of habitat suitability
was also modeled in the GRB under each land use scenario.
The index of pollinator abundance in the baseline scenario was
very low at only 0.1098. Although the pollinator abundance
index increased in both alternative scenarios, gains were
minor (Table 1). We included three bee genera (Lassioglossum,
Melissodes, and Agopostemon) that are commonly found in
Midwestern agricultural landscapes like the GRB, as well as
Monarch butterflies (Danaus plexippus) as a charismatic insect
in conservation need. Monarchs have declined by 80% in
North America over the past two decades due to habitat
loss (Iowa Monarch Conservation Consortium (IMCC), 2018).
Low numbers of pollinators have been reported in highly
disturbed and fragmented landscapes (Winfree et al., 2009;
Potts et al., 2010; Kennedy et al., 2013) of the U.S. Corn Belt.
Foraging resources are often lacking in agriculturally dominated
landscapes (Hellerstein et al, 2017) like the GRB (Table 1),
and it is therefore not surprising that pollinator abundance
estimates were low in the Baseline scenario. The marginal
change in pollinator abundance between alternative scenarios
and Baseline reflect the relatively small - even if strategic -
land use changes incorporated into our scenarios. They also
might lie in the complex relationships between pollinators and
the landscape that InVEST cannot capture. Models that relate
land cover and pollinator abundance across large landscapes are
often simplified and limited, a possible result of data coarseness
or an incomplete understanding of ecological relationships
(Cunningham et al,, 2018; Sharp et al., 2018). Many pollinators
respond to fine scale landscape features that are not reflected in
existing LULC data and/or are challenging to incorporate into
models (Sharp et al., 2018).

The InVEST pollinator model assumes resource and nesting
availability is uniform across each land cover type (Sharp et al.,
2018). In reality, land cover types can vary greatly across space
and time due to differences in soil, climate, topography, and
management decisions. Additional experimental work is needed
to inform landscape and watershed estimations. However, not
having enough perennial vegetation on the landscape or in
the right places might also explain these marginal changes in
abundance. Bennett et al. (2014), using different methods, also
measured pollinator abundance in southeast Michigan under
two land use scenarios and found that converting 600,000 ha
(70%) of agricultural land to perennial bioenergy crops could
increase pollinator abundance by 600% in some areas. This
might suggest that in order to more greatly increase pollinator
abundance in the GRB, more than 91,274 ha of bioenergy
grassland would need to be planted, and likely in arrangements
that better support their food and nesting needs. Further
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analyses should compare InVEST to other pollinator models and

experiment with more land use scenarios and arrangements.
The

enhancement occurred primarily in the south-central part

greatest opportunities for ecosystem = service
of the GRB when targeting low productivity cropland, and in
the northern part of the GRB when targeting riparian areas
of perennial streams. These spatial relationships exist because
most of the row-cropped land in the GRB is along the Grand
River and concentrated around its outlet at the bottom of the
basin, and the majority of the perennial streams that intersect
row-cropped lands are in the northern part of the basin
(Figure 2). Incorporating bioenergy grassland within these areas
will enhance ecosystem services, and in the Productivity-based
scenario it will do so while minimizing costs. Although they
are extensive within the GRB (Supplementary Table 52), we did
not explore converting pasture or haylands within the GRB to
bioenergy land uses. Including these lands in the analysis would
likely change the flow of ecosystem services across the basin and

offer different opportunities for conservation.

Economic valuation

Private and public economic benefits quantified in
this analysis revealed opportunities for enhancement. We
demonstrate that the Productivity-based scenario has the
capacity to generate more revenue privately than the Buffered
scenario, as well as generate more watershed level ecosystem
services. While markets for grassland biomass and for ecosystem
services are not yet robust, our results indicate that there is
potential for both in the GRB. It should be noted, however,
that similar land uses such as hay land and land enrolled in
CRP may be in competition with bioenergy grasslands in the
GRB. Thus, the interests of stakeholders of various land use
options should be considered by partnerships working toward
creating bioeconomic opportunities. Current data suggest that,
in 2016, much of the existing grassland/shrubland in the GRB
was likely enrolled in CRP, and a significant portion (44.1%;
Supplementary Table S2) of the watershed was devoted to hay
and pasture land. Within row-crop plantings of bioenergy
grassland may be able to merge well into these existing
markets, and as CRP contracts expire or become limited new
opportunities for bioenergy grassland could emerge.

Private economic benefits related to the production and
sale of bioenergy grassland biomass on low-yielding row-
cropped lands in the GRB exist in certain market contexts. We
determined that the costs of producing a hectare of low-input
bioenergy grassland on low-yielding row-cropped land in the
study region ranged from $588 to $712 annually (depending on
expected yield and scenario), and could create a positive net
revenue depending on yield and biomass price. For example,
in the productivity scenario a positive net revenue occurs at a
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yield of 6.7 Mg ha~! and selling prices at or above $88 Mg~
For higher expected yields, lower biomass prices will result in
a positive net revenue (Table 2). Based on a sensitivity analysis
relative to discount rates, the findings did not vary substantially
across higher rate of return expectations (e.g., 7 and 9% real
rate of return; Supplementary Tables S12, S13). In this analysis
we defined bioenergy grassland to be a mix of perennial native
grasses and forbs suitable for conservation outcomes but also
annual harvest. Tilman et al. (2006) reported yields of multi-
species grassland biomass on degraded lands with low fertility
to be 3.7 Mg ha~!, which is significantly lower than yields of
mixed species that we suggest could create revenue. However,
some studies have found higher yields of mixed perennial species
with the use of fertilizer. For example, Daigh et al. (2015) found
biomass yields of prairie planted in experimental plots in central
Towa to be 5Mg ha™! without fertilizer and 7.6 Mg ha~! with
fertilizer. Nichols et al. (2014) similarly measured biomass of a
31-species tallgrass prairie planted in experimental plots on high
quality Midwestern agricultural land and found yields of 7.4 Mg
ha~! without fertilizer and 10.4 Mg ha~! with fertilizer. Other
studies have reported higher yields of single perennial grasses
on marginal lands. Schmer et al. (2008) reported switchgrass
yields as high as 11 Mg ha~! on low-yielding Midwest cropland,
and Brandes et al. (2018) use a maximum switchgrass yield
of 10Mg ha~! within Towa agricultural fields. Furthermore,
yield variability across time at any given site due to weather
and changes in management add considerable uncertainty to
any multi-year biomass assessment (Sharma et al., 2020). This
suggests that even with fertilizer boosting biomass yields to
maximum levels noted in the literature, relatively high biomass
prices (e.g., somewhere above $71 Mg~ 1) will likely be necessary
to generate positive net revenue against variable biomass yield.

Our analysis indicates that, depending on the scenario, at
yields of 6.7 Mg ha™!, prices will need to be at least $88 Mg~ to
generate positive revenue. Recent research points to potentially
high break-even farmgate prices. James et al. (2010) found
the break-even selling price for mixed perennial grasses grown
in southern Michigan and southcentral Wisconsin to be $130
Mg~! and others have reported similar selling prices needed
for perennial biomass to be profitable (Khanna et al., 2008;
Manatt et al., 2013). In our analysis, higher yields would allow for
positive revenue at much lower selling prices (i.e., $55 Mg~ ! at
13.5Mgha~! and $44 Mg~! at 20.2 Mg ha—!); however, it may
not be possible to attain those yields on cropland with relatively
low productivity ratings as represented in our study (e.g., <=0.5
NCCPI rating).

Beyond questions about yield capacity and consistency
across time and space, there are critical unanswered questions
regarding institutional, market, infrastructural, and social-
phycological barriers to farmer and/or landowner adoption of
grass-based cropping systems in and around their farm systems.
The financial viability of a biomass crop depends upon robust
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and sustainable bioenergy markets capable of paying unit prices
needed to generate consistent net-revenues for landowners while
remaining a cost-competitive fuel stock. Historically, broad-
scale biofuel biomass markets in the United States have failed
to emerge despite legislative mandates (e.g., the 2007 Renewable
Fuel Standard; RSF2) and government subsidy programs with
regard to research and development (e.g., Ebadian et al., 2020)
and local to regional market development (e.g., Miao and
Khanna, 2017). There are multiple, interacting factors that
have impeded the emergence of regional renewable energy
systems centered on biomass fuel. These factors include techno-
economic limitations of biofuel industrial processes (Padella
et al, 2019), costly supply chain management particularly
high handling and transportation costs (Yang et al,, 2022),
inadequate national and state policy linkages (Miao and Khanna,
2017; McCarty and Sesmero, 2021), and limited landowner
and farmer buy-in. Landowners struggle with the legacy of
failure regarding bioenergy emergence and continue to question
the lack of market development and infrastructure in their
regions (Hart et al., 2018). There are additional pragmatic
questions regarding the availability of on-farm equipment,
compatibility of biomass production to primary cropping
systems, land tenure constraints, and available technical support
(Khanna et al., 2021). There is however evidence that some
landowners would be interested in biomass systems that serve
simultaneous production and conservation goals similar to those
demonstrated in this study (Hand and Tyndall, 2018).

benefits,
commodity crops to perennial vegetation can enhance

Along with private economic converting
ecosystem services that translate into public economic benefits.
We show that in each scenario social benefits are generated from
the reduction of water and air pollutants. Water quality values
are based on the per unit costs of nitrogen, phosphorus, and
sediment related impairments to recreational areas, real estate,
and other amenities such as drinking water (more detailed
information can be found in the Supplementary material). We
valued the reduction of these pollutants to be approximately
$2 million per year in the Buffered scenario and $22 million
per year in the Productivity-based scenario. Others have
valued the enhancement of water quality in similar ways
and reported high economic benefit as well (Meehan et al.,
2013; e.g., Mishra et al. (2019). Meehan et al. (2013) valued
a 29% reduction in phosphorus loading from replacing 16%
of corn rotations with perennial-grasses in a 400,000-ha
watershed in southern Wisconsin at almost $30 million using
a combination of ongoing state-level water quality program
payments, estimated avoided phosphorus treatment costs of
pollution, and data from a survey that quantified household
willingness to pay for reductions in phosphorus loading in
surface water.

When calculated per hectare, the Buffered scenario
generated more public economic benefits in terms of enhancing
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water quality (nitrogen and sediment reductions). Therefore,
given our data and methods, riparian buffers might be
considered more effective at enhancing water quality for public
use than our simulated within-field practice. Zhou et al. (2009)
tested the effectiveness and economic benefits (including social
costs of sediment erosion) of three conservation practices
and tillage systems for sediment reduction in the Major Land
Resource Areas (MLRA) of Iowa. Although Zhou et al. (2009)
did not specifically test riparian buffers against in-field prairie
blocks; they did find that when the costs of sediment erosion
were considered, conservation practices could out perform
each other depending on MLRA and tillage system. We did
not compare results in relation to areas of greater erosion
or runoff potential. Doing so could provide further insight
into where within the GRB within-field practices are more
effective than riparian buffers. In addition, a closer look at social
cost implications of the two scenarios together might provide
further insight.

Carbon  sequestration also produced considerable
watershed-level public economic benefit at over $1.3 million
per year in the Buffered scenario and over $14 million per year
in the Productivity-based scenario. These estimates were based
on the social cost of carbon given a market discount rate of 7%
over a 10-year period (Tol, 2009; Polasky et al., 2011; Sharp
et al,, 2018). Other studies have calculated potential benefits
generated from sequestering carbon using the same method
and produced comparable results (Polasky et al., 2011; Johnson
et al.,, 2012; Mishra et al., 2019). For example, Johnson et al.
(2012) determined that using perennial vegetation in different
amounts within agricultural riparian areas in the Minnesota
River Basin generated millions of dollars’ worth of climate
regulation benefits that varied proportionally with the amount
of land converted.

Many scientists have explored the possibility of using
perennial vegetation to jointly improve ecosystem services
and enhance economic benefits (Mechan et al, 2013; e.g.
Blanco-Canqui, 2016; Woodbury et al., 2018). For example,
Woodbury et al. (2018) determined that replacing corn with
switchgrass in Maryland reduced nitrogen loading and created
revenue for growers through ecosystem service enhancement
and biomass sales. Conversely, Mechan et al. (2013) determined
that although buffering streams with perennial grasses led to
higher energy production and ecosystem service enhancement
than corn rotations, it did not generate as much income for
growers. Meehan et al. (2013) did find that incorporating
the societal value of ecosystem service enhancement that is
generated from replacing corn with switchgrass outweighs the
decrease in grower income; however, markets would need to
exist to generate private opportunities associated with biomass
production, as well as connect societal benefits to those growers.
For example, Mishra et al. (2019) found that planting bioenergy
feedstock such as switchgrass on marginal cropland in the
Midwest could be better incentivized through both biomass sales
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and ecosystem service payments. While markets that facilitate
the transfer of these economic benefits back to growers are
quickly developing (Salzman et al., 2018), we did not include
ecosystem service payments into this analysis. Doing so might
alleviate the need for high biomass yields or selling prices. Future
analyses should incorporate this financial tradeoff. We did
explore the potential multifunctionality of bioenergy grassland
to provide income to growers and generate public economic
benefits through enhanced ecosystem services. Our findings
suggest that incorporating perennial grasses and forbs within
agricultural fields will create societal value through reductions in
water and air pollutants. These perennial plantings may also be
able to provide income to farmers if more robust markets were
to develop, given certain biomass yields.

Conclusions

This study was the first to quantify potential changes
in revenue and the value of multiple ecosystem services
associated with grassland restoration in the GRB. We quantify
how replacing annual row crops with perennial grasslands
in riparian areas and on lower-yielding portions of the
agricultural landscape has the ability to jointly enhance water
quality, pollinator abundance, and carbon storage in the GRB.
Grassland restoration provides a suite of public economic
benefits through the reduction of pollutant-related costs, and
could provide private economic benefits through the sale of
harvested perennial biomass if robust markets were to develop.
Our work informs discussion among watershed stakeholders
by quantifying potential tradeoffs among alternative land use
decisions at varying spatial scales. Future analyses could test
other land use scenarios (e.g., cover crops, pastureland) and
more ecosystem services (e.g., habitat quality, recreation) to
better understand a fuller suite of ecosystem services associated
with grassland cover and the potential for layering economic
enhancement in the GRB and similar watersheds.
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Nitrate (NO3 -N) leaching into groundwater as a result of high nitrogen (N)
fertilizer rates to annual crops presents human health risks and high costs
associated with water treatment. Leaching is a particularly serious concern
on sandy soils overlying porous bedrock. Intermediate wheatgrass (IWG)
[Thinopyrum intermedium (Host.) Barkw. & D.R. Deweyl, is a perennial grass
that is being bred to produce agronomically and economically viable grain,
which is commercially available as Kernza®. Intermediate wheatgrass is a
low-input crop has the potential to produce profitable grain and biomass
yields while reducing NO3_-N leaching on sandy soils compared with common
annual row crop rotations in the Upper Midwest. We compared grain yields,
biomass yields, soil solution NO3_-N concentration, soil extractable NOg-
N, soil water content, and root biomass under IWG and a conventionally
managed corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] rotation for
3 years on a Verndale sandy loam in Central Minnesota. Mean soil solution
NOg—N was 77-96% lower under IWG than the annual crop rotation. Soil water
content was greater under annuals compared to IWG early in the growing
season, suggesting greater water use by IWG during this time. Interactions
between crop treatments and depth were observed for soil water content in
Year 3. Root biomass from 0 to 60cm below the soil surface was five times
greater beneath IWG compared to soybean, which may explain differences in
soil extractable and solution NOz -N among crops. With irrigation on coarse
structured soils, IWG grain yields were 854, 434, and 222 kg ha=1 for Years 1—
3 and vegetative biomass averaged 4.65 Mg ha—1 yr‘l; comparable to other
reports on heavier soils in the region. Annual crop grain yields were consistent
with local averages. These results confirm that IWG effectively reduces soil
solution NOg—N concentrations even on sandy soils, supporting its potential
for broader adoption on land vulnerable to NOz -N leaching.
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Introduction

Water quality in the Upper Midwest is threatened by
the intensive management practices used in annual cropping
systems, including tillage and fertilizer application that lead to
nutrient losses and water contamination through leaching and
runoff (Randall and Mulla, 2001; Dinnes et al., 2002; Feyereisen
et al., 2006; Erisman et al.,, 2013). While annual commodity
crops like corn provide the potential for high economic return,
nutrient losses cause eutrophication and hypoxia in surface
waters and contamination of groundwater, posing significant
risks to human health (Ward et al., 2010, 2018; Brender et al.,
2013). Impacts are often high where shallow aquifers and sandy
soils make drinking water sources vulnerable to contamination.
This leads to additional water treatment costs of over $5 million
for some counties (Keeler et al., 2016). In Southeast Minnesota,
for example, conversion of grassland to agriculture is expected
to cause a 45% increase in private wells exceeding 10 ppm NO; -
N, resulting in between $700,000 and $12,000,000 in associated
costs over a 20-year period (Keeler and Polasky, 2014). New
alternative cropping systems that provide economic returns
comparable to those of annual systems and which effectively
reduce nutrient losses will be essential for protecting drinking
water sources in the future.

Replacing annual crops with perennials has the potential
to help reduce NOj leaching to groundwater and provide
other ecosystem services (Asbjornsen et al., 2014; Ferchaud
and Mary, 2016). Cropping systems that include perennial
grasses for conservation, forage, and biofuel production have
lower NO3 leaching losses than corn-soybean systems, largely
because perennial grasses have greater root biomass that extends
deeper into the soil, increasing N recovery and reducing
leaching (Culman et al., 2013b; Pugesgaard et al., 2015; Ferchaud
and Mary, 2016). Deep roots may be particularly important
in reducing NO; leaching since they can expand the total
volume of soil from which NO3_ -N is taken up, and because
NOj is highly mobile and more prone to leaching from
deep soil horizons (Maeght et al, 2013). NOj losses in the
subsurface drainage water for a corn-soybean system were about
37 times higher than from a Conservation Reserve Program
(CRP) planting dominated by perennial grasses (Randall et al.,
1997). This reduction was attributed to the greater season-
long evapotranspiration (ET) that resulted in less drainage
and greater uptake and/or immobilization of N. In that study,
average NOj3 concentrations in the water during the flow period
were 24 mg/L for the corn-soybean rotation and 2 mg/L for the
perennial grass CRP (Randall et al., 1997). Although plantings
that include perennial grasses are effective at reducing NO;
leaching, a lack of economic return has prevented their large-
scale adoption in Midwestern agricultural landscapes.
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Intermediate wheatgrass (IWG), [Thinopyrum intermedium
(Host.) Barkw. & D.R. Dewey] is a perennial cool-season grass
being domesticated to produce a grain marketed as Kernza®
(DeHaan et al., 2018) with the first commercial variety, “MN-
Clearwater,” released in 2020 (Bajgain et al., 2020). The crop
has potential to provide economic return for producers (Hunter
et al., 2020a,b; Law et al., 2022) while reducing NO;" leaching
compared to corn (Jungers et al., 2019). Intermediate wheatgrass
initiates growth earlier in the season than warm-season forage
and bioenergy grasses and is thus better able to reduce NO; -N
losses early in the season (Jungers et al., 2019) when losses are
typically the highest in the Upper Midwest (Randall and Mulla,
2001; Crews and Peoples, 2005). Vegetative regrowth following
TWG grain harvest helps reduce post-harvest nitrate losses and
erosion late into the fall.

One potential mechanism by which IWG can reduce NO;
leaching compared to annual crops is related to water demand.
Although total growing season ET and drainage were similar
between IWG and corn, soil water content was lower under
IWG compared to corn and switchgrass at 50 and 100 cm
depths (Jungers et al, 2019), suggesting that soil moisture
may be stored in other regions of the soil profile. Compared
to annual wheat (Triticum aestivum L.), IWG had lower soil
moisture up to a depth of 70-100 cm, which was associated
with NO; -N leaching reductions of up to 86% (Culman
et al.,, 2013b). The distribution of IWG root biomass and its
effects on soil water content throughout the soil profile are
largely unknown.

Reductions in NO; leaching beneath IWG compared to
annual crops can also be related to differences in nitrogen
fertilization regimes and associated losses of N in the form
of soluble NO; -N in the soil water. Soil solution NOj
increased from 0.1 to 0.3mg L™ when TWG was fertilized
with 120kg N ha=! compared to an unfertilized control,
yet this was still lower than the 24.0mg L~! measured
beneath corn fertilized at 160 kg ha! (Jungers et al., 2019).
Integrating legumes such as soybean into annual crop rotations
can limit N fertilizing needs, yet the effects of legume
crops in rotation on NOj3 -N leaching compared to TWG
are unknown.

Our objective was to assess the potential of IWG grain
production to reduce NOj3 -N leaching compared to an
annual soybean-corn-soybean rotation on irrigated sandy soil
by measuring soil solution NOj3 -N concentration and soil
water content. We hypothesized that soil water NO3-N
concentrations and soil water content would be lower under
IWG, and that this would be related to increased root biomass
and rooting depth of IWG compared to corn and soybean.
Crop yields and vegetative biomass were measured to assess
potential profitability.
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TABLE 1 Average air temperature, precipitation, irrigation, and 30-year averages for each month of the growing season in Staples, MN.

Mean monthly air temperature (°C)

2018 2019 2020 30-year avg. 2018
P

April 2 5 3 5 4.6 0
May 17 11 12 12 62.8 0
June 20 18 21 18 783 12.7
July 21 21 22 20 62.5 38.1
Aug. 19 18 20 19 66.6 38.1
Sept. 14 15 14 15 73.7 0
Oct. 4 5 3 7 80.0 0

4285 88.9

Methods

Site description

Field research was conducted from 2018 to 2020 at the
Central Lakes Community College in Staples, MN, USA (lat.
46.38, long. —94.80). The soil type was a Verndale sandy loam
(Typic Argiudoll). The soil contains 1-1.7% organic matter, is
excessively well-drained, and is considered low fertility potential
(USDA-NRCS, 2021). Local climate data are reported in Table 1.
Plots had previously been planted to a corn-soybean rotation
followed by barley fertilized with 40 kg N ha~! applied in spring
prior to IWG planting in 2017. Baseline soil samples from 0 to
30 cm were collected by block in the fall of 2017. Soil extractable
nitrogen was 10.0 mg kg soil ~! for NOj3 -Nand 3.9 mg kg soil 7!
for ammonium (NHI—N). Soil phosphorus (P) and potassium
(K) concentrations were 9.13 and 72.21 ppm, respectively.

Experimental design

Treatments were applied in a randomized block design with
two cropping systems replicated once in each of six blocks
for a total of twelve plots. Plots were 4.11 by 9.14m (13.5
by 30 ft.). The annual cropping system was a soybean-corn-
soybean rotation. The perennial system was IWG. Soybeans
were planted as the first phase of the soybean-corn rotation in
May 2018, followed by corn in May 2019 and soybean again
as the third phase in June 2020. Corn and soybeans were
seeded in 75cm rows at rates of 346,000 and 84,000 seeds
ha~!, respectively, with four rows per plot. The corn variety
was Organic Viking 0.84-95UP Seed Corn and the soybean was
Organic MNO810CN.

An improved population of IWG bred for increased grain
yield was used in this study. The population came from the
fourth cycle of selection by Land Institute (Salina, KS) and
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Monthly and season total precipitation (P) and irrigation (I) (mm)

2019 2020 30-year avg.
P I P I P
25.7 0 224 0 36.8
62.5 0 338 0 72.9
68.4 12.7 57.2 254 117.3
103.2 63.5 102.7 38.1 99.1
93.8 12.7 158.6 38.1 744
106.3 0 16 0 71.1
923 0 10.9 0 56.6
552.2 88.9 401.6 101.6 528.2

was seeded at a rate of 15kg ha~!. The IWG was seeded
in 15-cm rows with 20 rows per plot on 20 August 2017.
Intermediate wheatgrass was fertilized with urea at rates of
80, 100, and 100kg N ha=! in May 2018, 2019, and 2020,
respectively. Urea was split-applied to corn at 140 and 80kg
Nha~!
Weed pressure was low and when present, weeds were manually

in May and June 2019. Soybean was not fertilized.

removed in all plots. The experiment was irrigated with a
linear irrigation system with events based on ET estimates
and water demand for the annual crop. The fields received
89mm of irrigation water over five events in 2018, 89 mm
over seven events in 2019, and 102 mm over eight events in
2020. Dates of irrigation events are in Figure 1. Each individual
irrigation event resulted in an application of 13 mm of water
with the exception of 7/16/2018 and 8/22/2018, which received

25 mm.

Soil fertility and extractable N

Soil was sampled at four depth intervals (0-15, 15-30, 30—
45, and 45-60 cm) in June 2019 and October 2020 and analyzed
for organic matter, K, P, pH, and extractable NOS_ -N and
NHI -N. Samples were taken from eight cores in each plot and
aggregated by depth, stored in a cooler when transported, and
kept refrigerated until analyzed or processed for shipping. All
soil analyses except extractable N were conducted by Agvise
Laboratories (Benson, MN; www.agvise.com). Agvise samples
were oven-dried prior to shipping. Soil extractable N was
determined by extraction with a 2 M KCl solution, where 40 ml
solution was added to 10 g fresh soil followed by 1h shaking
(Culman et al., 2013a). Extractions were performed within 48 h
of field collection. NO; -N and NHI analyses of the extractions
were performed at the UMN Research Analytical Lab. Method
details can be found at http://ral.cfans.umn.edu/tests-analysis/

soil-analysis.
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FIGURE 1
Mean soil solution NO3 -N from lysimeters 60 and 120 cm below annual crops (soybean in 2018 and 2020, corn in 2019) and intermediate
wheatgrass (IWG) sampled during the growing season in 2018, 2019, and 2020. Points are means from two lysimeters per treatment replicate
and six replicates (n = 12), while error bars indicate standard error of the mean. Arrows indicate dates of irrigation events.

Crop yields

Crop yields were estimated each year from 2018 to
2020. Samples were taken in August of each year when the
IWG had reached physiological maturity from two 76 by
76 cm quadrats with a total area of 0.58 m2. Seed heads
were removed from all IWG plants within the quadrat by
cutting approximately 2cm below the basal spikelet. After
seed heads were removed, all remaining IWG biomass was
harvested to an 8 cm stubble height. The remaining biomass was
mechanically harvested and removed from the plots following
quadrat sampling.

Biomass and seed heads were dried at 35°C for 72h or
until constant mass before being weighed. Grain was removed
from spikes using a Wintersteiger LD 350 laboratory thresher

(Wintersteiger; www.wintersteiger.com/us/Plant-Breeding-and-

Research).  Grain was separated from the chaff
and other debris by hand-sieving and with a
fractionating aspirator (Carter-Day International,

Inc.; http://www.carterday.com).

Corn and soybean yields were determined by harvesting
a subsection of the middle two rows of each plot. For corn,
two 2-m sections of rows were cut from each corn plot. The
number of corn stalks cut was recorded for each plot. All ears
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from the cut stalks were collected, dried (35°C for 72 h), shelled,
and both cobs and kernels were weighed. Three stalks from
each row section were randomly selected, dried, and weighed
to estimate stover mass. Soybean yields were determined
by harvesting whole plants from two 1-m sections of rows
from each plot, followed by drying, threshing, and weighing.
Following harvest for yield measurement, the remaining corn
and soybean plants were mechanically harvested and removed
from the plots.

Root biomass

Root biomass samples were taken in September 2020 with
two 5-cm diameter manual push cores per plot at depths
of 0-15, 15-30, 30-45, and 45-60 cm. Roots were separated
from soil and debris using a hydropneumatic elutriation system
(Smucker et al., 1982), then removed manually from sieves
using tweezers. Due to the difficulty of distinguishing live
from dead roots, no effort was made to separate them. Roots
were dried at 35°C for 72h. Samples were checked after
drying for any remaining sand and debris, which was removed
before weighing.
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Soil solution NOg-N concentration

Soil solution NOj; -N concentrations were determined
by collecting soil solution samples with suction lysimeters.
Lysimeters consisted of a porous ceramic end cap, a PVC tube,
and an airtight rubber stopper (Jungers et al, 2019). Two
pairs of 60 and 120 cm lysimeters were installed in each plot.
Samples were collected every 7-10 days from April to October
each year and analyzed by depth for soil solution NO; -N
concentration using a colorimetric assay with a HACH DR 6000
spectrophotometer (Hach, https://www.hach.com).

Soil water content

Soil water content was measured on four dates in 2019 (June
17, July 19, August 21, October 31) and six dates in 2020 (May
12, June 23, July 15, August 5, September 1, and September 25)
at 10, 20, 30, 40, 60, and 100 cm using a Delta-T Devices PR2/6
Probe (Delta-T Devices, 2021).

Statistical analysis

Analysis of variance (ANOVA) was conducted using mixed
effects models to explain variation in soil water NO; -N
concentration, soil water content, soil extractable NO;-N, root
biomass, and crop vyields. Predictor variables for the ANOVA
were cropping system, depth (for soil variables), and their
interaction. Years were analyzed separately because the annual
crop varied. Cropping system was treated as a categorical
variable; depth was treated as a categorical variable for root
biomass and soil extractable NO; -N. Soil solution NOj -
N concentrations from the 60 and 120 cm depths were not
statistically different, based on preliminary statistics, and thus
were averaged for the analysis. The treatment applied to the
nearest neighboring plot was included in the model as a
covariate to account for possible lateral movement of N applied
to the neighboring plot. Data were analyzed with block as a
random effect. For the soil solution NO; -N, which included
two pairs of lysimeters per plot, plot was nested within block
in the random effects structure. An autoregressive 1 correlation
structure was fit to the model to account for temporal correlation
in sample results within each plot. Analysis of variance was
used to explain variation in soil water content for each sampling
date, with a model including treatment, depth, and their
interaction. Total water content from 0 to 100 cm was calculated
for each plot and date using trapezoidal integration (Hupet
et al., 2004) and compared among treatments using ANOVA.
Mean comparisons using Tukey’s adjusted P-value were used
to generate estimated means for effects. Statistical analysis was
carried out using statistical software program R (Version 3.5.2
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GUI 1.70) including emmeans and nlme packages (R Core Team,
2018; Length, 2019; Pinheiro et al., 2019).

Results

Soil solution NOg -N concentration

Annual average soil solution NOj -N concentration differed
by cropping system treatment in 2018 (P < 0.001), 2019 (P =
0.004), and 2020 (P = 0.003; Table 2; Figure 1), but did not vary
by sampling depth or show an interaction effect in any year (P >
0.05). The average soil solution NO; -N concentration was 77%,
96%, and 96% lower in the perennial system than the annual
system in Years 1-3, respectively (Table 2).

Throughout the seasons, both intra- and inter-annual
variation was observed (Figure1). Soil solution NOjz-N
concentrations under IWG initially had mean values between
10 and 20 mg L™! in Year 1 but declined to nearly zero by the
end of July 2018 and remained at those levels for all 3 years
except for occasional deviations. In 2018, soil solution NOj -
N concentrations under soybean were initially high at levels
above 20 mg L1, declining to near zero in mid-September, but
increasing to early season levels after harvest. In 2019, however,
soil solution NO3 -N concentrations under corn were between
10 and 20 mg L™! but spiked to levels over twice that between
late June and late August. Concentrations slowly declined over
the remainder of the year. In 2020, mean soil solution NO; -
N concentrations under soybean were consistently around 10
mg L1

Soil extractable NOg-N

There was an effect of cropping system treatment, depth,
and a depth by treatment interaction (p-values < 0.001) on
soil extractable NO3 -N measured at the end of the study in
2020 (Table 3). Soil NO3 -N was greater in the annual cropping
system compared to IWG at 0-15, 15-30, and 30-45 cm depths
at the end of the study (P < 0.001), but extractable NO3 -N
levels were similar among treatments at the 45-60 cm depth.
Soil extractable NO; -N was greatest at the 0-15 cm depth below
the annual crops and decreased with each depth interval until
45-60 cm, which was similar to the 30-45cm depth interval.
There was no difference in soil extractable NO; -N across depths
beneath the IWG.

Root biomass
Root biomass collected at the end of the study in 2020 was

affected by treatment (P = 0.006), depth (P < 0.001), and a
treatment by depth interaction (P < 0.001). Root biomass was
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TABLE 2 Average soil solution NO3 -N, grain, and biomass yields in the annual and IWG systems in 2018, 2019, and 2020.

2018 2019 2020
Annual IWG Annual IWG Annual IWG
Soil solution NO3 -N (mg L 19.0a 4.3b 22.1a 0.8b 7.8a 0.3b
Grain yield (Mg ha™1) 3.05a 0.85b 7.33a 0.43b 1.98a 0.22b
Biomass yield (Mg ha™') 2.43b 4.12a 5.85 5.41 2.86b 441a

Crops in the annual system were soybean, corn and soybean in 2018, 2019, and 2020, respectively. Soil solution NOj3 -N were averaged across depths. Lower-case letters denote statistical

significance between treatments at P < 0.05 within each year.

TABLE 3 Mean root biomass and soil extractable nitrate (mg NOz -N kg soil~1) at four depth intervals from 0 to 60 cm at the end of the study in 2020.

Root biomass (Mg ha_l)

Soil extractable nitrate (mg NO3 -N kg soil~1)

Annual IWG Annual IWG
0-15 1.69b 8.57aA 2.77aA 0.17b
15-30 0.42b 2.82aB 1.38aB 0.00b
30-45 0.25 1.30B 0.48aC 0.00b
45-60 0.17 1.03B 0.25C 0.00

Letters denote statistical significance at P < 0.05; lower-case indicates difference between treatments; upper-case indicates difference between depths.

greater under IWG compared to the annual cropping system
at all depths (Table 3). Soybean root biomass was 80%, 85%,
81%, and 83% lower than IWG root biomass at 0-15, 15-30,
30-45, and 45-60 cm, respectively. Summed over all the depths,
total WG root biomass was 13.73 Mg ha~! while soybean root
biomass was 2.54 Mg ha™1, 82% lower (P < 0.001).

Crop yield

Grain yield was higher for the annual crops than for IWG in
all years (P < 0.001, Table 2). Intermediate wheatgrass vegetative
biomass yields (Table 2) were higher than soybean in 2018
(P = 0.001) and 2020 (P = 0.009) but similar to corn in
2019 (P = 0.322).

Soil water content

Of the four dates when soil water content was measured
in 2019, there were very few effects of treatment, depth, or
an interaction. Dates had a significant treatment by depth
interaction. There was a main effect of cropping system
treatment on soil water content on July 19 and October 31
(P < 0.001), in which soil water content was greater beneath
the annual cropping system (0.09m m~3) compared to the
perennial (0.03 m m~3) on July 19 but lower in the annual
(0.04m m™3) compared to the perennial (0.05m m~3) on
October 31, 2019. In 2020, soil water content varied by treatment

on June 23 (P < 0.001), in which soil water content was greater
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beneath the annual compared to the perennial. There was a
significant interaction between treatment and depth on three
other dates in 2020. Soil water content by treatment and depth is
shown in Figure 2 to illustrate the interaction.

Discussion

Soil solution NOg -N concentration

Consistent with previous findings, we observed drastically
lower concentrations of soil solution NOj3-N beneath
IWG compared to the annual cropping system (Figure 1).
Concentrations under IWG were initially between 10 and
20mg L1 during June and July of 2018, the first spring after
seeding, but approached zero by August and remained very
low for the duration of the experiment. A previous study in
Minnesota found that soil solution NO; -N beneath TWG
averaged 0.09-0.3mg L™! when fertilized with 80kg N ha—!
(Jungers et al,, 2019). Despite only receiving 20kg N ha=!
more fertilizer annually in this study, annual average soil
solution NO3 -N concentrations ranged from 4.3 mg L~ ! in the
first-year to 0.3 mg L™! at the end of the study. Higher NOj3 -N
concentrations found in this study compared to previous finding
in Minnesota could be related to the potentially higher drainage
rate associated with coarse structured soil at our study. These
relatively higher soil solution NO;3 -N levels observed in the
first-year of our study were also likely attributable to lower root
biomass during stand establishment and thus reduced ability to
capture and assimilate soil solution NO; -N. In line with this
thinking, our results were similar to a study on sandy soil in
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FIGURE 2
Soil water content beneath soybean (annual) and intermediate wheatgrass (IWG) on days when there was a significant interaction between
cropping system treatment and depth. Asterisks indicate depths for which soil water content differed significantly between cropping systems.

Michigan during stand establishment (Culman et al., 2013b).
Despite the slightly higher soil solution NO; -N concentrations
observed in Year 1 here and on other sandy soils, values were
comparable to mixtures of perennial grasses and forbs found in
CRP plantings (Randall et al., 1997) and consistently below the
EPA safe drinking standard of 10 mg L1,

Average annual soil solution NO3-N concentrations
beneath the annual crops were similar to or slightly lower than
those reported by other studies in Minnesota. During the corn
phase of the annual rotation, our annual soil solution NO3 -N
of 22.1 mg L™! was similar to findings by Ochsner et al. (2017),
who reported an average soil solution NO; -N of 21.2 mg !
beneath a corn-soybean rotation with corn phases fertilized at
146 kg N ha—! as urea annually. In another study also conducted
on coarse-structured soils in Minnesota, Struffert et al. (2016)
reported an average annual soil solution NO3 -N concentration
of 18.8mg L™! beneath soybean, and determined that soil
solution NO3 -N during the soybean phase was not affected by
N fertilizer rates applied to corn the previous year.

This is also among the first studies to compare soil solution
NO3 -N levels of fertilized IWG to an unfertilized legume
crop. Despite applying 100kg N ha=! of urea annually to
the IWG, lower soil solution NO3_ -N concentration were
observed in the IWG compared to the unfertilized soybean.
Biologically fixed N may have been mineralized after exudation
or sloughing of soybean roots, which may have contributed
to higher soil solution NO3 -N levels compared to IWG. The
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elevated soil solution NO; -N in the soybean could also have
originated from N fertilizer applied during the previous crops.
However, as previously mentioned, N fertilizer rates applied to a
previous corn crop did not affect soil solution NO3 -N beneath
subsequent soybean (Struffert et al., 2016). Significant N demand
by IWG may have also contributed to the large difference in soil
solution NO3 -N.

Soil extractable NOg—N

In addition to lower soil solution NO3 -N concentration,
we also found less extractable NO3 -N in the soil after 3 years
of IWG production compared to the annual rotation system.
This suggests that the IWG assimilated NO3 more thoroughly
from the soil than the annual rotation system, especially because
the Year 3 crop was unfertilized soybean. Extractable NOj -
N remaining in the soil is a major factor determining the
concentration of dissolved NO; -N in soil solution, which in
turn determines total leaching loads (Randall and Mulla, 2001;
Culman et al., 2013a; Jungers et al., 2019).

The low levels of extractable NO3 -N under IWG also
suggest that the plants may have been N-limited, despite being
fertilized at the high end of optimal rates (Jungers et al., 2017).
Nitrogen removal during IWG grain and biomass harvest can
exceed 150kg N ha~! in the first-year of production (Crews
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et al., 2022; Tautges et al., 2018). Intermediate wheatgrass tissue
N concentrations at the time of grain harvest in Minnesota
peaked above 10 g N kg~ ! biomass and declined with stand age
(Jungers et al., 2017). If tissue N concentrations were similar to
previous studies in MN, removal rates could have been between
46 and 58kg N ha=! year™!, thus less than the N applied as
fertilizer (100kg N ha—1). However, total N demand may have
been greater to support root biomass production. If root tissue
N was similar to previously reported estimates between 9 and
11gN kgf1 (Dobbratz, 2019), then there would be another pool
of nearly 130kg N ha~! in belowground root tissues. It is not
known what fraction of root N is recycled during root death
and mineralization of root biomass from year to year in an IWG
system, but our results suggest that the N fertilizer applied was
needed to support above and belowground IWG biomass and
that little N was likely lost via leaching or left in the soil.

Root biomass

Root biomass is considered an important trait of perennial
crops for providing ecosystem services such as reduced nitrate
leaching to groundwater. Intermediate wheatgrass root biomass
averaged 13.7 Mg ha~! after the third-year of production, while
soybean root biomass was 2.5 Mg ha~! when sampled from 0 to
60 cm. These values are similar to other reported values for these
crops. For example, Intermediate wheatgrass fertilized at 80 kg N
ha~! had root biomass of 4.10, 7.32, and 9.51 Mg ha~! (0-60 cm
depth) in Years 1-3 of a 3-year study, while a soybean-corn-
soybean rotation had root biomass of 2.22, 2.93, and 2.30 Mg
ha—!inYears1-3 (Bergquist, 2019). Root biomass accumulation
over time allows IWG to more effectively capture NO; -N before
it reaches depths below the rooting zone where it is subject to
leaching to groundwater. Nearly 63% of the IWG root biomass
was found in the top 0-15 cm depth. Previous work has reported
IWG belowground biomass to be 3.28 Mg ha™! in the first
10 cm, on average, in Minnesota and Wisconsin (Sakiroglu et al.,
2020). In an intra-annual study of root biomass beneath IWG,
total root biomass from 0 to 20 cm peaked between 3.5 and 4 Mg
ha~! in June and July before declining to 1 Mg ha™! at the end
of the growing season (Pugliese et al., 2019). This concentration
of root biomass at shallow depths also likely increases NO3 -N
capture and consequently reduce soil solution NO; -N below the
rooting zone.

Soil water content

We found inconsistent differences in soil water content
between annual crops and IWG. In the second-year of the study,
soil water content was greater beneath the corn compared to
the IWG in July, perhaps because IWG biomass would have
been approaching peak biomass and thus been demanding more
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water than corn. A similar early-season pattern was found
in Year 3 when soil water content was greater beneath the
soybean compared to the IWG when measured in June. By
the end of Year 2 (October), soil water content was greater in
IWG compared to corn. Only in Year 3 did we observe any
differences in soil water content by depth across treatments
(Figure 2). In July, soil water content was greater beneath
IWG compared to soybean at the deepest measured depth of
1,000 mm. This treatment effect was opposite at the 1,000 mm
depth in September, where soil moisture content was greater for
the soybean compared to IWG. Our results do match those from
previous studies. In one comparison of perennial and annual
systems, soil water content beneath Miscanthus and switchgrass
was lower than a corn-soybean rotation earlier in the season, but
the treatment effect flipped later in the season when switchgrass
had higher soil water content (McIsaac et al., 2010). It has also
been observed that soil water content tended to be higher under
annuals than semi-perennials, and that there was less drainage
from semi-perennials and perennials than annuals (Ferchaud
and Mary, 2016). In studies with IWG, researchers have reported
less in soil water content under IWG compared to annual wheat
(Culman et al,, 2013b) and corn (Jungers et al., 2019).

Soil water content can be used to make inferences on
transpiration and drainage, the latter being an important
component of nitrate leaching. The timing and frequency
of our soil water content measurements precluded us from
determining if both treatments had similar ET and drainage
rates. Irrigation at our experiment could also have minimized
our ability to detect differences in soil water content from plant
ET. It is also established that greater root biomass increases
water and nutrient uptake, which could reduce soil water
content (Ehdaie et al., 2010; Matsunami et al., 2012; Carvalho
et al., 2014). In our study, the similar soil moisture contents
observed in the perennial and annual treatments may have been
a function of the low water holding capacity of the sandy soil,
which may have promoted drainage regardless of root biomass.

Grain and biomass yields

Intermediate wheatgrass grain yields at our sandy site were
comparable to previous reports from sites with higher soil
fertility levels. Under similar fertilizer treatments, reported first-
year values range from 763kg ha=! (Zimbric et al, 2020) to
1,089 kg ha~! at sites in Wisconsin (Favre et al., 2019) and from
893 kg ha—! (Jungers et al., 2017) to 1,150 kg ha~! (Fernandez
et al.,, 2020) in Minnesota. Second- and third-year yields tend to
be much lower, typically ranging from 150 kg ha~! (Fernandez
etal., 2020) to 630 kg ha—! (Sakiroglu et al., 2020) in Year 2 and
from 153 kg ha~1 (Jungers et al., 2017) to 371 kg ha=1 (Zimbric
et al,, 2020) in Year 3. Our yields suggest that this soil type and
climate is appropriate for IWG grain and biomass production
with irrigation.
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Forage production is important for profitable IWG systems,
since a major challenge of IWG grain production is the
substantial yield declines in later years of production (Jungers
et al, 2017; Pugliese et al, 2019; Hunter et al., 2020a).
Intermediate wheatgrass biomass yields in this study included
the stems and leaves that were remaining after grain harvest
soon after peak productivity. Biomass harvested at this time,
after physiological maturity, is relatively low in terms of forage
quality compared to IWG biomass harvested at vegetative stages,
but high compared to annual small grain biomass after grain
harvest (Hunter et al., 2020b). Intermediate wheatgrass biomass
yields were similar to those of other reports in Minnesota,
though they were at the lower end of the range. Reported
summer aboveground biomass values include 5,130 kg ha=! in
the second-year and 5,850kg ha~! in the third-year for ING
fertilized at 90 and 134kg ha=! in Wisconsin and 10,600 kg
ha~! for third-year stands in Minnesota (Sakiroglu et al., 2020).
Similarly, summer yields of approximately 6,200 kg ha~! were
reported for first-year monocultures fertilized at 100 kg N ha™!
as urea (Favre et al., 2019). Biomass yields averaged 13,400 to
14,320kg ha~! for control treatments in a management study
fertilized at 56 kg ha™! the previous year (Pinto et al, 2021).
Our results support that understanding that post-grain harvest
biomass yields can be high enough for growers to consider
harvesting for used as feed or straw on the farm or marketed
for an additional revenue stream.

Conclusion

We found that soil solution NO3 -N concentrations were
77-96% lower under IWG than the annual corn-soybean
rotation, even in the unfertilized soybean phase of rotation,
but soil water content was similar. This suggests that the IWG
captured and utilized a greater proportion of soil solution
NOj3 -N, which is also demonstrated by very low residual soil
extractable NO3 -N levels at the end of the experiment relative
to the annual crops. The lower NO3 -N concentrations in soil
solution would be expected to translate to reductions in total
leaching load of a similar magnitude. The increased uptake of
N by IWG was likely facilitated by its greater root biomass,
which was 5.4 times higher than that under the annual system.
Despite the challenges associated with production of IWG on
low-fertility sandy soils, grain yields were comparable to other
locations and the system would likely be profitable in the first-
year for grain alone. Biomass yields would support additional
revenue streams in subsequent years to improve economic
viability, and together our study provides evidence that IWG
could be a good option for coarse textured soils that are prone
to nitrate pollution.
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Living mulch systems can provide multiple agronomic and ecosystem benefits,
including reducing erosion and decreasing weed and pest pressure. However,
inconsistent yields and lack of best practices for weed and pest management
have contributed to their lack of adoption by farmers. In 2018 and 2019,
living mulch practices for organic zucchini (Cucurbita pepo L.) production
were assessed in Wisconsin on certified organic land. Living mulches of Dutch
white clover (Trifolium repens), annual ryegrass (Lolium multiflorum), and a
mix of Dutch white clover and annual ryegrass were compared with full
tillage cultivated ground and straw mulch controls for effect on yield, fruit
marketability, weed and pest counts, and weed management time. Mixed
species living mulch, cultivated, and straw mulch treatments were consistently
higher yielding than clover treatments, while ryegrass had variable results.
No differences were observed in the number of squash bug (Anasa tristis)
egg clusters per plant across mulch treatments, but clover treatments had
fewer adult squash bugs, with ryegrass and mixed species living mulches
also trending lower. Lower counts of striped cucumber beetles (Acalymma
trivittatum) were also observed in living mulch treatments. Ryegrass and mixed
species living mulches were generally more weed suppressive than clover and
cultivated aisles, although living mulch treatments generally had more weeds
than straw mulched aisles, apart from comparable suppression of grass weeds
for ryegrass in 2019. Time required for weed management was greater for the
living mulch treatments than straw, while cultivated treatments took longer to
manage than all other treatments in 2019 and longer than ryegrass and straw
in 2018. Despite higher weed counts in clover than in cultivated aisles in 2019,
all living mulches required less time for weed management than cultivation,
indicating that managing living mulches with mowing can be more efficient
than hand cultivation, even with higher weed counts. Our results support
previous evidence that certain living mulch species may reduce pest and weed
pressure, but also reinforces that living mulch systems can negatively impact
yield depending on species selection and environment.
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Introduction

Weed management is a critical challenge facing organic
farmers and is consistently cited as a priority for further research
(Moynihan, 2010; Jenkins and Ory, 2016). To manage weeds in
vegetable crops, organic growers rely heavily on both mechanical
cultivation and plastic mulches (Jabbour et al., 2016; Brown
and Gallandt, 2018). Plastic mulches can be used to prevent
weed emergence within the planting row where mechanical
and hand weeding may be difficult once the crop establishes.
In addition to their weed suppressive benefits, plastic mulches
provide other positive aspects to the production systems,
including increased soil temperature and moisture retention,
which often contributes to higher yield (Kasirajan and Ngouajio,
20125 Steinmetz et al., 2016). However, plastic mulch systems
also present management challenges, including exacerbation of
erosion due to water runoff into the aisles between beds, which
are usually managed as bare soil with cultivation or herbicide
(Arnold et al., 2004; Rice et al., 2004).

Environmental impacts of runoff and erosion can be
mitigated in plastic mulch systems by planting living cover
crops between the plastic-covered beds (Arnold et al., 2004).
The use of cover crops between rows can also reduce the
long term weed seedbank while providing additional ecological
services (Liebman et al., 1997; Baraibar et al., 2018; Wauters
et al.,, 2021). Cover crops can suppress weeds through direct
competition (Hiltbrunner et al., 2007; Bezuidenhout et al., 2012;
Brustetal., 2014) and by generating residues which can suppress
weed emergence through physical (mulch) effects, release of
allelochemicals, and changes in nutrient dynamics (Teasdale
and Mohler, 2000; Sarrantonio and Gallandt, 2003; Teasdale
et al., 2012). Full season cover crops utilized as living mulches
may also have benefits unique as compared to terminated
cover crop mulches, such as promoting arbuscular mycorrhizal
colonization and enhancing nutrient uptake (Deguchi et al,
2012).

While cover crops are used extensively in organic
production (USDA-NASS, 2019), they are typically terminated
and incorporated prior to planting the cash crop (Magdoff and
Van Es, 2000). Shorter growing seasons in temperate climates,
coupled with diverse, complex, and high value rotations on
vegetable farms, further complicate integration of cover crops
into tillage-intensive production systems of cucurbit growers
in cooler climates (Sarrantonio, 1992; Snapp et al., 2005). The
use of living mulches between plastic-mulched beds provides
an opportunity to integrate cover crops into vegetable systems,
as the cash crop can be grown concurrently with a full season
cover crop while maintaining the benefits of the plastic mulch
within a targeted planting zone (Tarrant et al., 2020).

Adoption of living mulch-based reduced tillage vegetable
systems has been limited partly because of variable or negative
effects on yield (Law et al., 2006; Butler et al., 2013; Reid and
Klotzbach, 2013; Warren et al., 2015; Hinds et al., 2016; Pfeiffer
et al,, 2016), although other studies have shown positive results
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(e.g., Sportelli et al., 2022). The unique interactions of each cash
crop and cover crop contributes to the variability in observed
results, creating challenges in the development of robust best
practices for the diversity of crops produced by organic vegetable
growers (Walters et al., 2011; Brainard et al., 2013). Living mulch
studies focused on cucurbit production have shown inconsistent
impacts on yields, with some indicating potential for equivalent
or higher yields (Nelson and Gleason, 2018; Kahl et al., 2019) and
others showing negative or variable impacts (Nyoike and Liburd,
2010; Hinds et al., 2016).

Choice of living mulch species is important to maximize
weed control benefits of living mulches while minimizing risks
associated with competition (Tarrant et al., 2020). Clovers are a
common choice as their ability to fix atmospheric N provides
fertility benefits and reduces the risk of N competition with the
cash crop (Hartwig and Ammon, 2002). However, clovers also
tend to be slower growing and less competitive against summer
annual weeds (MacLaren et al., 2019). Tarrant et al. tested nine
living mulch species and combinations and found that all living
mulch treatments reduced weed biomass, with weed biomass
negatively correlated with living mulch biomass. In addition,
Tarrant et al. found that all treatments had the potential to
compete with cash crops by lowering soil inorganic nitrogen and
moisture levels within the plastic mulched beds (Tarrant et al.,
2020). However, specific management such as root pruning,
which reduces the depth and biomass of living roots, may
reduce potential for competition (Bath et al., 2008). The drastic
removal of above ground biomass caused by mowing may be
associated with corresponding reductions in root biomass, and
thus reduce competition potential (Liu and Huang, 2002). For
instance, Hinds et al. (2016) found that zucchini yields were
reduced in a living mulch system with sunn hemp (Crotalaria
juncea L.) grown to a height of 45cm, but when the sunn
hemp was managed to a height of 20cm, zucchini yields
were equivalent or greater in the living mulch treatment than
bare ground.

Mulch choice can also affect pest pressure. Two major
pests of cucurbits in the upper Midwestern USA include
striped cucumber beetle (Acalymma trivittatum) and squash
bug (Anasa tristis). As chemical control options for organic
growers are limited, organic growers must integrate cultural
and mechanical methods, such as rotation, exclusion, and
intercropping, in addition to allowable chemical controls to
both effectively manage pest pressure and mitigate the risk
of insecticide resistance (Doughty et al.,, 2016; Haber et al,
2021).

Some studies have shown that living mulch can exacerbate
pest issues (Reid and Klotzbach, 2013), while others have
shown variable or beneficial effects on pest levels (Amirault
and Caldwell, 1998; Nyoike and Liburd, 2010; Grasswitz,
2013; Hinds et al, 2016). For instance, Kahl et al. (2019)
found that cucumber (Cucumis sativus L.) interplanted with
red clover (Trifolium pratense L.) had increased counts of
natural enemies and lower counts of cucumber beetles and
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TABLE 1 Summary of field activities for living mulch management of organic squash, 2018 and 2019.

Date (2018) Date (2019) Activity

May 17 May 15 Terminate fall-planted rye cover crop
May 17 May 17 Application of fertilizer

May 17 May 21 Additional Tillage

May 17 May 23 Application of plastic and straw mulches
May 18 May 23 Seed living mulches

June 6 June 7 Transplant

July 18 and 25; August 8 and 20
July 17 and 25; August 8
July 17 and 25; August 8

July 9 16, 23, and 29; August 6 and 13
June 27; July 8, 16 and 28
June 27; July 8, 16 and 28

Insect counts
Weed counts

Timed weed management

- July 31 Apply pyrethrin pesticide (Pyganic ®)
July 5, 17, 18, and 23; August 2nd, 8, 13, 15, 20 and 27. July 9, 11, 15, 18, 22nd, 24, 26, 29, and 31; August 1, 3, 5and 9 Harvests
TABLE 2 Weather data collected at UW-Madison Arboretum Weather Station, 2018 and 2019.
Time period Total precipitation in cm Average daily temperature in GDDU 50 (deviation from
(deviation from 40 year average) °C (deviation from 40 year 40 year average)
average)
October 2017-February 2018 27.89 (+2.02) —0.7 (4+0.49) 182 (+77)
March-May 2018 33.07 (+7.71) 7.41 (—0.13) 463 (+128)

June-Sept 2018 86.11 (+41.28)

October 2018-February 2019 37.24 (+11.37)
24.05 (—3.53)

58.90 (4+14.07)

March-May 2019
June-Sept 2019

20.57 (+0.95) 2286 (+238)
86 (—19)
259 (—76)

2164 (+116)

—1.13 (40.06)
7.45 (—0.09)
20.28 (+0.66)

reduced melon aphid (Aphis gossypii) pressure, although
spotted cucumber beetle (Diabrotica undecimpunctata howardi)
had a variable response. Grasswitz (2013) found a similar
negative response to interplanting for cucumber beetles,
but saw no effect on squash bug presence, while Nyoike
and Liburd (2010) also found increased natural predator
populations in a buckwheat (Fagopyrum esculentum Moench)
living mulch.

This study expands on previous research on living mulches
in a plasticulture system. We specifically evaluate the effects
of cover crop living aisles [Dutch white clover (Trifolium
repens), annual ryegrass (Lolium multiflorum), and a mix of
Dutch white clover and annual ryegrass] as compared to
control treatments (cultivated management and straw mulch)
on organic zucchini fruit yield, weed and pest pressure, and
weed management time. We tested the null hypotheses that
there would be no effect from aisle mulch in explaining
yield, plant survival, or percent cover. We also tested the
null hypothesis that there would be no significant effect from
or interaction between aisle and date on weed counts, pest
counts, or weed management time, which would indicate
that the mulch treatments performed the same throughout
the season.
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Materials and methods

Site and treatment descriptions

Field trials were conducted at the University of Wisconsin
West Madison Agricultural Research Station on Batavia and
Troxel Silt Loams in 2018 and 2019. Two areas of certified
organic land (43.0734, —89.5474, and 43.0744, —89.5465)
were used for the experiment (following the termination of
a third-year alfalfa stand) and managed in accordance with
the United States Department of Agriculture National Organic
Program (USDA-NOP) regulations (National Organic Program,
2000). Soil organic matter was 3.3% in 2018 and 2.9% in 2019,
and pH was 6.6 in 2018 and 7.2 in 2019. The experiment was
established as a randomized complete block design with four
replications, one row per replication, additional guard rows in
between data rows to separate living mulch treatments (for a
total of 9 rows), and 8 plants per plot at 0.61 m in-row and
2.44 m between-row spacing. Thus, each plot was 5.49 m long by
2.44m wide (Supplementary Figure 1). Aisle mulch treatments
included a cultivated control, ground straw mulch at a rate of
~31T ha~!, Dutch white clover seeded at a rate of 24.64kg
ha~!, and annual ryegrass, seeded at a rate of 101.66 kg ha=1, as
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TABLE 3 Cumulative yield, fruit quality, and survival data of organic zucchini by living mulch treatment.

10.3389/fsufs.2022.995224

Aisle mulch Proportion = Marketable Total fruit Unmark. Proportion = Marketable Total fruit
plant fruit per m per m (SE) fruit per m unmark. fruit per per plant
survival (SE) (SE) (SE) plant (SE) (SE)
(SE)
Cultivated 0.86 (0.061) 15.0 (0.93) ab 22.93 (1.05) ab 7.94 (0.57) 0.26 (0.071) 8.29 (0.51)a 12.8 (0.62)
Straw 0.81 (0.061) 16.0 (0.93) a 23.95 (1.06) a 7.96 (0.57) 0.29 (0.071) 8.13(0.51)a 12.1 (0.62)
Clover 0.83 (0.061) 11.7 (0.93) b 19.84 (1.06) b 8.18 (0.57) 0.28 (0.071) 5.69 (0.51) b 10.6 (0.62)
Ryegrass 0.84 (0.061) 11.8 (0.93) b 20.06 (1.05) ab 8.26 (0.57) 0.31 (0.071) 6.04(0.51) b 10.8 (0.62)
Mix 0.92 (0.061) 12.5 (0.95) ab 20.57 (1.07) ab 8.10 (0.58) 0.23 (0.071) 6.58 (0.51) ab 11.1 (0.62)
Treatment effects
Cov: Stand Ct (numDF/denDF) NA F=21.13, F=20.35, F=2.05,ns NA NA NA
p < 0.0001 p <0.001 (1/23) (1/23)
(1/23)
Aisle Mulch (numDF/denDF) F=048, F=3.6, F=377, F=0.08,ns F=022,ns F =585, F = 2.60,
ns (4/24) p<0.05(4/23)  p<0.05(4/23) (4/23) p < 0.01 (4/24) p <0.1(4/24)
Year (numDF/denDF) F=1223, F=2367, F=3247, F=16.32, F=10.55, F=153.24, F=19551,
ns (1/6) p <0.01(1/6) p < 0.01(1/6) P < 0.01(1/6) p <005 p <0.0001(1/6)  p <0.0001 (1/6)
Aisle x Year (numDF/denDF) F=0.94, F=2.09,ns F=1.01,ns F=10.54, F=10.66, ns F =238, F=1.39,
ns (4/24) (4/23) (4/23) ns (4/23) p <0.1(4/24) ns (4/24)

Columns with the same letter (or no letter) were not significantly different across mulch treatments and years p < 0.05. Lowercase letters indicate significance groupings for the simple

main effect of living mulch treatments, with a p-value adjustment using the Tukey method for comparing a family of estimates.

well as a mix of the two seeded at a rate of 15.57 kg ha~! Dutch
white clover and 31.37 kg ha~—! annual ryegrass.

Field activities

Field activities are summarized in Table 1. Cereal rye (Secale
cereale) rye was seeded throughout the entire study area
with a Landoll grain drill (Landoll Corporation, Marysville,
KS) at a rate of 127kg ha~! on September 25, 2017 and
September 27, 2018, 2-3 weeks following the termination of
a third-year alfalfa stand with a Brillion Super Soil Builder
Disk Chisel (Brillion Iron Works, Brillion, WI). The following
spring, rye was terminated through tillage with a Case IH
JX65 tractor with 65 horsepower (Case IH, Racine, WI) with a
PTO driven Land Pride RTA3576 tiller with a 1.83 m working
width (Land Pride, Salinas, KS). One tillage event was adequate
to terminate the rye in 2018, but a second tillage event was
required in 2019. Fertilizer was broadcast applied according
to University of Wisconsin-Madison Division of Extension
recommendations (Laboski and Peters, 2019) based on soil test
results, and was incorporated with an additional rototilling.
Plastic mulch (1.22m wide) and drip irrigation was applied
in planting strips with a Mechanical Transplanter Model 85
mulch layer (Mechanical Transplanter Company, Holland, MI),
ground winter wheat straw mulch was applied by hand for
check plots and living mulch treatments were seeded by hand
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and lightly incorporated by raking. Three-week-old “Dunja
F1” zucchini summer squash (Cucurbita pepo) transplants
grown in 50 cell trays were hand transplanted. Drip irrigation
placed under the mulch was applied as needed throughout
the season.

Weeds were categorized as broadleaf or grass weeds and
counted within four randomly placed 0.25 m? quadrats (two
each side of the data row, n = 16 per treatment at each
date) within 24 h prior to timed manual weeding. Weeds were
removed manually within the ground straw treatment and
with stirrup hoes supplemented by additional hand weeding
on the shoulders of beds to avoid tearing plastic within the
cultivated treatment. Living mulch treatments were managed
by mowing with a Simplicity 13.5 hp walk-behind brush hog
(Simplicity Manufacturing, Port Washington, WI) with a 15cm
blade height, supplemented by additional hand weeding to
avoid weeds reaching reproductive maturity. Total weeding
time (for a single person) required for weed management
after the planting of the cash crops was recorded separately
for each treatment at each weeding event (n = 4 per
treatment at each date). Weeding data was taken either
when weed pressure necessitated weeding, as determined by
weeds approaching flowering or being above 30 cm, or when
ryegrass or mixed species living mulches needed mowing, as
determined by ryegrass being above 30 cm. Cucumber beetle,
squash bug egg clusters, and adult squash bugs per plant
were counted as close to a weekly basis as possible (n =
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indicate groupings for year across mulch treatments year at p < 0.05.

Yield of marketable and unmarketable fruit m~* of organic zucchini grown using cover crop living mulches, 2018 and 2019. Uppercase letters
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TABLE 4 Final cumulative counts of striped cucumber beetle, squash bugs and egg clusters in 2018 and 2019 on organic zucchini plants by living

mulch treatment.

Aisle mulch Cumulative cucumber beetles Cumulative egg clusters per m Cumulative squash bugs per
per m (SE) (SE) m (SE)

Cultivated 1.41 (0.20) ab 4.10 (0.51) 1.95(0.15) a

Straw 1.85(0.20) a 3.74 (0.51) 1.97 (0.15) a

Clover 0.54 (0.20) ¢ 3.08 (0.51) 0.38 (0.15) b

Ryegrass 0.46 (0.20) ¢ 3.38 (0.51) 0.95 (0.15) ab

Mix 0.62 (0.20) be 3.15 (0.51) 0.54 (0.15) ab

Treatment effects

Aisle mulch (numDF/denDF) F=9.93,p < 0.001 (4/24) F=0.69, ns (4/24)
Year (numDF/denDF) F=30.12, p < 0.01 (1/6) F=28.40, p < 0.01 (1/6)
Aisle x Year (numDF/denDF) F=9.18,p < 0.001 (4/24) F=0.32, ns (4/24)

F=4.26,p <0.01 (4/24)
F=1.66,ns (1/6)
F=0.30, ns (4/24)

Columns with the same letter (or no letter) were not significantly different across mulch treatments and years at p < 0.05.

Lowercase letters indicate significance groupings for the simple main effect of living mulch treatments, with a p-value adjustment using the Tukey method for comparing a family

of estimates.

32 per treatment at each date), but were reported as per m 2.5 days in 2019. In each plot, the plant stand count was
of row for easier translation to field scales, with 1.64 plants recorded and all squash of adequate size were harvested and
per m. sorted by quality as marketable or non-marketable. Fruit was

Squash was harvested when fruit had reached marketable counted as unmarketable if it showed visible evidence of rot,
maturity at >15 cm, averaging every 6 days in 2018 and every insect damage, surface blemishes, or was misshapen. Fruit was
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indicate groupings for year across mulch treatments.

Cumulative cucumber beetles m~! on organic zucchini plants grown using cover crop living mulches, averaged across 2018 and 2019.
Treatments with the same lowercase letter (or no letter) were not significantly different within the same year at p < 0.05, while uppercase letters

counted as marketable if firm and had smooth, unblemished
skins. Due to early season squash bug pressure in 2019, pyrethrin
(PyGanic®,Sumit0mo Chemical, Chuo City, Tokyo, Japan) was
applied once on July 31.

Data analysis

Data was analyzed in R [Rapp GUI 1.4 “Juliet Rose”
(df86b69e, 2021-05-24),
Computing, 2021]. Analysis of Variance (ANOVA) for data such
as yield, marketability, survival, weed management time, and

© R Foundation for Statistical

pest counts were done using the Ime() function in the “nlme”
package (Pinheiro et al., 2022) using the following model:

Yig=n+ Aj + Bjgiy + Mg + Sk(,-,-) + SP; + (AM) 1 + €ijk

where Yjj; is the observation for the i year, jt" block, and kth
aisle mulch treatment, A; is the fixed effect of the ith year (i =
2018, 2019), Bj(,-) is the random effect of the jth block nested
within the ith year (j = 1, 2, 3), My is the fixed effect of the
kth aisle mulch treatment (k = cultivated, straw, clover, ryegrass,
or mix), (AM); is the effect of the interaction between the i
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year and k™ aisle mulch and €ijk is the residual error associated
with the observation for the ith year, jth block, and Kt aisle
mulch treatment.

Pest counts, harvest counts, and weed management time
were transformed to cumulative counts per plot, with only
the final cumulative count analyzed to meet assumptions
of independent observations and improve assumptions of
normality and equality of variance due to the large amount of
zeros in the raw data. Use of cumulative counts and time was
also chosen because the focus was on the cumulative impact of
pests and weed management time, and total harvest potential in
relation to mulching strategy, rather than prevalence of pests,
weed management time, and harvest over time in relation to
informing management decisions during the season. Analysis
for weed counts included an additional subsampling error term
Ym(kjity Which was the random effect of the mth subsample
where m = 1, 2, 3, 4 subsamples for weed counts. Since survival
rate was not associated with aisle mulch treatment yield m~!
analyses also included a covariate of stand count, SXjj; where 8
is the slope of the covariate of stand count X within the i year,
jth block, and kth aisle mulch treatment.

Normality and equality of variances were checked visually
with standardized residuals vs. fitted value plots and normal
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FIGURE 3

Cumulative squash bug egg clusters m~! on organic zucchini plants grown using cover crop living mulches, 2018 and 2019.

QQ plots, respectively, (R Core Team, 2022). Right skewed
weed count data for each ANOVA for a given dependent
were transformed with log(x + 1) when necessary to improve
assumptions of normality and equality of variances. 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 (Lenth, 2022), which is also how
estimated marginal means for tables were obtained. 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

The winter and spring months leading into the 2018
growing season experienced slightly more precipitation than
average and close to average temperatures with the accumulation
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of more growing degree day units (GDDU) than normal,
providing an environment conducive to greater cereal rye
biomass accumulation as compared to 2019, which experienced
a particularly cold, wet winter and a cool, dry spring (Table 2).
Both 2018 and 2019 experienced more 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 (MRCC, 2021).

Plant survival and fruit yield and quality

Average survival rates across both years ranged between 81%
for straw mulch and 92% mixed species living mulch treatments,
but was not significantly impacted by aisle mulch treatment,
year, or an interaction between the two (Table 3).

Because variation in the proportion of plants that survived
was observed which would affect yield m™L, but aisle mulch
treatments themselves did not affect this proportion, the
proportion of plants surviving was used as a covariate, which
had a significant effect on both cumulative marketable fruit and
total fruit, but not on unmarketable fruit.

Year influenced all yield response variables. Aisle mulch
affected marketable and total fruit m~! but did not affect
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unmarketable fruit counts m~! or the proportion of fruit that
were unmarketable (Figure 1). Aisle mulch was also significant
for marketable fruit plant™! but not total fruit plant™!
(Supplementary Figure 2). Both fruit m~! and fruit plant™!
were analyzed since the surviving plant population ranged from
50 to 100% survival. On a m~! basis, straw mulch treatments
out yielded clover treatments for both marketable and total
fruit, and the ryegrass treatment for marketable fruit. On a
plant™! basis, both the straw mulch and cultivated treatments
yielded more marketable fruit than clover or ryegrass treatments,
while the mixed species living mulch treatment was similar to
both groups.

Insect pest pressure
There was a significant year x mulch interaction for

1 (Table 4).
Although cucumber beetle pressure was negligible in 2018

cumulative number of cucumber beetles m™
and there were no differences between treatments, clear

differences were evident during the 2019 season. Cultivated
and straw mulch treatments resulted in higher cucumber
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beetle counts m~! than the clover or ryegrass treatments,
while the mixed species living mulch treatment resulted
in lower cucumber beetle counts as compared with the
straw mulch treatment but was not different from other
living mulch treatments (Figure 2). The cumulative number

1 was not affected by aisle

of squash bug egg clusters m™
mulch, although more egg clusters were observed in 2019
as compared to 2018 (Figure3). In contrast, the number

of adult squash bugs m~!

was affected by aisle mulch
but not year (Figure 4), with clover having lower counts as
compared to straw or cultivated treatments. Both ryegrass and
mixed species cover crop treatments were not different from

either group.

Living mulch cover

A significant year x aisle mulch interaction was observed
for living mulch percent cover (Figure 5). Whereas, in 2018
ryegrass had lower coverage than both other living mulch
treatments and the mixed species living mulch in turn had
lower coverage than the clover treatment, in 2019 only the
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FIGURE 5
Percent ground cover provided by living mulch treatments, 2018 and 2019. Lowercase letters indicate significance groupings for mulch
treatments within a given year, while uppercase letters indicate significance groupings for year across mulch treatments. Treatments that share
the same letter are not significantly different at p < 0.05.

mixed species had less coverage than the clover treatment,
and the ryegrass was not different from either group.
Overall, percent cover was lower in 2018 than 2019, and
across both years clover clearly had the best soil coverage
at 90%, while the mixed species living mulch had lower
cover at 79% and ryegrass averaged the lowest coverage
at 59%.

Weed populations and management time

A significant year x aisle mulch interaction explained
the amount of total, broadleaf, and grass weeds (Figure 6
and Table 5). Across both years, the straw mulch resulted
in lower weed counts than other treatments, except for
ryegrass for grass weeds, where it performed similarly.
For total and grass weeds, the clover resulted in greater
weed numbers than all other treatments, and the cultivated
treatment resulted in greater weed numbers than ryegrass
Broadleaf
weed numbers were similar among all treatments except

and mixed species living mulch treatments.

straw mulch.
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Despite its notably higher weed numbers, the clover
treatment required less time for weed management than
cultivated aisles. The mixed species living mulch required a
similar amount of weed management time as compared to the
clover treatment, despite having fewer weeds. Straw mulch and
ryegrass required less weed management time than all other
groups (Figure 7).

Differences in weed management time relative to the
quantity of weeds may have been influenced by different
field crews in different years, although during a specific weed
management event, the same crew member always weeded the
entirety of a given block across treatments.

Discussion

Previous research demonstrated variable or negative impacts
on yield when cucurbit species were produced using living
mulch systems (Nyoike and Liburd, 2010; Hinds et al., 2016),
although some limited results demonstrated a mitigation of yield
losses when plastic mulch was laid within the planting row
(Nelson and Gleason, 2018; Kahl et al., 2019).
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TABLE 5 Least square means of cumulative weed counts and management required for organic zucchini plots grown using living mulch treatments.

Aisle mulch

Cultivated

Straw

Clover

Ryegrass

Mix

Treatment effects

Aisle Mulch (numDF/denDF)

Year (numDF/denDF)

Aisle x Year (numDF/denDF)

Total weed Ct
per. 25 m?
(SE)

8.88(0.083) b
0.48 (0.083) d
12.49 (0.083) a
2.72(0.083) ¢
3.00 (0.083)

F = 98.60,
p < 0.0001 (4/24)
F=49.49,

p < 0.0001 (1/6)
F=17.93,p < 0.001
(4/24)

Grass weed Ct

per. 25 m?
(SE)

5.82 (0.084) b
0.23 (0.084) d
9.27(0.084) a
0.85 (0.084) cd
1.13 (0.084) ¢

F=121.03,
p < 0.0001 (4/24)
F =47.95,

p < 0.001 (1/6)
F=20.04,

p < 0.0001 (4/24)

Broadleaf
weed Ct per.
25 m? (SE)

3.04(0.075) a
0.20 (0.075) b
3.22(0.075) a
1.88 (0.075) a
1.88 (0.075) a

F=124.14,
p < 0.0001 (4/24)
F=18.55,

p <001 (1/6)
F=432,p <001
(4/24)

Total Weeding
time, hrs per
ha (SE)

2643 (13.3)a
82.8(13.3) c
238.6(13.3) b
134.0 (13.3)
198.9 (13.3) b

F=53.36,
p < 0.0001 (4/24)
F=5221,

p < 0.0001 (1/6)
F=3843,

p < 0.0001 (4/24)

Living mulch
percent cover
(SE)

90.34% (1.62) a
59.12% (1.62) ¢
78.96% (1.62) b

F=5487,
p < 0.0001 (2/12)
F=9.20,p <0.05
(1/6)
F=1939,
p <0001 (2/12)

Columns with the same letter were not significantly different across mulch treatments and years at p < 0.05. Lowercase letters indicate significance groupings for the simple main effect of
aisle mulch, with results averaged across blocks, dates, and samples and a p-value adjustment using the Tukey method for comparing a family of estimates.
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FIGURE 8

without any particular disease identifiable as the cause.

Photograph of organic zucchini plants grown in living mulch treatments, 2019. Note that the particularly stunted and yellowed plant in the
foreground mixed species living mulch plot was afflicted with fusarium wilt, whereas in many other living mulch plots the plants were yellowing
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Our results reinforce the risk of reduced yield in living mulch
systems, with lower marketable yield in treatments using clover
and annual ryegrass as a living mulch as compared to managing
the aisles using cultivation or straw mulch. However, using the
mixture of annual ryegrass and clover performed comparably
to the more standard management practices of cultivation and
straw mulch. Management practices to reduce the potential for
competition between cover crops and cash crops, such as the
regular mowing of living mulches to a height of 15cm (Bith
et al., 2008; Hinds et al, 2016), and the management of the
planting strip using plastic mulch (Nelson and Gleason, 2018),
did not fully mitigate reduced yields in our study. While low
mowing has the potential to result in reduced competition or
mitigate cash crop yield loss (Liu and Huang, 2002; Hinds et al.,
2016), future studies could compare mowing with mechanical
root pruning, which has also been suggested as a practice to
reduce living mulch competition with cash crops (Bath et al.,
2008).

Frontiersin Sustainable Food Systems

Our results supported previous studies suggesting potential
benefits of living mulches for reducing pest pressure (Nyoike
and Liburd, 2010; Grasswitz, 2013; Kahl et al., 2019). However,
our results should be interpreted in the context of relatively
low overall pest pressure, apart from early season squash bug
pressure in 2019, which was high enough that we chose to
apply pyrethrin once in order to ensure enough marketable
harvest data. In addition, the relatively small plot size may have
introduced more noise due to the mobility of the pests evaluated
in this study.

In contrast to Grasswitzs observation that living mulch
systems resulted in greater squash bug pressure as compared to
standard management, our results showed no clear differences
between management approaches for the numbers of squash bug
eggs. However, the lower numbers of adults resulting from the
use of living mulch cover crops observed in our study could
be due to increased natural predators in living mulch systems
(Nyoike and Liburd, 2010; Grasswitz, 2013; Kahl et al., 2019),
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although reduced plant health or N content in living mulch plots
could also have caused pests to prefer control treatments (Mauck
etal., 2010). Given the prevalence of plastic mulch for producers,
future studies could investigate whether the same mechanism
of increased predator populations might be responsible
for reduced pest pressure in plasticulture systems with
living mulch.

Our results also support previous research indicating
that clover does not adequately suppress weeds during the
establishment year (MacLaren et al., 2019; Tarrant et al., 2020).
Soil coverage by the cover crop, a potential indicator of
light competition (Place et al, 2011), did not appear to be
the significant driver of reduced weed counts in our study,
given that clover resulted in a higher percent coverage than
ryegrass or the mixed species treatments but still had higher
weed counts. The clover treatment also had a consistently
lower yield m~!. As compared with the cultivated control,
ryegrass reduced weed counts both years, but still yielded fewer
marketable fruit. The mixed species performed best out of
the living mulch treatments, with weed control comparable
to ryegrass and yields equivalent to the cultivated and straw
mulch controls.

The use of annual ryegrass and an annual ryegrass/clover
mix resulted in better weed suppression as compared to a clover
cover crop alone. Results from Tarrant et al. (2020) suggest that
both ryegrass and clover have the potential to reduce soil nitrate
and moisture within the cash crop row relative to cultivated
controls, supporting the negative impacts on yields observed in
both treatments in our study. Anecdotally, chlorosis was visible
in living mulch treatments in 2019 (Figure 8), suggesting that
nutrient competition between cash and cover crops may have
contributed to reduced yields. Lower N content in the cash crop
grown with living mulches may also have resulted in reduced
pest preference for those plants, while on the other hand poor
plant health can also reduce tolerance to pests (Magdoff and Van
Es, 2000; Altieri and Nicholls, 2003).

Given the equivalent proportions of unmarketable fruit,
benefits for pest control, and even comparable weed control
in ryegrass as compared to straw mulch, future studies
could address the potential of nutrient and water resource
competition as a possible driver of reduced marketable fruit
yields in living mulch cucurbit systems. Analyzing nutrient and
water status of both cash crop and cover crops and testing
supplementary fertilizer, such as has been done in other crops
(e.g., Fracchiolla et al., 2020 or Warren et al., 2015), may help
understand the role of cover crop competition in reducing cash
crop yield.

In one of the two years of our study, managing the aisle
as bare ground required significantly longer weed management
time as compared to managing the aisles using any of the
cover crop treatments. Similar to the observation of Butler
et al. (2013) that a single mowing event is not adequate to
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eliminate some weed species’ reproductive capacity, the greatest
proportion of the weed management time required for living
mulch treatments was in additional hand weeding to remove
weeds not terminated completely by the mower. Anecdotally,
most of the hand weeding required was found outside of the
mower management zone, either below the mower deck, or
at the shoulders of the bed underneath the more mature cash
crop canopy encroaching into the aisle. However, all treatments
were weeded completely clean at each weeding event to create
equivalent conditions between the living mulch treatments and
the bare cultivated control. In a more practical circumstance,
farmers may have a higher tolerance for weed pressure,
in which case simply mowing the living mulch treatments
may suffice.

Clover had higher weed counts than cultivated aisles in
2019, yet required less management time, indicating the use
of mowing as a management tool in living mulch treatments
likely hindered weed growth, thus contributing to reduced
impact of higher weed counts in 2019 as compared with
2018. Despite significantly higher weed counts in 2019 as
compared to 2018 across all mulch treatments, only the
cultivated treatment took longer for weed management in the
second year, whereas straw and living mulches had equivalent
management times between years. Our results suggest that
alongside traditional organic and plastic mulches, living mulch
managed with mowing has potential to mitigate some of
the increased management time associated with very weedy
conditions, whereas in less weedy conditions they may take
longer to manage than traditional options like straw mulch
or cultivation.

Conclusions

This study contributes to our further understanding of
effects of living mulch on weed and pest pressure, with the
system demonstrating potential for agroecosystem benefits
but variable impacts on cash crop yield. Further research
over multiple years, across multiple environments and with
additional crops will contribute to our understanding of the
system’s performance across organic vegetable farms. While
pest pressure was low during both years of our study,
production environments experiencing greater pest pressure
may benefit more from the use of living mulches. However,
to reduce the risk associated with the adoption of these
practices, future research should address potential economic
and management considerations such as weed management
thresholds, supplementary weed management methods. It is
also important to investigate the competition potential between
cover crops and cash crops, how nutrient status influences
pest preference, specific causes of unmarketability, and yield
response to supplementary fertilizer.
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Rapid improvement in soil
health following the conversion
of abandoned farm fields to
annual or perennial
agroecosystems

Lucas A. Chamberlain'?, Teresa Aguayo®, Nyree J. C. Zerega'?,
Ray Dybzinski* and Louise M. Egerton-Warburton®2*

!Plant Biology and Conservation, Northwestern University, Evanston, IL, United States, ?Chicago
Botanic Garden, Negaunee Institute for Plant Conservation Science and Action, Glencoe, IL,
United States, *Department of Biology, Missouri State University, Springfield, MO, United States,
4School of Environmental Sustainability, Loyola University Chicago, Chicago, IL, United States

Incorporating perennial crops into agroecosystems has been shown to
mitigate soil degradation and improve soil health by enhancing soil aggregation
and soil organic carbon (SOC) accrual. However, our understanding of the
ability and timeframe for perennial crop systems to build soil health within the
context of conversion from abandoned crop land remains limited. Here, we
examined changes in soil health in the first year following the conversion of an
abandoned crop field into an agroecosystem planted with various treatments,
including: novel perennial grain (intermediate wheatgrass, IWG; Thinopyrum
intermedium), IWG/ alfalfa biculture, forage grass, tallgrass prairie, or annual
wheat. We analyzed factors considered central to the concept of mitigating soil
degradation to improve soil health (soil aggregation, aggregate organic carbon
(OCQ), bulk SOC) and their soil biological and physicochemical correlates
throughout the first growing season. Comparisons between treatments
showed that both annual and perennial treatments rapidly and significantly
improved soil health metrics including aggregation, aggregate stability, and OC
levels compared to pre-conversion conditions. Such increases were positively
correlated with the abundance of arbuscular mycorrhizal fungi (AMF hyphae,
root colonization), labile SOC and microbial activity. Notably, IWG/ alfalfa
biculture resulted in significantly higher levels of macroaggregate OC in
comparison to other treatments, including tallgrass prairie, supporting the
potential of perennial grasses to contribute to soil carbon gains. Overall, the
conversion of this abandoned land to an agroecosystem produced rapid and
substantial increases in soil health in the first year after planting.

KEYWORDS

agroecosystem, intermediate wheatgrass, soil organic carbon, soil aggregation,
arbuscular mycorrhizal fungi
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Introduction

Agricultural practices have contributed to widespread
soil degradation by contributing to nutrient loss, erosion,
salinity, and compaction and by reducing carbon storage
(Lal, 2015). In response, there has been a push to adopt
management practices that minimize soil physical disturbances
(e.g., no-till), maximize surface coverage (e.g., cover crops),
stimulate biological activity (e.g., organic amendments), and use
polycultures or perennial crops to regenerate ecosystem services
(Sprunger and Robertson, 2018). Of these, planting perennial
crops or polycultures is expected to produce soil health benefits
comparable to native ecosystems such as enhanced soil stability
and increased water and nutrient cycling (Glover et al., 2010;
Syswerda et al., 2012; Pugliese et al., 2019; Ledo et al., 2020),
but this is not always the case (Johnson et al., 2021). These
benefits are largely driven by soil organic carbon (SOC), a factor
considered central to the concept of soil health (Biinemann
et al., 2018). Establishing perennial crops on agricultural lands
can rebuild SOC stocks by 19-39%, especially in the upper
soil layers (Post and Kwon, 2010; Ledo et al., 2020), and on
short time-scales (within two years; Sprunger and Robertson,
2018; Peixoto et al., 2020). The deep, extensive root systems
of perennial species may also create significant subsoil C pools
(>2mdepth). Peixoto et al. (2020) reported that perennial crops
allocated substantial amounts of fresh root residues and exudates
to subsoils (3.6 m deep). In turn, the substrates were metabolized
by soil microbial communities and transformed into microbial
necromass, a contributor to C stabilization.

Besides C inputs, soil aggregate dynamics influence SOC
accrual and thus soil health (Totsche et al., 2018). For example,
macroaggregates (>250 pm diameter) are formed as transient
organic binding agents (e.g., fine roots, microbial mucilage,
arbuscular mycorrhizal fungal (AMF) hyphae) enmesh and bind
soil particles and organic matter (Jastrow et al,, 2007). Over
time, the plant and microbial residues within macroaggregates
become encrusted onto mineral surfaces, humify, and condense
to form stable organic C (OC)-rich microaggregates (20-250 pm
diameter) that contribute to decadal—to century—scale SOC
sequestration (Jastrow et al, 2007). Perennialization is thus
expected to increase the abundance of macroaggregates and
macroaggregate OC in the short-term (Chivenge et al., 2011),
and microaggregate OC and SOC pools in the longer term (Virto
et al., 2012; Novelli et al., 2017).

At the same time, there is increasing recognition that
above- and below-ground components of ecosystems are closely
linked (Kardol and Wardle, 2010). For example, plant species
may differentially influence soil physicochemical properties
including pH, organic matter content, soil structure and
microclimate as well as the quality and quantity of root litter and
the supply of C to root symbioses (e.g., mycorrhizas, and root
exudates that support rhizosphere microbes) (De Deyn et al,
2008). In addition, root growth differs among species (Bergmann
et al, 2016) and may physically alter the soil structure to
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create various physical and metabolic microhabitats (Freschet
et al., 2021). Plant species identity may thus be an important
consideration in regenerating soil health.

Perennial grasses show promise in land regeneration efforts.
One emerging perennial grass species, Thinopyrum intermedium
(Host) Barkworth and D.R. Dewey [intermediate wheatgrass
(IWG), Kernza®], has the potential to rapidly enhance soil
health. In crop fields, studies have reported that IWG may
rapidly improve soil quality (Culman et al,, 2010, 2013), SOC
gain (Sprunger et al, 2017, 2019; Sprunger and Robertson,
2018), and water quality (Culman et al., 2013) in comparison to
annual wheat (Triticum aestivum L.), but not always (Syswerda
et al., 2011; Sprunger et al.,, 2018). IWG may have a similarly
large potential for regenerating abandoned and/or degraded
lands. However, the relative importance of IWG and its
interaction with factors at local scales is poorly understood,
thereby limiting quantitative predictions of how perennial crops
could reverse land degradation.

To address this knowledge gap, we converted an abandoned
old field to replicated plots containing IWG (monoculture
or biculture with alfalfa—Medicago sativa L.), annual wheat,
forage grasses, and tallgrass prairie. Over the first growing
season, we measured the abundance of water-stable aggregates
(WSA), aggregate and bulk SOC content, and soil biological
and physicochemical variables that are expected to contribute to
variations in WSA and SOC. Our goals were to: (1) investigate
the role of crop type in soil aggregate stability and OC accrual
in a newly-established agroecosystem on abandoned land, (2)
identify the abiotic or biotic factors that enhanced the formation
of water-stable (macro) aggregates, and (3) use these data to test
the hypothesis that planting IWG in abandoned fields produces
(a) increases in soil health factors that are comparable to those
of a perennial tallgrass prairie restoration and (b) more rapid
and substantial increases in soil health than those produced by
annual crops (wheat, forage grasses).

Materials and methods

Study site and experimental design

The study was conducted in Mettawa, IL (42°14’ N, 87°55’
W; 191 m a.s.l.) in a field that had last been used for agriculture
and pasture ~30 years ago and then abandoned (W. Kurtis;
personal correspondence). Since then, the site was mowed
several times each year and occasionally used to park cars.
The area has a temperate, humid mid-continental climate with
average annual minimum and maximum daily temperatures of
4.61°C and 15°C respectively (1991-2020, NOAA), and average
annual precipitation is 1003.55mm, the majority of which is
deposited throughout the growing season (April-October). The
soils belong to the Nappanee and Montgomery series and are
described as deep, somewhat poorly drained silty clay loams with
moderate shrink-swell potential (USDA-NRCS, 2019). Prior to
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conversion, the plant community comprised a mix of native and
non-native grasses and forbs, including some aggressive weeds
(Supplementary Table S1).

In 2018, the field was treated with two applications
of herbicide (Roundup®, active ingredient glyphosate,
C3HgNO5P~2). The first application (July) cleared the field of
existing plants, while the second (August) reduced emergent
weeds from the seedbank. Both applications were applied at a
rate of 0.95 liter per acre. During the first week of September
prior to planting, the field was rototilled to bare soil to a depth of
~30 cm. The experimental area is ~100 x 30 m and is oriented
North-South (Supplementary Figure S1). The relief of the field
varies slightly (4 m) and is higher in the south than the north.
We initially established 30 plots, each 9 x 9 m, with a 1 m buffer
strip around each plot. However, six plots within the northern
section of the experimental area were regularly inundated by
flooding and therefore removed from the experiment.

We used a randomized block design to account for
stochastic effects of slope and spatial heterogeneity across the
site (Supplementary Figure S1). We created four blocks, each
comprising six plots, that were assigned to one of the following
treatments: Thinopyrum intermedium (IWG-TLI 801) provided
by The Land Institute, IWG- alfalfa biculture (cv “Kansas
Common”; The Land Institute), wheat (Organic Soft Red
Winter, LCS 3334; Albert Lea Seed, Albert Lea MN), forage grass
(Organic Hay Mix; Albert Lea Seed, MN), or tallgrass prairie
(detention basin seed mix; Prairie Moon Nursery, Winona
MN). Species’ lists for the forage grass and tallgrass prairie
treatments are listed in Supplementary Table S2. One plot in
each block was left as fallow (5 treatments + 1 fallow = 6
plots per block). For IWG and alfalfa, seeding rates followed
The Land Institute’s recommendations. For forage grass, annual
wheat, and the prairie mix, seeding rates followed the suppliers’
recommendations. The seeding rates were 16.82 kg/ha for IWG
and alfalfa; 28 kg/ha for the forage grass; 22.40 kg/ha annual
wheat; and 10.52 kg/ha for the prairie mix.

Seeding of row-crop treatments (IWG, IWG biculture,
annual wheat) was initiated in September 2018 using an
EarthWay Precision Garden Seeder (EarthWay Products, Bristol
IN) at 1.5-2cm depth. Each plot contained 29 rows with
30-cm of inter-row spacing; rows were oriented North-South.
Plots containing non-row-crop treatments (forage, prairie)
were hand-broadcast atop snow in November 2018. Grass
seed (“Sunny Mix”; Main St. Seed and Supply, Bay City MI)
was sown within buffer strips in April 2019 to limit weed
emergence. Weeds were managed periodically in row-crop
plots using a wheel-hoe and hand weeding, buffer strips were
mowed as needed, and none of the plots received supplemental
watering, fertilization, or pesticides from the time of seed sowing
until harvest.
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Soil sampling

In our site, sampling with a soil corer resulted in compressed
soil plugs, and the destructive removal of plugs from the
corer altered aggregate abundances. To avoid these problems,
samples were collected using a modification of the spade method
(Fernandez-Ugalde et al.,, 2020). A V-shaped hole was dug to a
depth of 15cm using a clean trowel and a slice of soil (~3-cm
thick) was taken parallel to one of the sides of the hole with the
trowel. Samples were collected to 15 cm depth to detect the most
rapid transitions in soil aggregation and SOC accrual (Matamala
et al., 2008).

Pre-treatment soil samples were collected in Spring 2018
from 20 points distributed across the experimental area; these
points roughly corresponded to all blocks and most treatment
plots. At each point, three soil samples separated by at
least 50 cm were collected, pooled and gently mixed in a
4.5-liter Ziploc™ bag to create one composite bulk sample
per point.

In the 2019 growing season, samples were collected three
times to coincide with the early plant growth (June), vegetative
growth (July), and seed-set in IWG (August). Within each plot,
we marked out a central 5 x 5m area for sampling to reduce
edge effects. We collected eight soil samples across two transects
within the marked-out area, i.e., one sample every 1.2m. The
eight samples were then pooled in a 4.5-liter Ziploc™ bag
to create one composite sample per plot. After collection, the
samples were stored in coolers and transported back to the
laboratory. Each soil sample was passed through an 8-mm sieve
to remove coarse debris and gently homogenized. A sub-sample
of fresh soil was removed from each bag for analysis of labile
SOC and microbial activity (see Soil analyses) and gravimetric
soil moisture, expressed as percent difference in weight between
field moist and oven dried soils (90°C, 48h). The remaining
soil was air-dried and stored at room temperature (23°C) before
analysis for soil physical properties (texture, WSA), SOC, pH,
nutrient levels (inorganic N, P), and AMF hyphal length and
AMEF colonized of fine roots.

Soil analyses

Soil texture was determined using the micropipette method
(Miller and Miller, 1987). Overall, soils across the experimental
site comprised 25% sand, 62% silt, 13% clay, which is texturally-
classed as a silt loam (USDA-NRCS, 2019). Soil aggregates were
extracted from each sample using slaking and wet sieving on a
set of nested sieves: 2000 jum (large macroaggregates; >2000 pm
diameter), 250 pm (small macroaggregates; 250-2000 jum), and
53 pm (microaggregates, 53-250 pum; Tisdall and Oades, 1982).
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Aggregate fractions on each sieve were dried (80°C) for 48 h and
weighed, and aggregate stability calculated as the mean weight
diameter (MWD; Kemper and Rosenau, 1986).

Inorganic N and P were extracted in deionized water
(I: 10 w/v, soil: water; pH 6.8) by vigorous shaking for
30 min. Extracts were filtered and analyzed colorimetrically
on a microplate spectrophotometer (Biotek Epoch, Winooski,
VT) using the vanadium reduction method for NO3 (Doane
and Horwdth, 2003), phenol-hypochlorite method for NHy
(Weatherburn, 1967), and the malachite green method for
POy4 (Baykov et al., 1988). Soil pH was measured in 1:5 soil:
water (v/v) using a pH probe (Fisher Scientific). SOC was
measured on finely ground bulk soil samples and aggregate
fractions by combustion using a Leco TruSpec™ CN Elemental
Analyzer (Leco Corp., St. Joseph, MI). Bulk SOC values are
expressed as % soil dry weight. Aggregate fractional OC was
corrected for sand content and expressed a grams OC per
kg soil.

Two methods were used to quantify AMF abundance. First,
AMF external hyphae were extracted in 5% (w/v) sodium
hexametaphosphate and filtered onto gridded membrane
(Jakobsen et al, 1992), and viewed and scored using a
Leica DMLB LB30T microscope (400x mag). Glomeromycotan
hyphae were quantified over 50 fields of view for each sample,
and AMF hyphal length was calculated using the method of
Newman (1966). We defined AMF hyphae as non-septate or
irregularly septate hyphae with characteristic unilateral elbow-
like projections; all other hyphae were categorized as non-
AMF hyphae. Second, we quantified AMF colonization in fine
roots. Fine roots were manually picked from each soil sample,
washed to remove adhering soil and then stained using methods
described by Koske and Gemma (1989). Stained root samples
were mounted in polyvinyl alcohol-lactic acid-glycerol (PVLG),
and viewed and scored on a Leica DMLB LB30T florescence
microscope (400x magnification) for AMF root colonization
using the line intersect method (Tennant, 1975). Fifty fields
of view were examined in each sample for the presence or
absence of fungal structures unique to Glomeromycota (hyphae,
vesicles, arbuscules, and coils) as well as saprophytic fungi.
Counts were converted to percentage of root length colonized
by AMEF structures.

Microbial activity was determined from the flush of CO;
following the addition of labile C source (sucrose) to field
moist soils (i.e., substrate induced respiration, SIR; Degens
and Harris, 1997) and analyzed by the NaOH trap-titration
method (Franzluebbers, 2016). Readily soluble (labile) SOC
pools were extracted from moist field soils with 0.5M K;SO4
by shaking for 30 min. Filtered extracts were analyzed using the
phenol-sulfuric method in microplate format (Masuko et al.,
2005). Soil MBC was measured using the fumigation-extraction
method and calculated as the difference between fumigated and
non-fumigated samples divided by k¢, the extraction efficiency
coefficient (k. = 0.45; Vance et al., 1987).
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Plant analyses

Plant tissue was analyzed at two time points: pre-treatment
(oldfield) and July 2019, during crop vegetative growth. For the
oldfield samples, leaves were clipped from plants adjacent to
the soil sampling point. In July 2019, we collected and pooled
the four uppermost leaves from >20 individual plants in each
pasture grass, IWG, IWG biculture, and annual wheat plot. Leaf
samples were dried (60°C, 72h), finely ground, and analyzed
by combustion for C and N content as described for soil and
aggregate samples.

Statistical analyses

All statistical analyses were performed using R version
4.1.3 (R Core Team, 2017) assuming an alpha = 0.05 level of
statistical significance. Assumptions of normality were assessed
via Shapiro-Wilks normality test and residual diagnostic plots;
no data transformations were required prior to statistical
analysis. First, we used repeated-measures analysis of variance
(ANOVA; Ime4 package) to compare aggregate abundance,
aggregate OC levels, and abiotic and biotic soil factors between
pre-conversion (2018) and first year (2019) samplings.

Next, we used a mixed effect model to test the effect of
individual treatments and sampling date (June-August) on the
abundance of each aggregate size fraction, bulk SOC, aggregate
OC levels, and abiotic and biotic soil factors (2019). Treatment
type and sampling date were treated as fixed effects and block
was a random effect. We also analyzed the data set by comparing
the effects of mono- vs. polyculture crops, and perennial
(IWG, IWG biculture, prairie) vs. annual (wheat) or mixed
crops (forage) on soil properties. For analyses with significant
outcomes, Tukey’s Honestly Significant Differences (HSD) for
multiple comparisons test was used to determine differences
among crop treatments or sampling times (Hmisc package).

Finally, we identified the soil abiotic and biotic correlates
of aggregate abundance and OC levels in 2019, especially those
that had positive effects. Preliminary analyses showed that
soil moisture was significantly correlated (Spearman rank, r;)
with many factors including aggregate abundance, AMF hyphal
length, and SIR (Supplementary Table S3). As a result, we used
a mixed effect model with soil moisture and sampling date as
random effects and individual soil factors as fixed effects. A
marginal r? value was calculated for individual soil factors as
a way to quantify their effect(s) on aggregation and aggregate
OC that were not explained by soil moisture (MuMIN package,
rsquared.glmm function).

To summarize and visualize the overall effect of crop
treatment or sampling time on soil properties, we analyzed
data using non-metric multidimensional scaling (NMDS) on a
Bray-Curtis dissimilarity matrix and used k-means clustering
to assign samples to clusters. Permutational multivariate
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analysis of variance (PERMANOVA, 999 permutations)
was used to determine significance differences between
clusters, while pairwise differences between clusters were

tested wusing pairwise PERMANOVA (RVAideMemoire
package). Results were visualized using corrplot, ggpubr, and
ggplot2 packages.

Results

Effects of land conversion on soil
properties

Site conversion resulted in significant shifts in most soil
properties (Figure 1; Supplementary Table 54), including WSA
(p < 0.001), aggregate OC (p < 0.003), microbial factors
(p < 0.03, except AMF root vesicles), and soil nutrient levels
(p < 0.001). We found large and significant increases in
the abundance and OC content in each aggregate fraction
(p < 0.001; Figures 1A,B), as well as microbial activity including
AMF hyphal length (p < 0.001), microbial biomass (MBGC;
p=0.03) and respiration (SIR; p < 0.001; Figure 1C).
establishment resulted in

Conversely, crop

reductions in soil moisture (39 + 3-18 + 0.4%, mean =+

significant

se; p < 0.001; Supplementary Table S4) and plant-available N
and P (p < 0.001; Figure 1D), consistent with the uptake of soil
resources necessary for plant productivity. Bulk SOC declined
significantly following conversion (p < 0.001) whereas bulk
%N increased significantly (p < 0.001; Figure 1E). There were
also significant shifts in bulk soil and aggregate C:N (p < 0.001;
Figure 1F). Pre-treatment bulk soil and aggregate C:N levels
were within the range of oldfield leaf C:N levels (mean 19, range
14-41). Crop establishment resulted in a decline in both bulk
soil and aggregate C:N (C:N 4-7), especially in comparison to
leaf C:N in IWG, wheat, and pasture grass leaves (C:N 17.9 +
1.4) and alfalfa (C:N 12 £ 0.5).

Effects of crop systems on soil properties

While land conversion significantly affected soil properties
across the site, the only soil health properties that were
shown to be significantly affected by cropping systems were
small macroaggregate OC content (Figure 2) and AMF root
colonization (Supplementary Table S5). Small macroaggregate
OC levels were higher under biculture plots than other
crop systems in July and August (p < 0.05), including the
prairie treatment. These increases were significantly and
positively correlated with soil pH and AMF root colonization
(p < 0.05; Figure3). AMF root colonization was highest
in IWG (93.6 £ 2% root colonized) and forage plots
(932 £ 2%) and lowest in the prairie plots (49.8 £ 2%;
p < 0.002). There was no significant difference in other soil
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factors by cropping system alone (Supplementary Table S5)
or cropping system over time (p > 0.05). The NMDS
analyses also supported similar levels of soil health under the
different crop systems (PERMANOVA, p = 0.897). All crop
treatments were distributed across NMDS space and detected
in every cluster (Figure 4A). This pattern persisted even when
crops were classed and analyzed as mono- vs. polycultures,
or annual vs. perennial crops (Supplementary Figure S2;

Supplementary Table S5).

Temporal patterns of WSA abundance
and OC

Temporal patterns in the abundance and OC level differed
by aggregate size (Figures5A,B; Supplementary Table S6).
Site conversion initially promoted the development of
macroaggregates, with the highest abundance of large
macroaggregates in June (p < 0.001; Figure 5A). In turn,
the increased mass of soil within this fraction drove a significant
increase in MWD from 0.46 + 0.08 mm (Pre-conversion)
to 2.34 £ 0.19mm, indicating a substantial gain in soil
stability (p < 0.001; Supplementary Tables 54, S6). However,
these increases were short-lived. In July and August, large
macroaggregate abundance declined significantly whereas the
abundances of small macro- and microaggregates increased
significantly (p < 0.001; Figure 5A). The mass loss from the
large macroaggregates was equivalent to the mass gain in the
smaller aggregates (Supplementary Table S6), meaning that
large macroaggregates were disrupted into their constituent
small macro- and micro-aggregates.

Similar patterns were detected in aggregate OC levels.
Although site conversion resulted in significant increases in
aggregate OC across all WSA fractions (Figure 5B), the largest
increase was detected within the large macroaggregate fraction
in June (p < 0.001). Disruption of large macroaggregates in
July resulted in the release of OC-rich small macro- and micro-
aggregates and depletion of the large macroaggregate OC pool.
Even so, the gain in OC in the small macro- and micro-aggregate

~1 soil) more than compensated for the

1

fractions (~10g C kg
OC loss in the large macroaggregate fraction (6 g C kg™ soil).
However, there was no change in aggregate C:N (Figure 5C).
NMDS analyses confirmed the significant effect of sampling
time (PERMANOVA, p = 0.008; Figure 4B) and separated
the sampling times into two groups: July and August were
clustered together (pairwise PERMANOVA, p = 0.057), and
significantly different from June (pairwise PERMANOVA,
p = 0.001). These groups were separated along NMDSI,
which corresponds to a gradient of increasing soil physical
stabilization and protection of organic matter, i.e., increasing
large macroaggregate abundance and OC, MWD, AMF hyphal
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length, and labile C. NMDS2 corresponds to a gradient of
increasing macroaggregate abundance within each month.

Covariates of WSA abundance and OC

Most soil factors were significantly positively or negatively
correlated with soil moisture (Figure 3), including large
macroaggregate abundance and OC (positive) and small
macro- and micro-aggregate abundance and OC (negative;
Supplementary Table S7). After accounting for the effects of
soil moisture, mixed models showed that large macroaggregate
abundance and OC level were significantly and positively
correlated with AMF hyphal length, SIR and labile SOC, with
the largest effect size (rﬁq) associated with AMF hyphal length
(Table 1; Figure 3; Supplementary Figure S3). These properties
were also strongly inter-correlated among themselves (Figure 3)
and with MWD (e.g., AMF hyphal length).

Small macro- and micro-aggregate abundance and OC
levels were also significantly correlated with AMF hyphal
length, labile SOC, and SIR (p < 0.03; Table I; see also
Figures 5D,E) but the direction of response was opposite to large
macroaggregates (i.e., negative) since small macro- and micro-
aggregates were the result of large macroaggregate disruption.
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Instead, small macroaggregate abundance and OC levels were
positively correlated with AMF root colonization and soil pH
(Table 1; Figures 3, 5F; Supplementary Figure S3). However, soil
pH was negatively correlated with AMF hyphal length and SIR
(Figure 3). WSA abundances and OC levels were not related to
soil sand, clay or silt content, plant-available N and P levels, or
bulk SOC and %N (Supplementary Table S7).

Discussion

In the context of calls to transition annual grain agriculture
to perennial grain agriculture (Crews et al., 2018), we initially
hypothesized that converting an old field to perennial IWG
would produce increases in soil health comparable to prairie
habitat and greater than annual crops (wheat, forage grasses).
In support of this hypothesis, we found a large positive
effect of IWG biculture and, to a lesser extent IWG alone,
on small macroaggregate OC levels. Recent studies have also
found promising soil health effects of IWG compared with
annuals (e.g., Audu et al., 2022; Martin and Sprunger, 2022).
However, our findings must be tempered by the observation
that both annual and perennial crops encouraged other early
improvements in soil health. Both annual and perennial systems

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1010298
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Chamberlain et al.

10.3389/fsufs.2022.1010298

164

e

X

S

2

8 124

(] ..

© Prairie

D oo

@ plots

[©)]

g o

o

3]

©

S

T

£ 41

%) © Annual wheat

© Forage mix
® Kernza
ns © Kernza biculture
June July August

FIGURE 2
Temporal variation in small macroaggregate OC under ING
(Kernza), IWG biculture, annual wheat or forage mix in the first
year after site conversion. Horizontal line in denotes prairie plot
small macroaggregate OC. Vertical bars indicate the standard
error of the mean. For each month, ns, means do not differ
significantly (p > 0.05), * means differ at p < 0.05. Within each
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resulted in rapid and substantial increases in macro- and micro-
aggregate abundance, stability (MWD) and OC relative to pre-
conversion levels and belowground allocation that replenished
AMF abundance and microbial activity.

Establishment of both annual and perennial systems resulted
in soils dominated by large (>2mm), relatively unstable
macroaggregates. The underlying factor(s) responsible for large
macroaggregates were likely AMF hyphal abundance and labile
SOC, factors that have been extensively discussed as key drivers
of aggregation (Rillig et al., 2015). For example, AMF hyphae
physically enmesh soil particles to promote macroaggregate
formation (Six et al., 2006). Labile SOC, which includes water-
soluble polysaccharides exuded by roots or released by microbial
decomposition of green residues, provides the glue or binding
agents that stabilize macroaggregates and induces fungal growth
(Baumert et al., 2018). Nevertheless, these are transient binding
agents and prone to degradation by environmental conditions
(Cambardella and Elliot, 1993).

Indeed, the initial increase in large macroaggregate
abundance was followed by disruption as evidenced by the
loss in large macroaggregate abundance, reduced MWD, and
a concomitant increase in the abundance of smaller aggregate
subunits. Larger aggregates are generally considered more
susceptible to disruption than smaller aggregate fractions
(Tisdall and Oades, 1982; Cambardella and Elliot, 1993). In
our study, large macroaggregate abundance was strongly and
positively correlated with soil moisture. One possibility is that
macroaggregate failure may have occurred naturally upon
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soil drying or with wet-dry cycles (Amézketa, 1999; Denef
et al, 2001). The large biomass of the new crops may have
intensified wetting-drying cycles owing to water uptake by roots
(Amézketa, 1999) or amplified mechanical stresses via root
penetration of micro-scale structures (Angers and Caron, 1998).
Soil moisture may also control aggregation via its influence
on biotic mechanisms, including the microbial decomposition
of plant residues (Baumert et al., 2018) and/or production of
polysaccharides required for aggregate stabilization (Regelink
et al., 2015); the correlations between soil moisture and
microbial factors in our study support this possibility. However,
further experiments are needed to partition the relative
contributions of plant roots, local soil hydrologic functions, and
microbes in WSA stability.

Small macroaggregate abundance and OC were positively
correlated with soil pH, independent of any pH effects on
large macroaggregates. In part, this result suggests a direct and
abiotic cause for the formation of smaller macroaggregates,
possibly through chemical or electrostatic interactions (Denef
etal., 2002). Another possibility is that interactions between soil
pH and microbial properties (AMEF, SIR) influenced aggregate
OC pools indirectly by altering the contribution of microbial
necromass in aggregates (Yang et al., 2022) or pH-induced
changes in microbial community composition (Baith and
Anderson, 2003).
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with the same letter do not differ significantly at p < 0.05.
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Temporal variation in (A) WSA abundance, (B) aggregate OC, (C) aggregate C:N; (D) AMF hyphal length and SIR, (E) pH and labile SOC levels; and
(F) moisture and AMF root colonization after site conversion. Vertical bars indicate the standard error of the mean. For each soil factor, points

Even allowing for large macroaggregate disruption, land use
change achieved substantial increases in aggregate OC, implying
a positive scenario for soil health restoration as noted by
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Sprunger and Robertson (2018). We detected two AMF factors
that explained the increases in large and small macroaggregate
OC. Large macroaggregate OC was best correlated with AMF
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hyphal abundance. AMF hyphae play substantial roles in SOC
sequestration by forming a surface for mineral and SOM
adsorption (Totsche et al, 2018) and the transfer of plant
root-derived OC into aggregates (Frey et al., 2003; Kallenbach
et al, 2016). In addition, AMF-colonized fine roots were
the main mechanism for improving small macroaggregate
OC levels. Fine roots can physically entangle soil particles
meaning that sloughed cell walls, root hairs, mucilages, and cell
debris, including AMF structures, may have been incorporated
into aggregates (von Liitzow et al, 2006). In our study, the
contribution of AMF root fragments to aggregate OC likely
reflects the greater root biomass and associated increases in AMF
biomass and activity following site conversion. Other microbial
factors were also important.

Materials of microbial origin, including polysaccharides,
may have contributed to aggregate OC levels. These inputs
can be deduced from WSA C:N levels, all of which appear
to be close to the C:N stoichiometry of the soil microbial
biomass. In pre-conversion soils, WSA C:N (C:N 16) largely
mirrored the old-field plant community indicating plant debris
to be the major source of C. Following site conversion,
however, the C:N ratio of WSA fractions declined to ~4-7,
which is consistent with a substantial contribution from root
exudates or labile, microbially-derived substrates to aggregate
OC (bacteria C:N 6, fungi C:N 5-17; Cleveland and Liptzin,
2007) and that SOC is largely dependent on inputs of microbial
origin (Yang et al., 2022). This is reasonable given that the
addition of organic matter to soils stimulated microbial activity
(SIR), and macroaggregates form around fresh residues and
become enriched in labile (low C:N) substrates derived from
the microbial decomposition of residues (Jastrow et al., 2007).
The narrow C:N coupled with increasing total %N over
time also indicates a substantial contribution of N-containing
materials including extracellular polymeric substances (EPS,
glycoproteins) that are major agents for aggregating mineral
particles and binding OM onto mineral surfaces (Kleber
et al, 2007). Taken together, these observations suggest that
all treatments resulted in high C inputs with relatively fast
decomposition rates (Vesterdal et al., 2002).

Despite the large increases in aggregate-held OC, plant
productivity, and organic matter inputs across all treatments,
site conversion resulted in a loss of bulk SOC levels. In part,
tillage likely forced the physical destruction of existing soil
aggregates and the rapid turnover of SOC by soil microbes (Six
et al., 2006; Sprunger and Robertson, 2018). Another possibility
is that increased availability of easily degradable OC, e.g., labile
C or microbial residues, may have initiated the “priming effect”
(Blagodatskaya and Kuzyakov, 2008; Kuzyakov, 2010). Because
soil microbes are generally C limited (Cleveland and Liptzin,
2007), large inputs of fresh labile C from the new crops may have
stimulated the microbial decomposition of SOM, as indicated by
the increased SIR. Under these conditions, macroaggregates may
also be more prone to enhanced degradation, which may explain
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the tendency of large macroaggregates to disaggregate into
smaller aggregate fractions in this study site. While observations
of substantial increases in labile C, microbial biomass and soil
respiration (SIR) after planting may be consistent with priming,
more detailed studies are needed to address this possibility.

Implications

Our findings show that the first year of annual or perennial
plant establishment substantially and rapidly improved soil
aggregation and aggregate-associated OC, two key components
of soil health (Golchin et al.,, 1994; Six et al., 2004; Chivenge
et al, 2011; Lal, 2015; Sprunger and Robertson, 2018). The
most effective and sensitive integrators of these processes
were AMF and labile C. Specifically, AMF hyphae in concert
with labile C were the main factors correlated with improved
aggregate abundance and stability, while AMF hyphae and
AMF-colonized root fragments were of paramount importance
in increasing macroaggregate OC over time. This result confirms
the importance of AMF in soil health, as has been noted
elsewhere (e.g., Rillig et al., 2015). The link between labile C
and aggregation, however, brings focus to the importance of
the active soil C pool in soil health. This pool fuels microbial
metabolism and the subsequent production of aggregate-
binding agents and necromass (Peixoto et al., 2020), interactions
that are key to stabilizing C. Recently, Martin and Sprunger
(2022) noted that soil health indicators reflecting labile C pools
were sensitive to temporal fluctuations in soil health under
annual vs. perennial crops. Measurements of AMF and labile
C should therefore be considered for future assessments of
soil health.

On the other hand, it was difficult to detect changes in
soil health induced by the different plant systems. Only small
macroaggregate OC emerged as a signal of management effects
(Sprunger et al., 2018) despite the documented sensitivity of
other indicators, such as labile C, to management effects (Xia
and Wander, 2022). The contradictory findings in this and other
studies (e.g., Sprunger et al, 2018) may reflect high spatial
variability levels of soil properties across the plots that masked
the effects of crop systems (De et al., 2020) or it may reflect
differences in establishment methods (especially since this is a
one-year study). There is also growing evidence that soil enzyme
activities related to nutrient cycling (i.e., N, P), as well as analyses
of readily decomposable pools of SOM, such as permanganate-
oxidizable C (reactive carbon), may have potential as early and
more sensitive indicators of soil ecological restoration (Martin
and Sprunger, 2022; Xia and Wander, 2022). Although these
factors comprise a relatively small fraction of SOM, they have
turnover rates of weeks to months and may be more sensitive to
soil health changes with management and land use practices.

Detecting active soil health recovery may also depend on the
depth of measurement. We analyzed soils within the top 15cm
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of soil profile, where the expansive shallow root systems of plants
are expected to readily replenish SOC (Matamala et al., 2008;
Syswerda et al., 2011; Jaikumar et al., 2012). Future analyses may
need to consider the depth distribution of soil health attributes,
such as SOC, associated with the deep roots of perennial plants
and their capacity to deliver organic matter inputs at depth
(DuPont et al., 2014; Peixoto et al., 2020).

Further, we compared crops established by seeding (annual,
perennial crops) vs. broadcasting (forage, prairie). While we
used cultivation methods typical of current practices, our
approach may have inadvertently constrained the net positive
effects of kernza mono- and bicultures on soil health. For
example, the mean root biomass in kernza mono- and bi-
cultures (73 + 17 g/mz) was lower than in forage (143 =+
91 g/m?) and prairie plots (112 + 12 g/m?; E. Kilbane and
R. Dybzinski, unpublished data). Even so, kernza mono- and bi-
cultures and forage grasses showed similar levels of aggregation.
Thus, integrating plant and soil properties by scaling the levels
of aggregate OC per unit root biomass (or other plant functional
trait) may provide a more nuanced indicator of land-use change
on soil health than soil properties alone.

Finally, it has yet to be seen whether perennial
agroecosystems can retain as much or greater C stocks
as restored prairies. In our study, the IWG and biculture
treatments showed promise for soil C accrual. This is consistent
with soil resilience, or the capacity of soil to recover after
disturbance. However, our study only reports the results of
the first growing season, and it is yet to be seen whether
IWG (or other crops) can continue to improve SOC levels
in the second and subsequent years after crop establishment
in our site; work is in progress to test this possibility. Like
tallgrass prairie restorations, perennial crops may require time
to fully develop differences in aggregation and OC accrual
following conversion to an agroecosystem (Virto et al., 2012;
Anderson-Teixeira et al., 2013; Novelli et al., 2017; De et al.,
2020). Both experimental studies (Steinbeiss et al, 2008)
and meta-analyses (Deng et al, 2014) demonstrated that
restoration age was the most important factor influencing
soil C stocks whereby C accrual increases with site age.
This is consistent with the observations that perennial taxa
require more time to develop an extensive root system that
re-establishes nutrient and water cycling, microbial community
succession and metabolism in tandem with the absence of
physical disruptions such as tilling (Matamala et al., 2008;
DuPont et al., 2014). Further, plant species diversity may be
more important in increasing soil C stocks than rooting depth
(Steinbeiss et al., 2008) owing to differences in plant root
traits (Freschet et al., 2021). If this is the case in our study
system, SOC accrual may accelerate over time in tallgrass
prairie plots (vs. crops) with the build-up of new OC pools.
Taken together, we suggest that determining which factors drive
soil health after site conversion to perennial agroecosystems
requires long-term monitoring, a consideration of crop species
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biomass and diversity, and a more nuanced approach to soil
property measurements.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary material, further inquiries
can be directed to the corresponding author.

Author contributions

LC, RD, NZ, and LE-W conceived, designed, and installed
the experimental plots and procured funding for the research.
LC, TA, RD, and LE-W analyzed samples, and analyzed and
interpreted the data. LC wrote the first draft of the manuscript.
All authors contributed to editing the manuscript and approved
the final submission.

Funding

This study was supported by research funds from
the Finite Earth Initiative (Northwestern University), the
National Science Foundation (DBI-1757800), and the Kurtis
Conservation Foundation.

Acknowledgments

We thank Tim Crews and The Land Institute for providing
seed, planting advice and feedback on the study, and our
research team for their help in the field and the lab: Erin Kilbane,
Lindsey Gohd, Ellinore Porter, Megan Wei, Anna Wang, Ben
Sanchez, Ben Wyatt, and Olivia Niosi. We are indebted to
Bill Kurtis, Donna LaPietra, and the Kurtis Conservation
Foundation for their generosity and support of the research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Amézketa, E. (1999). Soil aggregate stability: a review. J. Sustain. Agric. 14,
83-151. doi: 10.1300/J064v14n02_08

Anderson-Teixeira, K. J., Masters, M. D., Black, C. K., Zeri, M., Hussain,
M. Z., Bernacchi, C. J., et al. (2013). Altered belowground carbon cycling
following land-use change to perennial bioenergy crops. Ecosystems 16, 508-520.
doi: 10.1007/s10021-012-9628-x

Angers, D. A,
soil structure: processes
doi: 10.1023/A:1005944025343

and Caron, J. (1998).
and feedbacks.

Plant-induced changes in
Biogeochemistry 42, 55-72.

Frontiers in Sustainable Food Systems

74

10.3389/fsufs.2022.1010298

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those
of their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fsufs.2022.1010298/full#supplementary-material

SUPPLEMENTARY FIGURE S1

(A) Location of study plots in northeastern Illinois; (B) aerial view of
study plots(courtesy Google Earth), each plot measures 9 x 9m with a
1 m wide aisle between plots; (C) plot view north in spring; (D) plot view
north in late summer.

SUPPLEMENTARY FIGURE S2

NMDS output based: (A) crop treatment as annual, perennial or mixed;
(B) mono- or poly-culture status; (C) crop treatment; (D) month. Ellipses
based on k-means clustering, p-value byPERMANOVA.

SUPPLEMENTARY FIGURE S3

Significant correlations between large macroaggregate abundances and
(A) AMF hyphal length, (B) labile C, and (C) SIR, and (D) small
macroaggregates and soil pH.

SUPPLEMENTARY TABLE S1
Pre-treatment beta-diversity.

SUPPLEMENTARY TABLE S2
Seed mix used for tall grass prairie treatment.

SUPPLEMENTARY TABLE S3
Correlations between soil moisture and soil properties.

SUPPLEMENTARY TABLE S4
Summary of soil properties before and after site conversion.

SUPPLEMENTARY TABLE S5
Summary of soil properties by crop treatment.

SUPPLEMENTARY TABLE $S6
Summary of soil properties between months.

SUPPLEMENTARY TABLE S7
Summary of correlation analyses between aggregate abundance and
OC level and soil properties.

Audu, V., Rasche, F., Dimitrova Mirtensson, L.-M., and Emmerling,
C. (2022). Perennial cereal grain cultivation: implication on soil organic
matter and related soil microbial parameters. Appl. Soil Ecol.174:104414.
doi: 10.1016/j.apsoil.2022.104414

Baath, E., and Anderson, T. H. (2003). Comparison of soil fungal/ bacterial
ratios in a pH gradient using physiological and PLFA-based techniques. Soil Biol.
Biochem. 35, 955-963. doi: 10.1016/S0038-0717(03)00154-8

Baumert, V. L., Vasilyeva, N. A, Vladimirov, A. A., Meier, 1. C,
Kogel-Knabner, I, and Mueller, C. W. (2018). Root exudates induce soil

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1010298
https://www.frontiersin.org/articles/10.3389/fsufs.2022.1010298/full#supplementary-material
https://doi.org/10.1300/J064v14n02_08
https://doi.org/10.1007/s10021-012-9628-x
https://doi.org/10.1023/A:1005944025343
https://doi.org/10.1016/j.apsoil.2022.104414
https://doi.org/10.1016/S0038-0717(03)00154-8
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Chamberlain et al.

macroaggregation facilitated by fungi in subsoil. Front. Environ. Sci. 6:140.
doi: 10.3389/fenvs.2018.00140

Baykov, A. A., Evtushenko, O. A., and Avaeva, S. M. (1988). A malachite
green procedure for orthophosphate determination and its use in alkaline
phosphate-based enzyme immunoassay. Anal. Biochem. 171, 266-270.
doi: 10.1016/0003-2697(88)90484-8

Bergmann, J., Verbruggen, E., Heinze, ], Xiang, D., Chen, B., Joshi, J.,
et al. (2016). The interplay between soil structure, roots, and microbiota
as a determinant of plant-soil feedback. Ecol. Evol. 6, 7633-7644.
doi: 10.1002/ece3.2456

Blagodatskaya, E., and Kuzyakov, Y. (2008). Mechanisms of real and
apparent priming effects and their dependence on soil microbial biomass
and community structure: critical review. Biol.Fertil. Soils 45, 115-131.
doi: 10.1007/500374-008-0334-y

Biinemann, E. K., Bongiorno, G., Bai, Z., Creamer, R. E., De Deyn, G., de Goede,
R, et al. (2018). Soil quality—a critical review. Soil Biol. Biochem. 120, 105-125.
doi: 10.1016/j.50ilbio.2018.01.030

Cambardella, C. A., and Elliot, E. T. (1993). Carbon and nitrogen distribution
in aggregates from cultivated and native grassland soils. Soil Sci. Soc. Am. ]. 57,
1071-1076. doi: 10.2136/ss52j1993.03615995005700040032x

Chivenge, P., Vanlauwe, B., Gentile, R, and Six,. J. (2011). Organic
resource quality influences short-term aggregate dynamics and soil organic
carbon and nitrogen accumulation. Soil Biol. Biochem. 43, 657-666.
doi: 10.1016/j.50ilbi0.2010.12.002

Cleveland, C. C., and Liptzin, D. (2007). C:N:P stoichiometry in soil: is
there a “Redfield ratio” for the microbial biomass? Biogeochemistry 85, 235-252.
doi: 10.1007/s10533-007-9132-0

Crews, T. E., Carton, W., and Olsson, L. (2018). Is the future of agriculture
perennial? Imperatives and opportunities to reinvent agriculture by shifting
from annual monocultures to perennial polycultures. Glob. Sustain. 1:ell.
doi: 10.1017/sus.2018.11

Culman, S. W., Snapp, S. S., Ollenburger, M., Basso, B., and DeHann,
L. R. (2013). Soil and water quality rapidly responds to the perennial
grain kernza wheatgrass. Agron. J. 105, 735-744. doi: 10.2134/agronj2012.
0273

Culman, S. W., Young-Mathews, A., Hollander, A. D., Ferris, H., Sanchez-
Moreno, S., O’Geen, A. T,, et al. (2010). Biodiversity is associated with indicators
of soil ecosystem functions over a landscape gradient of agricultural intensification.
Landsc. Ecol. 25, 1333-1348. doi: 10.1007/s10980-010-9511-0

De Deyn, G. B., Cornelissen, J. H., and Bardgett, R. D. (2008). Plant functional
traits and soil carbon sequestration in contrasting biomes. Ecol. Lett. 11, 516-531.
doi: 10.1111/j.1461-0248.2008.01164.x

De, M., Riopel, J. A., Cihacek, L. J., Lawrinenko, M., Baldwin-Kordick, R., Hall,
S.7J., et al. (2020). Soil health recovery after grassland reestablishment on cropland:
the effects of time and topographic position. Soil Sci. Soc. Am. ]. 84, 568-586.
doi: 10.1002/5aj2.20007

Degens, B. P., and Harris, J. A. (1997). Development of a physiological
approach to measuring the catabolic diversity of soil microbial communities.
Soil ~ Biol.  Biochem. 29, 1309-1320. doi: 10.1016/S0038-0717(97)0
0076-X

Denef, K., Six, J., Bossuyt, H., Frey, S. D., Elliott, E. T., Merckx, R, et al.
(2001). Influence of dry-wet cycles on the interrelationship between aggregate,
particulate organic matter, and microbial community dynamics. Soil Biol. Biochem.
33,1599-1611. doi: 10.1016/S0038-0717(01)00076-1

Denef, K., Six, J., Merckx, R., and Paustian, K. (2002). Short-term effects of
biological and physical forces on aggregate formation in soils with different clay
mineralogy. Plant Soil. 246, 185-200. doi: 10.1023/A:1020668013524

Deng, L., Liu, G.-B.,, and Shangguan, Z.-P. (2014), Land-use conversion and
changing soil carbon stocks in China’s ‘Grain-for-Green’ Program: a synthesis.
Glob. Change Biol. 20, 3544-3556. doi: 10.1111/gcb.12508

Doane, T. A., and Horwéth, W. R. (2003). Spectrophotometric determination of
nitrate with a single reagent. Anal. Lett. 36,2713-2722. doi: 10.1081/AL-120024647

DuPont, S. T., Beniston, J., Glover, J. D., Hodson, A., Culman, S. W,
Lal, R., et al. (2014). Root traits and soil properties in harvested perennial
grassland, annual wheat and never-tilled annual wheat. Plant Soil. 381, 405-420.
doi: 10.1007/s11104-014-2145-2

Fernandez-Ugalde, O., Jones, A., and Meuli, R. G. (2020). Comparison of
sampling with a spade and gouge auger for topsoil monitoring at the continental
scale. Eur. J. Soil Sci. 7, 137-150. doi: 10.1111/ejss.12862

Franzluebbers, A. J. (2016). Should soil testing services measure soil
biological activity? Agric. Environ. Lett. 1:150009. doi: 10.2134/ael2015.
11.0009

Frontiersin Sustainable Food Systems

75

10.3389/fsufs.2022.1010298

Freschet, G. T., Roumet, C., Comas, L. H., Weemstra, M., Bengough, A. G,,
Rewald, B., et al. (2021). Root traits as drivers of plant and ecosystem functioning:
current understanding, pitfalls and future research needs. New Phytol. 232,
1123-1158. doi: 10.1111/nph.17072

Frey, S. D, Six, J., and Elliott, E. T. (2003). Reciprocal transfer of carbon and
nitrogen by decomposer fungi at the soil-litter interface. Soil Biol. Biochem. 35,
1001-1004. doi: 10.1016/S0038-0717(03)00155-X

Glover, J. D., Culman, S. W., DuPont, S. T., Broussard, W., Young, L.,
Mangan, M. E., et al. (2010). Harvested perennial grasslands provide ecological
benchmarks for agricultural sustainability. Agric. Ecosyst. Environ. 137, 3-12.
doi: 10.1016/j.agee.2009.11.001

Golchin, A., Oades, J. M., Skjemstad, J. O., and Clarke, P. (1994). Soil structure
and carbon cycling. Soil Res. 32, 1043-1068. doi: 10.1071/sr9941043

Jaikumar, N. S., Snapp, S. S., Murphy, K., and Jones, S. S. (2012). Agronomic
assessment of perennial wheat and perennial rye as cereal crops. Agron. J. 104,
1716-1726. doi: 10.2134/agronj2012.0291

Jakobsen, I, Abbott, L. K., and Robson, A. D. (1992). External hyphae of
vesicular-arbuscular mycorrhizal fungi associated with Trifolium subterraneum L.
1. Spread of hyphae and phosphorus inflow into roots. New Phytol. 120, 371-380.
doi: 10.1111/§.1469-8137.1992.tb01077.x

Jastrow, J. D., Amonette, J. E., and Bailey, V. L. (2007). Mechanisms controlling
soil carbon turnover and their potential application for enhancing carbon
sequestration. Clim. Change 80, 5-23. doi: 10.1007/s10584-006-9178-3

Johnson, A. M., Gamble, A. V., Balkcom, K. S., and Hull, N. R. (2021). Influence
of cover crop mixtures on soil health in southeastern crop production systems.
Agrosyst. Geosci. Environ. 4:¢20202. doi: 10.1002/agg2.20202

Kallenbach, C. M., Frey, S. D., and Grandy, A. S. (2016). Direct evidence for
microbial-derived soil organic matter formation and its ecophysiological controls.
Nat. Commun. 7:13630. doi: 10.1038/ncomms13630

Kardol, P., and Wardle, D. A. (2010). How understanding aboveground-
belowground linkages can assist restoration ecology. Trends Ecol. Evol. 25, 670-679.
doi: 10.1016/j.tree.2010.09.001

Kemper, W. D., and Rosenau, R. (1986).
by time and water content. Soil Sci. Soc.
doi: 10.2136/ss52j1984.03615995004800050009x

Kleber, M., Sollins, P., and Sutton, R. (2007). A conceptual model of
organo-mineral interactions in soils: self-assembly of organic molecular
fragments into zonal structures on mineral surfaces. Biogeochemistry 85, 9-24.
doi: 10.1007/510533-007-9103-5

Koske, R. E., and Gemma, J. N. (1989). A modified procedure for

Soil cohesion as affected
Am. J. 48, 1001-1006.

staining roots to detect VA mycorrhizas. Mycol. Res. 92, 486-505.
doi: 10.1016/50953-7562(89)80195-9

Kuzyakov, Y. (2010). Priming effects: interactions between living
and dead organic matter. Soil Biol.  Biochem. 42, 1363-1371.

doi: 10.1016/j.s0ilbio.2010.04.003

Lal, R. (2015). Restoring soil quality to mitigate soil degradation. Sustainability
7, 5875-5895. doi: 10.3390/su7055875

Ledo, A., Smith, P., Zerihun, A., Whitaker, J., Vicente-Vicente, J. L., Qin, Z., et al.
(2020). Changes in soil organic carbon under perennial crops. Glob. Chang. Biol.
26, 4158-4168. doi: 10.1111/gcb.15120

Martin, T., and Sprunger, C. D. (2022). Sensitive measures of soil health reveal
carbon stability across a management intensity and plant biodiversity gradient.
Front. Soil Sci. 2:917885. doi: 10.3389/fs0il.2022.917885

Masuko, T., Minami, A., Iwasaki, N., Majima, T., Nishimura, S. I, and Lee, Y.
C. (2005). Carbohydrate analysis by a phenol-sulfuric acid method in microplate
format. Anal. Biochem. 339, 69-72. doi: 10.1016/j.ab.2004.12.001

Matamala, R,, Jastrow, J. D., Miller, R. M., and Garten, C. T. (2008). Temporal

changes in C and N stocks of restored prairie: implications for C sequestration
strategies. Ecol. Appl. 18, 1470-1488. doi: 10.1890/07-1609.1

Miller, W. P.,, and Miller, D. M.
for soil mechanical analysis. Commun. Soil Sci. Plant Anal.
doi: 10.1080/00103628709367799

(1987). A micro-pipette method
18, 1-15.

Newman, E. I. (1966). A method of estimating the total length of root in a sample.
J. Appl. Ecol. 3, 139-145. doi: 10.2307/2401670

Novelli, L. E., Caviglia, O. P., and Pifieiro, G. (2017). Increased cropping intensity
improves crop residue inputs to the soil and aggregate-associated soil organic
carbon stocks. Soil Tillage Res. 165, 128-136. doi: 10.1016/j.5till.2016.08.008

Peixoto, L., Elsgaard, L., Rasmussen, J., Kuzyakov, Y., Banfield, C. C., Dippold,
M. A, et al. (2020). Decreased rhizodeposition, but increased microbial carbon
stabilization with soil depth down to 3.6m. Soil Biol. Biochem. 150:108008.
doi: 10.1016/j.s0ilbio.2020.108008

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1010298
https://doi.org/10.3389/fenvs.2018.00140
https://doi.org/10.1016/0003-2697(88)90484-8
https://doi.org/10.1002/ece3.2456
https://doi.org/10.1007/s00374-008-0334-y
https://doi.org/10.1016/j.soilbio.2018.01.030
https://doi.org/10.2136/sssaj1993.03615995005700040032x
https://doi.org/10.1016/j.soilbio.2010.12.002
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1017/sus.2018.11
https://doi.org/10.2134/agronj2012.0273
https://doi.org/10.1007/s10980-010-9511-0
https://doi.org/10.1111/j.1461-0248.2008.01164.x
https://doi.org/10.1002/saj2.20007
https://doi.org/10.1016/S0038-0717(97)00076-X
https://doi.org/10.1016/S0038-0717(01)00076-1
https://doi.org/10.1023/A:1020668013524
https://doi.org/10.1111/gcb.12508
https://doi.org/10.1081/AL-120024647
https://doi.org/10.1007/s11104-014-2145-2
https://doi.org/10.1111/ejss.12862
https://doi.org/10.2134/ael2015.11.0009
https://doi.org/10.1111/nph.17072
https://doi.org/10.1016/S0038-0717(03)00155-X
https://doi.org/10.1016/j.agee.2009.11.001
https://doi.org/10.1071/sr9941043
https://doi.org/10.2134/agronj2012.0291
https://doi.org/10.1111/j.1469-8137.1992.tb01077.x
https://doi.org/10.1007/s10584-006-9178-3
https://doi.org/10.1002/agg2.20202
https://doi.org/10.1038/ncomms13630
https://doi.org/10.1016/j.tree.2010.09.001
https://doi.org/10.2136/sssaj1984.03615995004800050009x
https://doi.org/10.1007/s10533-007-9103-5
https://doi.org/10.1016/S0953-7562(89)80195-9
https://doi.org/10.1016/j.soilbio.2010.04.003
https://doi.org/10.3390/su7055875
https://doi.org/10.1111/gcb.15120
https://doi.org/10.3389/fsoil.2022.917885
https://doi.org/10.1016/j.ab.2004.12.001
https://doi.org/10.1890/07-1609.1
https://doi.org/10.1080/00103628709367799
https://doi.org/10.2307/2401670
https://doi.org/10.1016/j.still.2016.08.008
https://doi.org/10.1016/j.soilbio.2020.108008
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Chamberlain et al.

Post, W. M., and Kwon, K. C. (2010). Soil carbon sequestration and
land-use change: processes and potential. Glob. Change Biol. 6, 317-327.
doi: 10.1046/j.1365-2486.2000.00308.x

Pugliese, J. Y., Culman, S. W., and Sprunger, C. D. (2019). Harvesting
forage of the perennial grain crop kernza (Thinopyrum intermedium)
increases root biomass and soil nitrogen. Plant Soil. 437, 241-254
doi: 10.1007/s11104-019-03974-6

R Core Team (2017). R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing. Available online at: http://www.R-project.
org/ (accessed December 1, 2018).

Regelink, I. C,, Stoof, C. R, Rousseva, S., Weng, L., Lair, G. J., Kram, P,
et al. (2015). Linkages between aggregate formation, porosity and soil chemical
properties. Geoderma. 247-248, 24-37. doi: 10.1016/j.geoderma.2015.01.022

Rillig, M. C., Aguilar-Trigueros, C. A., Bergmann, J., Verbruggen, E.
Veresoglou, S. D., and Lehmann, A. (2015). Plant root and mycorrhizal
fungal traits for understanding soil aggregation. New Phytol. 205, 1385-1388.
doi: 10.1111/nph.13045

Six, J., Bossuyt, H., Degryze, S., and Denef, K. (2004). A history of research on the
link between (micro)aggregates, soil biota, and soil organic matter dynamics. Soil
Tillage Res. 79, 7-31. doi: 10.1016/j.stil1.2004.03.008

Six, J., Frey, S. D., Thiet, R. K., and Batten, K. M. (2006). Bacterial and fungal
contributions to carbon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70,
555-569. doi: 10.2136/ss52j2004.0347

Sprunger, C., Culman, S., Robertson, G., and Snapp, S. (2018). Perennial grain on
a midwest alfisol shows no sign of early soil carbon gain. Renew. Agric. Food Syst.
33, 360-372. doi: 10.1017/S1742170517000138

Sprunger, C. D., Culman, S. W, Peralta, A. L., DuPont, S. T., Lennon, J. T,
and Snapp, S. S. (2019). Perennial grain crop roots and nitrogen management
shape soil food webs and soil carbon dynamics. Soil Biol. Biochem. 137, 107573.
doi: 10.1016/j.s0ilbio.2019.107573

Sprunger, C. D., Culman, S. W., Robertson, G. P., and Snapp, S. S. (2017).
Perennial grain on a midwest alfisol shows no sign of early soil carbon gain. Renew.
Agric. Food Sys. 33, 360-372. doi: 10.1017/s1742170517000138

Sprunger, C. D., and Robertson, R. P. (2018). Early accumulation of active
fraction soil carbon in newly established cellulosic biofuel systems. Geoderma 318,
42-51. doi: 10.1016/j.geoderma.2017.11.040

Steinbeiss, S., Besler, H., Engels, C., Temperton, V. M., Buchmann, N,
Roscher, C., et al. (2008). Plant diversity positively affects short-term soil
carbon storage in experimental grasslands. Glob. Change Biol. 14, 2937-2949.
doi: 10.1111/j.1365-2486.2008.01697.x

Frontiersin Sustainable Food Systems

76

10.3389/fsufs.2022.1010298

Syswerda, S. P., Basso, B., Hamilton, S. K., Tausig, J. B., and Robertson, G. P.
(2012). Long-term nitrate loss along an agricultural intensity gradient in the Upper
Midwest USA. Agric. Ecosyst. Environ. 149, 10-19. doi: 10.1016/j.agee.2011.12.007

Syswerda, S. P., Corbin, A. T., Mokma, D. L., Kravchenko, A. N., and Robertson,
G. P. (2011). Agricultural management and soil carbon storage in surface vs. deep
layers. Soil Sci. Soc. Am. J. 75, 92-101. doi: 10.2136/s5s2j2009.0414

Tennant, D. (1975). A test of a modified line intersect method of estimating root
length. J. Ecol. 63, 995-1001. doi: 10.2307/2258617

Tisdall, J. M., and Oades, J. M. (1982). Organic matter and water stable aggregates
in soils. J. Soil Sci. 33, 141-163. doi: 10.1111/§.1365-2389.1982.tb01755.%,

Totsche, K. U., Amelung, W., Gerzabek, M. H., Guggenberger, G., Klumpp, E.,
Knief, C., et al. (2018). Microaggregates in soils. J. Plant Nutr. Soil Sci. 181, 104-136.
doi: 10.1002/jpln.201600451

USDA-NRCS, Soil Science Division Staff (2019). Web Soil Survey, Soil Data
Explorer Tool. Available online at: https://websoilsurvey.sc.egov.usda.gov/App/
HomePage (accessed July 21, 2022).

Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An extraction
method for measuring soil microbial biomass C. Soil Biol. Biochem. 19, 703-707.
doi: 10.1016/0038-0717(87)90052-6

Vesterdal, L., Ritter, E., and Gundersen, P. (2002). Change in soil organic carbon
following afforestation of former arable land. For. Ecol. Manage. 169, 137-147.
doi: 10.1016/S0378-1127(02)00304-3

Virto, L, Barré, P., Burlot, A., and Chenu, C. (2012). Carbon input differences
as the main factor explaining the variability in soil organic C storage in no-
tilled compared to inversion tilled agrosystems. Biogeochemistry 108, 17-26.
doi: 10.1007/510533-011-9600-4

von Liitzow, M., Kogel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger,
G., et al. (2006). Stabilization of organic matter in temperate soils: mechanisms
and their relevance under different soil conditions—a review. Eur. J. Soil Sci. 57,
426-445. doi: 10.1111/j.1365-2389.2006.00809.x

Weatherburn, M. W. (1967). Phenol-hypochlorite reaction for determination of
ammonia. Anal. Chem. 39, 971-974. doi: 10.1021/ac60252a045

Xia, Y., and Wander, M. (2022). Evaluation of indirect and direct scoring
methods to relate biochemical soil quality indicators to ecosystem services. Soil Sci.
Soc. Am. J. 86, 678-702. doi: 10.1002/saj2.20370

Yang, Y., Xie, H., Mao, Z., Bao, X., He, H., Zhang, X,, et al. (2022). Fungi
determine increased soil organic carbon more than bacteria through their
necromass inputs in conservation tillage croplands. Soil Biol. Biochem. 167, 108587.
doi: 10.1016/j.s0ilbio.2022.108587

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1010298
https://doi.org/10.1046/j.1365-2486.2000.00308.x
https://doi.org/10.1007/s11104-019-03974-6
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1016/j.geoderma.2015.01.022
https://doi.org/10.1111/nph.13045
https://doi.org/10.1016/j.still.2004.03.008
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1017/S1742170517000138
https://doi.org/10.1016/j.soilbio.2019.107573
https://doi.org/10.1017/s1742170517000138
https://doi.org/10.1016/j.geoderma.2017.11.040
https://doi.org/10.1111/j.1365-2486.2008.01697.x
https://doi.org/10.1016/j.agee.2011.12.007
https://doi.org/10.2136/sssaj2009.0414
https://doi.org/10.2307/2258617
https://doi.org/10.1111/j.1365-2389.1982.tb01755.x
https://doi.org/10.1002/jpln.201600451
https://websoilsurvey.sc.egov.usda.gov/App/HomePage
https://websoilsurvey.sc.egov.usda.gov/App/HomePage
https://doi.org/10.1016/0038-0717(87)90052-6
https://doi.org/10.1016/S0378-1127(02)00304-3
https://doi.org/10.1007/s10533-011-9600-4
https://doi.org/10.1111/j.1365-2389.2006.00809.x
https://doi.org/10.1021/ac60252a045
https://doi.org/10.1002/saj2.20370
https://doi.org/10.1016/j.soilbio.2022.108587
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

& frontiers | Frontiers in

@ Check for updates

OPEN ACCESS

EDITED BY
Jose G. Franco,

Agricultural Research Service (USDA),
United States

REVIEWED BY

Patrick Hatfield,

Retired, Bozeman, MT, United States
Emerson Nafziger,

University of Illinois at
Urbana-Champaign, United States

*CORRESPONDENCE
Heather D. Karsten
hdk3@psu.edu

SPECIALTY SECTION
This article was submitted to
Agroecology and Ecosystem Services,
a section of the journal

Frontiers in Sustainable Food Systems

RECEIVED 19 July 2022
AccepTED 17 October 2022
puBLISHED 02 November 2022

CITATION

McPheeters D, Bruns MA, Karsten HD
and Dell CJ (2022) Integrated weed
management with strategic tillage can
maintain soil quality in continuous
living cover systems.

Front. Sustain. Food Syst. 6:907590.
doi: 10.3389/fsufs.2022.907590

COPYRIGHT
© 2022 McPheeters, Bruns, Karsten
and Dell. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiersin Sustainable Food Systems

TyPe Original Research
PUBLISHED 02 November 2022
pol 10.3389/fsufs.2022.907590

Integrated weed management
with strategic tillage can
maintain soil quality in
continuous living cover systems

Devyn McPheeters'?, Mary Ann Bruns'?, Heather D. Karsten®*
and Curtis J. Dell*

!Intercollege Graduate Degree Program in Ecology, The Pennsylvania State University, University
Park, PA, United States, 2Department of Ecosystem Science and Management, College of
Agricultural Sciences, The Pennsylvania State University, University Park, PA, United States,
3Department of Plant Science, The Pennsylvania State University, University Park, PA, United States,
4USDA-ARS Pasture Systems and Watershed Management Research Unit, University Park, PA,
United States

Maximizing living cover and minimizing soil disturbance with no-till are key
strategies in regenerative row-crop production. Although living cover and
no-till can increase beneficial soil carbon and water stable aggregates (WSA),
annual crops in rotation with perennials often rely on herbicides to control
weeds and terminate perennials. Integrated weed management (IWM) reduces
reliance on herbicides by employing multiple weed control strategies including
tillage and/or cultivation. However, many no-till growers are reluctant to
implement some soil disturbance due to concerns about negative impacts on
soil health. For that reason, we hypothesized that compared to continuous
no-till and standard herbicides (NT-SH), a strategic inversion tillage in IWM
(ST-IWM) would result in lower soil carbon and WSA in the year following the
tillage event. We also hypothesized that soil carbon and WSA would not differ
between the two systems when sampled after cover cropping and 2 years of
perennials. We tested these hypotheses within a 6-year, diverse, dairy crop
rotation initiated in 2010 in central Pennsylvania in a channery silt loam soil. The
systems were compared in split-plots in a full crop entry experiment, where
the six phases of the crop rotation were planted every year in a randomized
complete block design, replicated four times. We compared the soil health
indicators in spring 2010 prior to the start of the experiment and in 2013 and
2019 following inversion tillage (ST-IWM) or herbicide termination (NT-SH)
of the perennial forage in the first year of the rotation. We also compared
these indicators in the sixth year of the rotation after 3 years of annual and
cover crops and 2 years of perennial forage. We sampled at two depths: 0-5
and 5-15cm for total carbon and bulk density, 0—-5cm for labile carbon and
0-15cm for WSA. Results indicate that despite initial smaller soil health values
in the ST-IWM system following inversion tillage, all properties except labile
carbon were similar to the NT-SH system in the sixth year of the rotation.
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tillage, no-till, soil health, perennial, alfalfa, soil aggregate, soil carbon, bulk density

frontiersin.org
77


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2022.907590
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2022.907590&domain=pdf&date_stamp=2022-11-02
mailto:hdk3@psu.edu
https://doi.org/10.3389/fsufs.2022.907590
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fsufs.2022.907590/full
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

McPheeters et al.

Introduction

Annual crop production that fulfills the regenerative
agriculture goals of enhancing soil carbon without tillage but
with continuous plant cover often relies on herbicides to
terminate cover and perennial crops and to control weeds.
No-till equipment places crop seeds into soil without plowing
or disking, reducing soil disturbance and leaving previous
crop residues on the surface, thus reducing soil erosion and
maintaining soil structure (Jarecki and Lal, 2003; Baker et al.,
2007). Besides saving fuel and protecting soil from erosion, no-
till farming conserves soil carbon near the soil surface by slowing
the decomposition of residues on or near the surface relative to
soils that are mixed through tillage (Stubbs et al., 2004; Kan et al.,
2021) and is therefore considered an important management
tool for conserving soil and improving key components of soil
health. When cover crops and perennial crops are integrated
into no-till cropping systems, farmers typically apply herbicides
to terminate the crops that provide continuous cover and
control weeds. This reliance on herbicides for crop and
weed termination can contribute to the evolution of herbicide
resistant weeds (Quincke et al., 2007; Green and Siehl, 2021;
Heap, 2022). Concerns that herbicide use can adversely affect
humans (Sanborn et al., 2007; Zhang et al., 2019; Stradtman
and Freeman, 2021), aquatic ecosystems (Hunt et al., 2017),
wildlife (Freemark and Boutin, 1995), soil organisms (Gaupp-
Berghausen et al., 2015) and soil health, present a conundrum
for no-till farmers. No-till also increases nutrient stratification
in the soil because it allows fertilizers, lime and residues from
terminated crops to accumulate near the surface (Scheiner and
Lavado, 1998). This stratification can be detrimental to crop
production and the environment (Baker et al., 2017; Norton,
2020). These issues have led to the consideration of using
strategic disturbance events, such as occasional inversion tillage
and shallow cultivation to terminate perennials or cover crops,
reducing the frequency and rate of herbicide applications and
incorporating nutrients into the soil profile (Kettler et al., 2000;
Dang et al,, 2015; Summers et al., 2021).

In a 2017 survey by the USDA, 67% of crop acreage
in Pennsylvania was managed with no-till and 24% with
cover crops [National Agricultural Statistics Service (NASS)
USDA, 2017]. Organizations such as the Pennsylvania No-Till
Alliance have played an important role in advocating for these
conservation practices and are often averse to using any type
of tillage that may destroy the soil health benefits gained from
continuous no-till (PA No-Till Alliance, 2022). Multiple studies
have documented the negative effects of tillage on soil health,
with soil health indictors tending to decline with increased tillage
intensity (Jarecki and Lal, 2003; Bhardwaj et al., 2011; Cates et al.,
2016; Nunes et al., 2020; Sprunger et al., 2021).

A nationwide meta-analysis compared the effects of
moldboard plowing, chisel plowing, no-till, and perennial
systems on soil organic carbon, permanganate oxidizable C
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(POXC or active C), soil respiration, microbial biomass C and
N, soil protein, and beta-glucosidase activity (Nunes et al,
2020). The authors found that converting from moldboard to
chisel plowing improved soil organic carbon, microbial biomass
carbon and soil respiration in the first 0-15 cm of soil, however
converting from moldboard plowing to no-till improved all
seven soil health indicators at 0-15 cm. Additionally, compared
to moldboard plowing, perennial systems had improved soil
health indicators at all depths sampled (0-40 cm). The authors
concluded that combining cover crops and minimizing crop
residue removal along with no-till improved soil health
indicators more than switching to no-till alone (Nunes et al,
2020).

The addition of cover crops, perennials and increased
crop diversity in cropping systems also enhances soil health
indicators, such as SOC and water stable aggregates (Angers
and Caron, 1998; Salvo et al., 2014; Congreves et al., 2015;
King and Blesh, 2017; Basche and DeLonge, 2019; Sprunger
and Martin, 2020). In a Wisconsin study, particulate organic
matter (POM) and aggregate C and N were the soil health
indicators assessed across six cropping systems ranging from
continuous maize with yearly chisel plowing to more diverse
rotations with less frequent chisel plowing and perennial
forages, to never-tilled perennial pasture (Cates et al.,, 2016).
Although the authors’ hypothesized that soil health would
be reduced in proportion to tillage intensity they found
that the systems that were tilled every year had POM and
aggregate C levels similar to the crop rotation tilled every
3 years that included significant crop residues from corn
stover and perennials (Cates et al., 2016). The integration
of crop residues and perennials also diversifies weed control
strategies and can reduce reliance on herbicides with diverse
crop lifecycles that interrupt weed lifecycles and mechanical
weed control via frequent harvests of perennial forages
(Cavigelli et al., 2008; Davis et al, 2012; Summers et al.,
2021).

One-time tillage, also referred to as strategic tillage,
occasional tillage, and single inversion tillage, etc., is a potential
alternative to continuous no-till; however, disagreement exists
as to the efficacy of one-time tillage on otherwise no-till land.
Some studies report little to no effect of one-time tillage on
soil health (Salvo et al., 2014; Dang et al., 2015; Blanco-Canqui
and Wortmann, 2020), whereas others report a persistent
decrease in soil health following tillage (Wortmann et al,
20105 Stavi et al,, 2011). For instance, one-time tillage was
effective at reducing herbicide dependence and controlling
downy brome (Bromus tectorum L.), an annual grassy weed,
in a 20 year NT winter wheat (Triticum aestivum L.)-fallow
system in Nebraska (Kettler et al., 2000). The authors compared
a one-time tillage using a moldboard plow with secondary
tillage (disking, chisel) and rod weeding to a no-till control
treatment. Tillage reduced the downy brome densities and wheat
yield increased; although 5 years after the tillage event SOC

frontiersin.org


https://doi.org/10.3389/fsufs.2022.907590
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

McPheeters et al.

at 0-7.5cm depth was still 20% less than in continuous no-
till. However, in the 7.5-15cm depth, SOC was 15% greater
compared to the continuous no-till treatment, suggesting that
carbon was redistributed through tillage rather than lost from
the soil profile (Kettler et al., 2000). In grain-crop systems
in Northeastern Australia, Dang et al. (2015) also evaluated
strategic or occasional shallow tillage in 14 sites and found weed
populations were reduced the year following tillage, without
reducing soil TOC. Although bulk density and soil water
availability decreased for the first 12 months at some sites, most
appeared to recover after 24 months except in high clay soils
(Dang et al., 2015).

By contrast, integrating perennials into an annual crop
rotation with some tillage has been reported to maintain SOC
that was similar to an annual crop rotation with no-till and
some tillage (Cates et al., 2016) or 100% no-till management
of the same crop rotation of perennials and annuals (Salvo
et al., 2014). For instance, Salvo et al. (2014) found that at
the end of 9 years of integrating a few years of perennial
pasture into annual crop rotations with tillage maintained
total SOC at levels similar to no-tillage with the same crop
rotation. A review by Blanco-Canqui and Wortmann (2020)
examined the impacts of occasional tillage on SOC and physical
properties. Although results varied from study to study, they
concluded that occasional tillage generally does not reduce
overall SOC content but can affect its vertical distribution,
with effects lasting up to 2 years following tillage. Additionally,
occasional tillage was effective at reducing nutrient stratification
and suppressing weed populations for several years. Blanco-
Canquiand Ruis (2020) concluded that the benefits of occasional
tillage depend on the type, timing, depth, and frequency of
the tillage and that the ideal type of one-time tillage will vary.
These findings explain the variability in the results of other
studies but are encouraging for the use of one-time tillage when
occasionally integrated. Though many studies include one-time
tillage or cover crops and perennials as a factor, a research gap
exists concerning the interaction between one-time tillage and
continuous cover with cover and perennial crops (Osterholz
etal., 2021).

We undertook this study because we wanted to assess the
effects of strategic tillage on soil health indicators. Although
farmer cooperators frequently point out that increased water
infiltration is a major benefit of no-till, a recent meta-analysis
of 89 field trial studies reported that no-till had no significant
effect (5.7 &+ 9.7%) on infiltration rates even with residue
retention (Basche and DeLonge, 2019). Instead, the use of
either perennials or cover crops across those studies was found
to increase mean infiltration rates by 59.2 + 20.9 and 34.8
£ 7.7%, respectively. Moreover, recognition is growing that
no-till management by itself is not a consistently effective
means to increase soil carbon, because soil carbon accrual
can vary, due to differences in climate, soil texture, organic
mineralization rates, and carbon saturation (Ogle et al., 2012;
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Powlson et al., 2014; Daryanto et al, 2020). Thus, farmers
are more likely to recognize the utility of weed control
provided by strategic tillage combined with the integration
of perennials and cover crops that can be more effective
for sequestering soil carbon than no-till alone (Mary et al,
2020).

In this study, we assessed the effects of one-time tillage in a 6-
year annual and perennial crop rotation with continuous cover
by measuring soils across crop rotation years for total organic
carbon (TOC), permanganate oxidizable carbon (POXC), and
water-stable soil aggregates (WSA). We chose POXC as an
indicator of soil carbon dynamics because it is a good proxy
for labile C (i.e., readily available to soil microorganisms) and
has been reported to be more responsive to soil management
than TOC (Culman et al., 2012; Hurisso et al., 2016). We also
chose WSA as a sensitive indicator of changes in soil structure
due to management (Haynes and Swift, 1990). To those ends,
we hypothesized that (1) in the spring following an inversion
tillage event, the three soil health indicators would be smaller
compared to those for continuous no-till soils; and (2) indicator
values would return to similar levels observed in no-till soils after
returning to no-till with cover crops and 2 years of perennial
crops in the sixth year of the rotation.

Materials and methods

The experiment was conducted as part of the Dairy
Cropping Systems (DCS) project established in 2010 at the
Pennsylvania State University Russell E. Larson Agronomy
Research Farm near Pennsylvania Furnace, PA (40.72°N,
—77.92°W). The project aimed to simulate a confinement 97-
ha dairy farm at 1/20th the scale (4.86 ha) that could produce
all forage and grain needed for a simulated 65-cow dairy herd
while minimizing off-farm inputs and environmental impacts.
We sampled soils from a 6-year crop rotation of annual
and perennial crops comparing two weed control systems: (i)
continuous no-till with standard herbicides (NT-SH) and (ii)
strategic tillage and integrated weed management that reduced
herbicide applications (ST-TWM). The crop sequence (Figure 1)
consisted of: (1) winter canola (Brassica napus L.) or canola
plus oats followed by a rye cover crop (2) soybean [Glycine
max (L.) Merr.] followed by a rye (Secale cereale L.) cover crop
(3) corn grain or corn silage (Zea mays L.) followed by (4-6)
3 years of perennial forage. The perennial forage in the ST-
IWM system was alfalfa (Medicago sativa L.) and orchard grass
(Dactylis glomerata L.) planted with a companion small grain
(for species over the 9 years, see Summers et al., 2021) (Table 1),
while the NT-ST system was alfalfa as the perennial crop until
2016 when orchardgrass was added so that the perennial forage
systems would have the same species that were harvested for hay
and silage. The practice of harvesting perennial forages grown in
rotation with annual crops to feed a total mixed ration to cattle in
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FIGURE 1
Six-year crop rotation sequence with continuous no-till and standard herbicides (NT-SH) and strategic tillage within integrated weed
management (ST-IWM).

TABLE 1 The main crops in the rotation sequence, the abbreviation
used within the paper, and which soil analyses was conducted in each
crop.

Main crop  Abbreviation Annual/ Indicators

name perennial  analyzed

Canola Can Annual All

Soybean n/a Annual None

Corn n/a Annual None

grain/silage

Alfalfa- AO (2 0r3) Perennial Second-year: TOC and
orchardgrass bulk density by volume

Third year: all

confinement is typical for dairy farms of this size in Pennsylvania
(Holly et al., 2019).

Experimental design

Every crop phase of the 6-year rotation was present every
year in randomized main plots (37 by 27m) replicated four
times, and the two weed control systems were split-plots (18
x 27 m) within each crop entry. A winter rye cover crop was
present on the entire experiment when the experimental plots
were established in spring 2010. Agronomic production details
(ex. crop varieties, seeding rates, planting dates, herbicides,
etc.) are described in Summers et al. (2021). Most relevant
to this study, the NT-SH system received standard herbicide
application rates to control weeds and terminate perennial crops
without any tillage. To terminate the perennial alfalfa or alfalfa-
orchardgrass in fall 2018 prior to planting winter canola, 0. 9kg
ae ha~! of glyphosate (N-[phosphonomethyl]glycine), 0.5 kg ae
ha~! 2-4-D LV4, and 0.3kg ae ha~! dicamba was applied in
late August. Pre- and post-emergence herbicides were broadcast
as part of the NT-SH system weed management strategy (see
Summers et al., 2021).

By contrast, in ST-IWM prior to fall planting or winter
the crops
terminated with a moldboard plow followed by secondary

canola, perennial (alfalfa-orchardgrass) were

tillage (disk, a S-tine chisel and cultimulcher) in late August
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followed by planting winter canola. For the corn and soybean
row crops, pre-emergent herbicide was banded over only corn
and soybean rows, a high residue shallow-disk cultivator was
used to control weeds between the row crops twice early in
the season, instead of postemergence herbicide from 2010 to
2012 (Summers et al., 2021). From 2013 to 2018 the corn and
soybean crop plots were split into two nested split-split (9 by
27m) plots, one nested split-plot received the shallow-disk
cultivation, the other nested split plot received a post-herbicide
application instead of the high residue cultivation as described
in Summers et al. (2021). Soil samples from both of these
nested split-split plots were combined in 2019 for the ST-TWM.
Herbicide reduction in the ST-IWM varied over the 9 years
and by crop entries, with the exception of when the perennial
forage was terminated with tillage and herbicide was eliminated
or reduced 100%. For the other crops, burndown herbicide
applications were the same in both systems, and the STM-IWM
system herbicide reductions occurred in the pre-emergent
and post-emergent herbicide applications and were calculated
as kilograms per hectare of active ingredient. Compared to
the NT-SH system, over the 9 years the STM-IWM herbicide
reduction averaged 18% in soybean, 37% in corn and 37% in
the establishment year of the perennials. Herbicides were not
applied to either treatment in the second and third years of
the perennial forages or when the winter canola was planted
(Summers et al., 2021).

The predominant soil series at the experimental site
is Murrill (Fine-loamy, mixed, semiactive, mesic Typic
Hapludults). Manure management practices were chosen to
reflect best on-farm practices. When soil was managed without
tillage (NT-SH), manure was injected following perennial
termination prior to planting winter canola, and before
planting a rye cover crop (Figure 1). Manure was broadcast
and incorporated by the tillage in the ST-TWM system prior to
planting canola.

Soil sampling

Prior to any experimental field operations, soils were
sampled in spring 2010 to establish baseline values. In spring
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2013 and 2019, soils were sampled from plots containing winter
canola (planted the previous fall) and the third year of the
perennial crop. In the ST-IWM system, the canola plots followed
the full fall tillage event, while the third year perennial plots
were in the sixth year after tillage. In the NT-SH system, neither
the canola nor perennial crops had received any tillage. In
2013, the NT-SH system had been in only alfalfa, while the ST-
IWM had alfalfa and orchardgrass. In 2019, both the NT-SH
and ST-IWM plots were planted in alfalfa and orchardgrass in
2016. For simplicity, we therefore refer to this crop as alfalfa
+ orchardgrass (AO3). In 2019, we also sampled soil from
the second-year alfalfa orchardgrass (AO2) crop (5 years after
tillage) from both the NT-SH and ST-TIWM systems for TOC and
bulk density measurements.

Ten to 15 soil cores were randomly collected between 4 and
20 of April 2010, on 9 and 10 of April 2013 and 19 March, 2019,
when winter canola and perennials had begun greening-up after
winter dormancy. Soil cores were split into 0-5 and 5-15cm
depths for separate composite samples. After being air dried and
passed through a 2 mm sieve, these samples were measured for
TOC and POXC.

Additional soil cores were sampled to 15cm depth and
composited on 20 and 21 May of 2010; on 17, 20 and 21 May,
2013; and on 3 June, 2019, when the canola and the perennials
were flowering or beginning to flower. These samples were
measured for WSA after storage in cool, airtight containers to
minimize microbial activity.

Bulk density

Soil bulk density was sampled on 17 November, 2019, which
also allowed the calculation of TOC on a volumetric basis in
2019. Ten to 15 bulk density samples were collected from canola,
and the second and third years of alfalfa and orchardgrass (AO2
and AQO3, respectively) using a tractor mounted Giddings soil
probe (7.5cm diameter). Following a modified bulk density
procedure described by Blake and Hartge (1986), cores were
collected in a thin plastic sheath, cut open in the laboratory,
and soil was separated into 0-5 and 5-15cm depths. Soils
were air dried, weighed, and passed through a 2mm sieve.
Material collected on the sieve was weighed, washed, and volume
determined by water displacement to allow correction of bulk
density values for stone content.

Total organic carbon

TOC concentrations at 0-5 and 5-15cm depths were
measured by combustion with a 2,400 CHNS/O Series II
Analyzer (Perkin Elmer, Waltham, MA, USA) in 2010 and 2013
and a Vario Max elemental analyzer (Elementar, Langenselbold,
Hesse, Germany) in 2019.
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Labile carbon (POXC) and water-stable
aggregates

Samples (0-5 cm) were tested for POXC using the Weil et al.
(2003) method. Briefly, 2.5 g of air-dried soils were mixed with
2mL stock solution (0.2M KMnOy4 in 1 M CaCly, pH 7.2) and
brought to 20 mL volume with water. Cleared soil suspensions
were diluted 1/10 before measuring absorbances at 550 nm
in a colorimeter (Hach, Loveland, CO). Standard curves of
absorbance values for known KMnOy4 concentrations provided
the y-intercept (a) and slope (b) in the following equation to
calculate soil POXC concentration:

POXC (mgkg — 1) = (0.02Mol/L — (a+b = absorbance))
+(9000 mg C/Mol) * (0.02 L soln./0.0025 kg soil)

For water-stable aggregates, field moist soils sampled from 0 to
15cm were sieved through 2 and 1-mm sieves, with material
remaining on top of the I-mm sieve retained and air-dried. A
modified version (Grover, 2008) of the Kemper and Rosenau
(1986) method was used with a dispersing solution (2g of
sodium hexametaphosphate in 1L of deionized water). Four
grams of air-dried soils were added to sieve-bottom cups in an
8-cup wet-sieving apparatus (Eijkelkamp Soil & Water Giesbeek,
Netherlands). Tins containing deionized water were placed
under the sieve-bottom cups, which were lowered to completely
submerge the soils. After submersion without disturbance for
5min, the cupholder was raised and lowered at a rate of 33
times per minute for another 5min. Tins containing water
were replaced with tins containing dispersing solution, and the
process was repeated.

Once raised out of the solution, samples in the sieve-bottom
cups were gently rubbed with a rubber-tipped rod for 20s
each. Samples were lowered again into dispersing solution and
raised and lowered for a final 5min. The two sets of tins,
one containing water and unstable soil fraction and the other
containing dispersing solution and the stable fraction, were
removed and placed in a drying oven at 110°C for 2 days. Any
sand, rock, or particulate organic matter remaining in the sieve
bottom cup was discarded.

WSA percentage was measured using the equation:

[Stable Aggregate/ (Stable Aggregate + Unstable Aggregate)]
* 100

where stable aggregate refers to the fraction of the soil slaked
off in dispersing solution and unstable aggregate refers to the
fraction of the soil that slaked off in water.

Two replicates were performed for each plot and a
percent difference between replicates was determined using
the equation:

[(Rep1 — Rep 2)/Average(Repl, Rep2)] x 100
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If the percent difference between replicates was greater than
29%, a third replicate was performed. This was only necessary
for one sample.

Statistical analysis

Because the WSA procedure was carried out by different
individuals in 2010, 2013, and 2019, potential variation in
individuals’ techniques called for separate analyses of 2010,
2013 and 2019 results, and standardized scores were generated
for water stable aggregate data within each year. Standardized
scores were calculated by subtracting the population mean
(all blocks and both systems) from each WSA percentage of
each sampled plot and dividing this value by the population
standard deviation.

Data were analyzed with PROC MIXED for a split-plot
design in JMP Pro 15 by SAS (SAS Institute, Inc. Cary, North
Carolina). For TOC, labile carbon, WSA, and standardized
WSA, fixed effects were year, system, crop, and the two and
three-way interactions between these terms with block, block
x crop, and block x year as random effects, with fixed
effects separated by the Personality Standard Least Squares test,
equivalent to the Satterthwaite approximation. Bulk density
and total organic carbon by volume was analyzed for 2019,
which was the only year with sufficient bulk density data.
Crop and system and the interaction between them were fixed
effects and block and the interaction between block and crop
were random. The SLICE test, which analyzes simple effects to
separate LSmeans within an interaction, was used to test the
pre-planned hypotheses, comparing the system within the same
crop and year. Means were considered significantly different at
p < 0.05. We also conducted the SLICE test when there was
a significant interaction, with the exception of testing the Year
effect. We only conducted the SLICE test to compare 2013 and
2019, the years when crops were planted in the same plots or soil
and appropriate to compare between those years.

Results and discussion

Total organic carbon concentration

For TOC at the 0-5cm depth, “system” showed the only
significant effect (p = 0.00089), where ST-IWM averaged 14%
lower TOC than the NT-SH average. Canola TOC concentration
in ST-IWM was 21% less in 2013 (p = 0.0197) and 29% less in
2019 (p = 0.0013), compared to the NT-SH system (Table 2).
Others have also reported a reduction in soil TOC in the upper
soil layer following inversion tillage compared to no-till (Kettler
et al., 2000; Jarecki and Lal, 2003; Mary et al., 2020).

By contrast, there were no significant differences between
systems in the AO3 in any year (Table 2). In 2013 the ST-IWM
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AO3 had not yet been exposed to tillage since the start of the
experiment, but in 2019 the ST-IWM AO3 had experienced
inversion tillage 6 years earlier. The similar TOC concentrations
indicated that levels in the ST-IWM system had recovered to
those observed in the NT-SH system (Table 2). In Uruguay,
Salvo et al. (2014) also found that when rotated to perennial
pastures following tillage, SOC was not reduced relative to no-
till. In addition, in 14 grain crop locations that were occasionally
tilled in Australia, Dang et al. (2015) found that soil organic
carbon in the top 0-10cm did not differ from paired no-till
systems three to 24 months after tillage.

For TOC concentration at 5-15 cm depth, none of the fixed
effects were significant. And the hypothesis that the systems
would differ after tillage in Canola was not true in any year
(Table 2), indicating tillage did not have an effect at this depth.
Tt is possible that some TOC was redistributed to a deeper depth
than what was sampled in our study, as Kettler et al. (2000) noted
a redistribution of carbon to deeper depths following tillage.
Because the plow depth is closer to 30 cm, increased TOC from
buried residue could be buried in the 15-30 cm layer. Due to
channery soils, sampling past 15 cm was not feasible on a wide
scale and this possibility was not investigated. The potential for
redistribution of a portion of the carbon, rather than loss of
carbon due to tillage, would support the idea that occasional
tillage does not reverse the benefits of no-till.

Bulk density and calculation of total
organic C by volume

In the 2019 bulk density analysis, only crop showed a
significant effect in the 0-5cm depth (p = 0.00418), where
AO3 had 9% lower average bulk density than the canola and
AQO2 was not significantly different from either of the other
crops (Table 3). Overall, bulk density values at both depths were
lower than 1.55g cm 3, which is the bulk density considered
to be root- restrictive for silt loam soils (Kaufmann et al,
2010). Nevertheless, lowered bulk densities are an indication of
higher organic matter content, greater porosity, and improved
soil hydraulic function (Kaufmann et al.,, 2010; Bagnal et al,
2022). The lower bulk density after 2 years of perennial forage,
regardless of tillage, thus suggested that soils had better structure
in support of root growth. As with the TOC concentration
results, there were no significant effects observed in the 5-15 cm
depth for bulk density (Table 3).

Decreased bulk density following perennial crops was
expected as the perennial roots are likely to add organic matter
to the soil, as well as improving fungal hyphae and biological
activity that promotes soil porosity, making the soil less dense
(Angers and Caron, 1998; Blanco-Canqui and Ruis, 2020) and
reducing the potential for compaction. This result supports
our hypothesis that the lack of disturbance during perennial
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TABLE 2 Total organic carbon (g C kg soil~!) at 0—5cm and 5—-15 cm, labile carbon by POXC (mg C kg soil~%) at 0—5 cm, water stable aggregates at
0-15cm and water stable aggregate standard scores, calculated using the means and standard deviation of within-year score compared in 2010,
2013, and 2019.

TOC TOC POXC WSA WSA standard

(0-5cm) (5-15cm) (0-5cm) % score

gCkg! gCkg! mg Ckg™1
Crop
Average of Can 1.64a* 1.32a 458a 41.3b —0.43b
Average of AO3 1.62a 1.25a 478a 46.8a 0.46a
System
Average of ST-IWM 1.51b 1.31a 424b 42.9a —0.15a
Average of NT-SH 1.75a 1.27a 512a 45.3a 0.19a
Year
Average of 2010 1.61a 1.23a 495a 35.8b 5.39E - 07a
Average of 2013 1.64a 1.37a 446a 40.7b —7.03E - 08a
Average of 2019 1.64a 1.27a 462a 55.7a 0.05a
Three-way effect combination
Can, ST-IWM, 2010 1.57Ab 1.20A 500A 32.7A —0.33A
Can, NT-SH, 2010 1.62A 1.28A 473A 32.4A —0.37A
AO3, ST-IWM, 2010 1.57A 1.22A 515A 36.8A 0.12A
AO3, NT-SH, 2010 1.67A 1.22A 494A 41.1A 0.59A
Can, ST-IWM, 2013 1.47Ba* 1.52Aa 353Bb 38.0Aab —0.65Aa
Can, NT-SH, 2013 1.87Aa 1.35Aa 506Aa 38.8Aab —0.46Aa
AO3, ST-IWM, 2013 1.59Aa 1.34Aa 440Aa 43.5Ab 0.68Aa
AO3, NT-SH, 2013 1.65Aa 1.25Aa 486Aa 42.5AD 0.43Aa
Can, ST-IWM, 2019 1.37Ba 1.35Aa 342Bb 48.0Ba —1.17Ba
Can, NT-SH, 2019 1.94Ab 1.26Aa 574Aa 58.1Aa 0.40Aa
AO3, ST-IWM, 2019 1.47Aa 1.23Aa 395Ba 58.2Aa 0.43Aa
AO3, NT-SH, 2019 1.76Aa 1.25Aa 537Aa 58.7Aa 0.53Aa
Main effect p-value p-value p-value p-value p-value
Crop 0.69561 0.14599 0.48898 0.03776 0.02489
System 0.00089 0.40978 0.00284 0.19563 0.19915
Year 0.85648 0.11073 0.12520 0.00067 0.98440
System x crop 0.15841 0.68003 0.23882 0.52971 0.37678
System x year 0.09678 0.35064 0.01134 0.48342 0.40040
Crop x year 0.88381 0.60267 0.92488 0.91313 0.80845
System x crop X year 0.42148 0.70549 0.64071 0.29173 0.32388
SLICE tests
Effect of system p-value p-value p-value p-value p-value
Can, ST-IWM, 2010 vs. Can, NT-SH, 2010 0.7770 0.5058 0.6741 0.9383 0.9531
Can, ST-IWM, 2013 vs. Can, NT-SH, 2013 0.0197 0.1474 0.0264 0.8512 0.7530
Can, ST-IWM, 2019 vs. Can, NT-SH, 2019 0.0013 0.4560 0.0014 0.0278 0.0194
AO3, ST-IWM, 2010 vs. AO3, NT-SH, 2010 0.5305 0.9667 0.7505 0.3285 0.4726
AQO3, ST-IWM, 2013 vs. AO3, NT-SH, 2013 0.6828 0.4672 0.4842 0.8119 0.6899
AO3, ST-IWM, 2019 vs. AO3, NT-SH, 2019 0.0827 0.8868 0.0374 0.9228 0.8795
Effect of year
Can, ST-IWM, 2013 vs. Can, ST-IWM, 2019 0.4963 0.1479 0.8500 0.0351 0.4189
AO3, ST-IWM, 2013 vs. AO3, ST-IWM, 2019 0.4732 0.3560 0.4584 0.0028 0.6893
Can, NT-SH, 2013 vs. Can, NT-SH, 2019 0.6275 0.4688 0.2566 0.0002 0.1802
AO3, NT-SH, 2013 vs. AO3, NT-SH, 2019 0.4811 0.9541 0.3942 0.0027 0.8793

2Lowercase letters (a, b) denote differences due to main effects at p <.05.

bUppercase letters (A, B) denote systems that differ at p <.05 within the same crop and year via the “SLICE” procedure.

“Italicized lowercase letters (a, b) denote years (2013 vs. 2019) that differ at p < .05 within the same system and crop via the “SLICE” procedure.

Significant differences of main system and year effects comparing 2013 and 2019 (System and Year) were determined by the SLICE statement in JMP to perform a partitioned F test of least
square means (LSMeans) of their interaction. p-values < 0.05 are in bold.
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TABLE 3 Bulk density and TOC by volume averages at 0—5 and

5-15 cm depths for strategic tillage within integrated weed
management (ST-IWM) and continuous no-till with standard herbicide
(NT-SH) in canola (Can), second-year alfalfa orchardgrass (AO2) and
third-year alfalfa orchardgrass (AO3) crops sampled in 2019.

BD BD TOC TOC
(0-5cm) (5-15cm) (0-5cm) (5-15cm)
g ecm™3 g ecm~3 Mg ha—1 Mg ha—1

System average
ST-TWM 1.13A 1.26A 8.35B 7.92A
NT-SH 1.09A 1.26A 10.41A 7.84A
Crop average
Can 1.16a 1.26a 9.58a 8.18a
AO2 1.11ab 1.26a 10.03a 8.00a
AO3 1.06b 1.27a 8.53a 7.47a
System x crop
ST-IWM, Can 1.17a%Ab 1.23aA 7.97aB 8.30aA
ST-IWM, AO2 1.13abA 1.26aA 9.09aB 8.01aA
ST-IWM, AO3 1.08bA 1.28aA 8.00aA 7.46aA
NT-SH, Can 1.15aA 1.28aA 11.18aA 8.06aA
NT-SH, AO2 1.09bA 1.25aA 10.97aA 7.98aA
NT-SH, AO3 1.03bA 1.27aA 9.07bA 7.48aA
Factor p-value p-value p-value p-value
Crop 0.00418 0.859 0.07343 0.22671
System 0.07235 0.80057 0.00012 0.84223
System X crop 0.64693 0.43808 0.06324 0.96056
SLICE tests p-value p-value p-value p-value
Effect of system
Can, ST-IWM vs. 0.6596 0.2078 0.0003 0.7152
Can, NT-SH
AO2, ST-IWM vs. 0.2353 0.7452 0.0078 0.9659
AO2,NT-SH
AO3, ST-IWM vs. 0.1058 0.7459 0.0844 0.9820
AO3, NT-SH

2Different lowercase letters (a, b) indicate that crops differ at p < .05.

bDifferent uppercase letters (A, B) indicate that systems differ at p < .05.

Significant differences of the main effects of system (system) and crop (Crop) were
determined by the SLICE function in JMP to conduct a partitioned F-test of LSMeans
of the interaction of System x Crop. p-values < 0.05 are in bold.

growth would lead to improvement in soil health indicators.
Interestingly, the bulk density did not increase significantly
following tillage as there was no difference between the two
systems in the canola crop. This did not support our first
hypothesis that strategic tillage would cause an initial decrease
in soil quality. Tillage has been shown to decrease bulk density
in the short term but increase it in the long-term (Logsdon and
Karlen, 2004; Dang et al., 2015). However, we did not detect a
difference in systems or following tillage in the canola.

The TOC by volume (Mg/ha) showed similar trends to
the TOC concentration in both sampled depths. System had a
significant effect in the 0-5 cm depth (p = 0.00012), with TOC
by volume 20% smaller in ST-TWM compared to the NT-SH. The
canola had 29% less (p = 0.0003) and AO2 had 17% less TOC by
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volume (p = 0.0078) in ST-IWM compared to NT-SH (Table 3).
There were no significant differences however, between the two
systems in AO3 (Table 3), indicating that following strategic
tillage, 2 years of the perennial forage were required for TOC
to increase to the same level as the no-till system. At the 5-
15cm depth, there were no significant differences in TOC by
volume between systems or crops (Table 3). In summary, TOC
by volume decreased significantly following tillage, but was
similar between systems following 3 years of annuals and cover
crops and 2 years of perennials.

Labile carbon

In the analysis of POXC, system showed a significant effect
(p = 0.00079), where ST-IWM averaged 17% lower than NT-
SH. Compared to NT-SH, canola POXC in ST-IWM was 30%
less in 2013 (p = 0.0264) and 40% less in 2019 (p = 0.0014,
Table 2). However in 2019, POXC in AO3 of the ST-IWM
system was 26% less than in the NT-SH system (p = 0.0374),
indicating that POXC had not increased to similar levels in ST-
IWM 6 years after tillage. In 2013, AO3 in the ST-IWM system
hadn’t yet experienced tillage, while in 2019, the AO3 in that
system had been tilled 6 years before. Quincke et al. (2007) also
noted a significant decrease in labile carbon following tillage
in the top few centimeters of soil, but found increased labile
carbon in deeper layers that essentially offset the carbon lost
from the more superficial layer, suggesting that labile carbon
had been redistributed by moldboard plow rather than lost. In
our study, POXC was only analyzed at the 0-5cm depth, and
it may have been possible that a similar redistribution of carbon
occurred at deeper soil depth. Kettler et al. (2000) and Mary et al.
(2020) also noted a redistribution of carbon to deeper depths
following tillage.

Water stable aggregates

In the analysis of the WSA and standardized WSA scores,
only year showed a significant effect on WSA (p = 0.00067)
while crop had significant effects on both scores (p = 0.03776
and p = 0.02489, respectively, Table 2). Compared to 2010, the
average WSA was 37% smaller than the averages for 2013 and
2019. The larger average WSA values in 2013 and 2019 may
be attributed to the combination of cover crops, perennials
and lack of disturbance in most years of both systems. The
role of different people conducting the WSA analysis also likely
explains some of the WSA differences among years. Year-to-
year variation was why we used a standardization procedure
for raw WSA scores. Compared to the canola, WSA and the
standardized score in AO3 averaged 11.8% greater and 1.9 fold
greater, respectively (Table 2). Others have also reported that
perennial roots and their associated fungal hyphae and soil
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microorganisms stabilized soil aggregates regardless of tillage
(Angers and Caron, 1998).

Following tillage in 2019, WSA of canola in the ST-IWM
system was 17% smaller than in NT-SH (p = 0.0278), and the
standardized WSA score was also significantly smaller in the ST-
IWM system (p = 0.0194). However, WSA scores for canola in
2013 did not differ between the two systems when the NT-SH
system had not included orchardgrass in the perennial forage
prior to herbicide termination. In 2019, by contrast, AO3 in the
systems did not differ for either WSA or the standardized scores,
indicating that less disturbance with cover crops and 2 years
of perennial alfalfa and orchardgrass significantly enhanced the
physical soil stability in the ST-TWM. The lack of significant
difference following tillage in the 2013 canola, however, may
also be explained by the presence of orchardgrass in addition to
alfalfa in the ST-IWM system when the NT-SH was planted to
only alfalfa. The presence of orchardgrass in the ST-IWM system
may have promoted and protected WSA enough to counter
the tillage impact. Because perennial grasses have more fibrous
roots, it has been suggested that they promote greater aggregate
stability than other types of perennials (Miller and Jastrow, 1990;
Angers and Caron, 1998; Rachman et al., 2003). In 2019, the
NT-SH system also had orchardgrass planted with alfalfa, and
the benefits of both no-till and perennial grass roots may have
assisted in the formation of stable aggregates.

Other studies that compared occasional tillage to continuous
no-till have also reported that occasional tillage often did not
reduce soil aggregation, or that it recovered within a year
with return to no-till (Dang et al., 2015; Blanco-Canqui and
Wortmann, 2020). A 2010 study by Wortmann et al. found no
significant differences in water stable aggregates across several
tillage treatments, including no-till and moldboard plow tillage,
5 years following tillage. It is possible that ST-TWM might have
returned to levels similar to NT-SH after several years without
the aid of perennial roots. However, Dougherty et al. (2022) have
suggested that only slight differences in soil health indicators can
be expected within short timeframes, which may explain the lack
of significant differences in the Wortmann et al. (2010) study.
Additionally, the Wortmann et al. (2010) study used the water
stable aggregate sampling method by Cambardella and Elliott
(1994), which involves wet sieving soil and combining weights
of three aggregate size classes, which could have accounted for
different sensitivities.

Conclusion

Herbicides are typically used to terminate cover and
perennial crops and control weeds during no-till management of
annual and perennial crop rotations. Reliance on herbicides can
lead to herbicide-resistant weeds and negative environmental
impacts that conflict with the goals of regenerative agriculture.
Integrated weed management employs multiple weed control
practices but the use of occasional tillage is often dismissed in
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minimal tillage systems because of its association with reduced
soil health. In this study, we found that most of the negative
effects of strategic tillage on soil health indicators (soil carbon
at 0-5cm, water stable aggregates and bulk density) were
mitigated in no-till annual and perennial cropping systems
after 3 years’ growth of annuals and cover crops and 2 years
of perennial forages. We also found evidence that integrating
perennial forage grasses with legumes is beneficial for promoting
water stable aggregates. When compared to the continuous
NT system, labile carbon was the only soil indicator that was
lower in the ST-IWM system when measured in the third
year of alfalfa-orchardgrass (AO3). Further research on the
significance of labile carbon for total soil carbon accumulation
and the long-term impacts of strategic tillage in these systems
would elucidate the implications of this small reduction in labile
carbon. Additionally, this study found no effects of the strategic
tillage on soil carbon and bulk density at the 5-15cm depth,
implying that tillage did not impact soil health below the 0-5 cm
range in this study, although an investigation of soil carbon at
lower depths would be worth pursuing.
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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 different between-row (aisle) and in-row mulches were
compared to attempt to identify reduced tillage combinations that effectively
manage weeds while resulting in yields comparable to full tillage production,
testing our hypothesis that no differences 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, straw mulch 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 cmrain event 2 weeks prior to harvest. A significant row mulch x aisle mulch
interaction was observed for marketable fruit m—1, showing that yield was not
significantly affected 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 effective mulching strategy to reduce weed pressure, with more
efficient 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 (Licbman 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
(Magdoft 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
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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 Towa, 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, the
incorporation of high-carbon crop residues with the planting

strip tillage management allows for
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.
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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
33,625kg ha~!. Strip plot, aisle mulch treatments included
cereal rye crimped at anthesis with a roller-crimper (I&]
Manufacturing, Gap, PA), ground winter wheat straw mulch
applied at a rate of 33,625 kg ha~!, 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 250.96kg
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TABLE 1 Summary of field activities for CCBRT management of organic squash, 2018 and 2019.

Date (2017) Date (2018)

September 25 September 27

May 17, June 14

June 6

June 7

June 14

June 14

June 14

July 18 and 25; August 8, 20
and 31st; September 7

July 17 and 25; August 8 and
20

July 17; August 8 and 20

September 13

ha=! 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 m? 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 4.57 m roller-crimper (I&]
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 134.5kg ha~! 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-
F1” acorn (Cucurbita

week old “Honey Bear squash
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Date (2019)

May 15, May 30, June 11

Activity

“Aroostock” rye seeding (4 bu/acre)
Tilling planting strips and control plots

to terminate cover crop or incorporate

fertilizer
June 6 Rye biomass
June 7 Termination of rye plots by crimping
June 11 Application of fertilizer
June 12 Application of straw and plastic mulches
June 14 Winter squash transplanting

July 16, 23, and 28; August 6,

Insect counts

13, 20, and 27

July 3, 12, and 23; August 7

Weed counts

and 28

July 3, 12, and 23; August 7

Timed weed management

and 28

September 3

91

Harvest

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
m? quadrats within 24h prior to timed manual weeding (1
= 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 to maturity. 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 (Raapp 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 Arboretum Weather Station, 2018 and 2019.

Time period Total precipitation in
cm (deviation from 40

yr average)

October 2017 to February 2018 27.89 (4+2.02)

March to May 2018 33.07 (+7.71)
June to Sept 2018 86.11 (+41.28)
October 2018 to February 2019 37.24 (+11.37)
March to May 2019 24.05 (—3.53)

June to Sept 2019 58.90 (+14.07)

Computing, 2020). ANOVAs were done using the Ime() function
in the “nlme” package (Pinheiro and Bates, 2022) using the
following model:

Yiju = 0 + Ai + By + WP + Sk(ji) + SPy
+ (AWP)lk + (ASP)ll + (AWPSP)lkl + eijkl

where Y is the observation for the ith year, jth block, kth
row mulch (whole plot) treatment, and /th aisle mulch (subplot)
treatment, A; is the fixed effect of the ith year (i = 2018, 2019),
Bj(j) is the random effect of the jth block nested within the ith
year (j = 1, 2, 3), WPy is the fixed effect of the kth whole plot
row mulch treatment (k = cultivated, straw, plastic), ‘Sk(ji) is the
random effect of the whole plot error term nested within the jth
block within the ith year, SP; is the fixed effect of the Ith subplot
aisle mulch treatment (I = cultivated, straw, rye), (AWP); is the
effect of the interaction between the ith year and kth aisle mulch,
(ASP);; is the effect of the interaction between the ith year and /th
row mulch, (AWPSP);y; is the effect of the interaction between
the ith year and kth aisle mulch and Ith row mulch, and €, is the
residual error associated with the observation for the ith year, jth
block, kth row mulch (whole plot) treatment, and /th aisle mulch
(subplot) treatment.

Pest data, weed management 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 ¥y, (k(jiy) 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).
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Average daily GDDU 50 (deviation
temperature in °C from 40 yr average)
(deviation from 40 yr

average)

—0.7 (+0.49) 182 (+77)

7.41 (—0.13) 463 (+128)

20.57 (+0.95) 2,286 (+238)

—1.13 (+0.06) 86 (~19)
7.45 (-0.09) 259 (-76)

20.28 (+0.66) 2,164 (+116)

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~!
to the cultivated treatment, rye produced lower yields with
respect to marketable fruit m~! 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~! produced by cultivated aisles was similar to straw-
mulched aisles; however, yield in terms of total fruit plantf1
was lower. Across aisle mulch treatments, plastic rows produced
fewer total fruit m~! than rows mulched 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 ! basis, and greater yields in both rows and
aisles on a plant~! basis but did not result in better marketable
fruit yields due to producing more unmarketable fruit than
cultivated treatments.

A significant row mulch X aisle mulch interaction was
observed for marketable fruit m~! (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 x aisle mulch interaction, with clearly
higher both

straw mulched aisles and crimped rye in 2018, the year

proportions of unmarketable fruits for

the field flooded prior to harvest, and no significant
differences in 2019 (Figure 1; Supplementary Tables 1, 2).
Similarly, a year x aisle mulch interaction was observed

for marketable fruit plant™! (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—!
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.,
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Delate et al., 2008; Van Den Bossche et al., 2009; Chehade et al.,
2019) or reduced N mineralization 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 row mulch than aisle mulch
on total yield m~! 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 x 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™! 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 x year and row mulch X vyear
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 Row mulch Total fruit Marketable Proportion Unmarketable  Total fruit Marketable Proportion
m~1 fruit m—1 unmarketable fruit m—1 plant™ 1 fruit plant
fruit plant_1 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 9.25 593 0.32 2.57 6.82 3.93 0.93
Simple main effect across Cultivated aisle average 8.87 6.09 A 0.33B 2.78 B 6.70 B 454A 0.82
row mulch
Roller-crimped rye Straw 10.59 3.83 0.58 5.71 9.17 3.01 0.77
Black plastic 6.71 391 0.45 3.01 6.20 3.05 0.72
Cultivated 11.78 593 0.44 4.84 8.14 3.78 0.97
Simple main effect across Rye aisle average 9.08 4.56 B 0.46 A 452A 6.77 B 3.28B 0.82
row mulch
Straw Straw 11.43 5.30 ab 0.53 6.12 9.58 3.84 0.85
Black plastic 6.76 3.77b 0.47 3.47 8.58 4.34 0.55
Cultivated 11.73 7.30a 0.38 4.32 7.87 4.57 0.97
Simple main effect across Straw aisle average 10.10 5.46 AB 0.49 A 4.64 A 7.93A 4.25A 0.79
row mulch
Row mulch Straw 10.37 A 5.20 0.49 5.17A 7.96 A 3.98 0.81B
Simple main effect across Black plastic 7.37B 4.51 0.41 2.86 B 6.85 AB 3.99 0.66 B
aisle mulch
Cultivated 10.30 A 6.39 0.37 391 AB 6.58 B 4.09 0.96 A
Treatment effects Row mulch F=9.28, F=254,ns F=179,ns F=9.70, F=5.04, F=0.03,ns F=11.54,
p <001 p <001 p <005 p <001
Aisle mulch F=2.10,ns F =10.54, F=771, F =8.65, F=5.62, F =10.54, F=0.19,ns
p <0.001 p <0.01 p <0.01 p <0.05 p < 0.001
Row x aisle F=2.03,ns F =298, F=0.53,ns F=0.17,ns F =1.56, ns F=2.69, F=138,ns
p <0.05 p<01
Year F=12.59, F =522, F=0.09, ns F=0.21,ns F=13.97, F=2.62,ns F=0.15ns
p<0.05 p<0.1 p<0.05
Year x aisle F=0.64,ns F=2.87, F=3.83, F=2.61, F=0.33,ns F=647, F=10.26,ns
p<01 p<0.05 p<0.1 p<0.01
Year x row F=0.89,ns F=1.58,ns F=1.67,ns F=091,ns F=132,ns F=2381,ns F=0.24,ns
Year x row X aisle F =0.46, ns F=0.14,ns F=0.09, ns F=0.32,ns F=0.27,ns F=0.34ns 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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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 different 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 X 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
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Marketable fruit yield m~t of acorn squash grown using different
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 Row mulch Cumulative cucumber Cumulative squash Cumulative egg
beetles per plant bugs per plant 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 0.52B
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 0.73 343 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 1.98B 0.47 B
Black plastic rows 0.68 345A 1.33A
Cultivated rows 0.76 0.73B 0.35B
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=4.85p <0.05
Year F =264.19, p < 0.0001 F =60.39, p < 0.01 F =1.86, ns
Row x aisle F=1.03,ns F=10.34,ns F=0.25,ns

Aisle x year

Row x year

F=258,p<0.1
F=0.61,ns

F=6.72,p < 0.001
F=5.10,p < 0.05

F=12.39,p < 0.001
F=0.87,ns

Aisle x row x 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, which may
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 x 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
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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 different 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™! 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;

Row Mulch E’El Cultivated Plastic £ Straw

2018 2019

a a’ b

©

o

Rye  Straw Cultivated Rye
Aisle Mulch

s

Straw  Cultivated

o

Cumulative Squash Bug Egg Clusters per Plant
»

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 different at p < 0.05.

10.3389/fsufs.2022.991463

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~! in 2018 and 7,866 kg ha~!
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 % Broadleaf ct per % m? Grass ct per % m?
m2

Cultivated aisle 84la 10.43a 3.73a 6.69 a

Rye aisle 523b 3.28b 1.31b 1.97b

Straw 206 ¢ 0.86¢ 0.23¢ 0.64 ¢

Aisle treatment effects

Aisle mulch
Year

Aisle x year

F =95.39, p < 0.0001
F=7031,p <001
F=15.11,p < 0.001

F =155.12, p < 0.0001
F=1.14,ns
F=3.73,p<0.05

F = 133.05, p < 0.0001
F=554,p<0.1
F=28.01,p < 0.01

F-127.36, p < 0.0001
F=7.71,p <005
F = 13.86, p < 0.0001

Straw row
Plastic row

Cultivated row

119b
140 b
704a

0.28b
0.72b
8.57a

0.12b
0.20b
3.64a

0.16 b
0.52b
4.94a

Row treatment effects
Row mulch
Year

Row x year

F =108.53, p < 0.0001
ns

ns

F =370.90, p = < 0.0001
ns

F=6.03,p <0.01

F =135.55, p < 0.0001
F=1155,p < 0.05
F =20.52, p < 0.0001

F =192.29, p < 0.0001
F=12.03,p < 0.05
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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Total (Top), broadleaf (Middle) and grass (Bottom) weed counts
per 0.25 m?, 2018 and 2019. Lowercase letters indicate
significance groupings for aisle mulch within a given year.
Groups with the same letter were not significantly different 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
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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 x 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~! 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
etal., 2015; Tillman et al., 2015; Jokela and Nair, 2016). However,

I were observed

reduced marketable fruits plant™! and m~
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 <24h 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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Introduction: Kernza intermediate wheatgrass (IWG) is a perennial grain and
forage crop. Intercropping IWG with legumes may increase the forage yields
and nutritive value but may compromise Kernza grain yields. The interaction
between IWG and legumes depends on planting season, row spacing, and
legume species. Our aim was to evaluate the effects of those management
practices on Kernza grain yield, summer and fall forage yield and nutritive value,
weed biomass and, the profitability of the cropping system in Wisconsin, USA.

Methods: In the spring and fall of 2017, we planted eight cropping systems
at 38 and 57 cm of row spacing: four IWG monocultures [control without
N fertilization or weed removal (IWG), hand weed removal (hand weeded),
IWG fertilized with urea at rates of 45 or 90 kg ha—1], and four IWG-legume
intercrops (IWG with alfalfa, Berseem clover, Kura clover, or red clover).

Results and discussion: Most of the intercropping systems were similar to
IWG monoculture in grain (ranging from 652 to 1,160 kg ha—1) and forage
yield (ranging from 2,740 to 5,190 kg ha—1) and improved the forage quality.
However, for spring planted IWG, intercropped with red clover or alfalfa, the
grain and forage yields were lower than the IWG monoculture (~80 and 450
kg ha=1, respectively). The best performing intercrops in the first year were
Kura clover in the spring planting (652 kg Kernza grain ha—1, 4,920 kg IWG
forage ha—1and 825 kg legume forage ha—1) and red clover in the fall planting
(857 kg Kernza grain ha—1, 3,800 kg IWG forage ha—1, and 450 kg legume
forage ha~1).Inthe second year, grainyield decreased 84% on average. Overall,
the profitability of the IWG legume intercropping was high, encouraging the
adoption of dual-purpose perennial crops.

polycultures, row spacing, seeding season, dual-purpose crop, net economic return,
Kernza®, forage quality
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Introduction

Ecosystem disservices from modern agriculture challenge
the ability of society to meet current and future needs (Tilman
et al, 2002; Power, 2010). The frequent tillage of soils and
a lack of vegetation cover for prolonged periods have led to
extensive soil erosion, soil carbon loss, and nutrient runoff
into groundwater, among other problems, which demands the
rethinking of the way humans produce food. Some novel
approaches seek to diversify and perennialize cropping systems
by reducing soil tillage (Crews and Rumsey, 2017), replacing
fallow periods with service crops (Schipanski et al., 2014; Pinto
et al., 2017), integrating crop and livestock systems (de Faccio
Carvalho et al., 2021; Franco et al., 2021; Picasso et al., 2022),
intercropping multifunctional species (Malézieux et al., 2009;
Gaba et al, 2015) or including dual-purpose perennial crops
in the agricultural rotations (Hunter et al., 2020b; Franco
et al., 2021). Recent advances in domestication and breeding
of perennial cereals for seed yield offer the opportunity to
reintroduce perennial polycultures and regenerate components
and processes of natural ecosystems to agroecosystems (Glover
et al, 2010; Pimentel et al, 2012; Ryan et al., 2018). Since
perennial crops last beyond one season, the disturbance needed
for establishment can be compensated throughout multiple
production years (Crews et al., 2016). Through their continuous
productivity, perennial crops protect soil from erosion (Ryan
et al,, 2018), compete with weeds (Zimbric et al., 2020), catch
nutrients preventing leaching (Culman et al., 2013; Jungers et al.,
2019) and improve soil health (Culman et al., 2010; de Oliveira
et al., 2020).

Intermediate wheatgrass [IWG, Thinopyrum intermedium
(Host) Barkworth and D.R. Dewey)] is among the most
promising perennial cereal crops to date (Ryan et al., 2018),
due to its synchronous seed maturity, edible grain, moderate
shattering, and moderate threshability (Wagoner, 1990). The
current grain yield is relatively low relative to annual wheat
[li.e., up to ~1,660 kg ha—! in experimental fields (Franco et al.,
2021) and averaging 460kg ha~! in the primary production
areas (Skelly and Peters, 2021)] but breeders expect IWG to
achieve comparable yields in the near future (DeHaan et al,
2018; Bajgain et al., 2020). The grain of IWG is sold as Kernza®
to restaurants, bakeries, and other food-related businesses in
the United States for use in value-added products (Lubofsky,
20165 Ryan et al., 2018). The forage can be harvested in summer,
removing the crop residue or straw, and mixed with higher
value forage (e.g., alfalfa hay) to feed beef or dry dairy cows.
The forage harvested in spring or fall, as other cool-season
grasses commonly grown in the humid climate of the Upper
Midwestern US, is suitable for lactating beef cows, dairy cows,
and growing heifers (Favre et al., 2019).

Growing legumes with perennial grasses can provide
multiple benefits, including providing N inputs by biological
fixation (Pinto et al., 2021Db), increasing soil organic matter
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(Lehmann et al,, 2020), suppressing weeds (Law et al., 2021),
and increasing the total forage harvested and its nutritive
value (Favre et al.,, 2019). Nevertheless, little is known about
the agronomic management of IWG-legume intercropping.
Furthermore, different legume species could be better or worse
companions of IWG to maximize benefits. Some experiences
with perennial legumes have shown lower Kernza grain yields
in intercropping with alfalfa (Medicago sativa sp.) or red clover
(Trifolium pratense L.) than in the IWG monocultures (Tautges
et al., 2018; Favre et al., 2019; Martensson et al., 2022). However,
others showed similar Kernza grain yields in alfalfa, sweet
clover, and white clover intercropping (Dick et al., 2018; Reilly
et al, 2022). Slow establishing perennial legumes like Kura
clover (Trifolium ambiguum M. Bieb) (Sleugh et al., 2000) or
annual legumes like Berseem clover (Trifolium alexandrinum L.)
could reduce competition and avoid the observed Kernza grain
reductions. The interaction between different species involves
the co-occurrence of both complementary and competitive
relationships (Picasso et al, 2011; Duchene et al, 2017).
Usually when grass-legume intercropping systems are compared
with grass monocultures, negative and positive effects are
confounded (e.g., competition for radiation and soil resources
or facilitation processes through the symbiotic association
between legumes and N-fixing bacteria). In order to separate
the effects of competition for resources from N facilitation,
weed removal and N fertilization treatments can be added to
intercropping experiments.

Additionally, effective stand establishment is critical for
IWG’s long-term productivity, and in intercropping systems,
it can be influenced by both the planting date and the row
spacing. For IWG monocultures of the USA Midwest, late
summer and early fall typically achieve successful establishment
of Kernza grain production systems (Jungers et al, 2022).
Intermediate wheatgrass requires a two-stage induction period
with vernalization for flowering (Duchene et al., 2021; Locatelli
et al., 2022), thus spring seedings will not produce grain during
the first year (Olugbenle et al., 2021; Jungers et al., 2022).
For IWG-legume intercropping systems, limited information
is available. When IWG was seeded in the fall, the highest
intercropped Kernza grain yields were observed when red clover
was frost seeded in the spring season (Olugbenle et al., 2021).
When red clover was planted in the fall at the same time
as IWG, lower Kernza grain yields were likely due to more
competition during IWG establishment. The optimal planting
season for IWG-legumes should be carefully studied because
there is a trade-off between reducing the competition during
IWG establishment and promoting the growth of the legumes
to optimize benefits related to N fixation (Pinto et al., 2021b).
In addition, IWG-legume interactions can be influenced by
the distance between IWG rows (i.e., row spacing). In IWG
monocultures, wider row spacing has been associated with
higher Kernza grain yields than narrower row spacing (Hunter
et al., 2020a). However, changes in the available resources such
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as light, water, and nutrients due to row spacing are likely to vary
among different legume species.

The profitability of the IWG cropping systems depends
on both grain and forage incomes (Hunter et al., 2020b).
Therefore, the lower Kernza grain yields harvested in alfalfa
and red clover intercrops (Tautges et al., 2018; Favre et al,
2019; Martensson et al, 2022) could be compensated by
positive effects on the increased forage yield and nutritive
value. Intercropping IWG with red clover has consistently
increased the nutritive value of the summer and fall forage
and tripled the amount of available forage in the fall (Favre
et al., 2019), positively affecting the revenue perceived by the
farmers. In fact, it has been seen that higher forage yields
achieved by IWG-legume intercropping systems reduce the
Kernza grain price required to be profitable (Law et al., 2022).
Although Kernza® grain markets are in a price discovery phase,
estimating potential net returns could be useful to compare
different cropping systems.

Our objectives were to evaluate the effects of IWG planting
season, row spacing, and legume species in intercropping on (a)
Kernza grain yield, (b) summer and fall forage yield and nutritive
value, and (c) the potential profitability of the cropping system
in Wisconsin, USA.

Materials and methods

The experiment was conducted at the University of
Wisconsin-Madison Arlington Agricultural Research Station,
WI (43°18°6.97 N, 89°21’9.98” W) on a Plano silt loam soil
(fine-silty, mixed, superactive, mesic Typic Argiudoll; NRCS-
USDA, 2022a). The mean annual temperature is 6.7°C, and
the mean annual rainfall is 863 mm (Arguez et al, 2010).
A large grain IWG germplasm, a product of four successive
breeding cycles at The Land Institute (Salina, KS) was seeded
at the rate of 11.2kg ha~! in a field previously harvested for
soybean grain. At the beginning of the experiment, thirty-two
composite soil samples taken at 0-15cm in the experimental
area averaged 3.5% of soil organic matter, 56.5 ppm of P, 244
ppm of K, 5.1 ppm of NO3-N and 21.1 ppm of NH4-N. The
experiment was established in 2017 in two different planting
seasons (Figure 1): spring (April 12, 2017) and fall (September
21, 2017). In the spring planting season, the plot size was 3 m
by 4.8m, and in fall it was 3m by 1.5m. The first Kernza
grain harvest for both planting seasons was in 2018 due to
IWG vernalization requirements (Locatelli et al., 2022). During
the establishment (year 2017), the growing degree days (GDD)
and the precipitation accumulated until the first frost were
3,265 GDD and 646 mm, respectively, in the spring planting
and, 534 GDD and 114 mm in the fall planting. Precipitation
during the growing season until harvest (April to July) was
512mm in 2018 and 560 mm in 2019, higher than normal

(University of Wisconsin, Division of Extension, 2022). Data
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were collected during two consecutive grain production years
(Figure 1).

We installed a full factorial experiment of three factors:
planting season, row spacing, and cropping systems. The
planting season factor had two levels: IWG planted in the spring
or in the fall of the year 2017. In the IWG spring planting, all
forage legumes were sown drilling the inter-row 1 week after
sowing IWG. In the IWG fall planting, forage legumes were
sown frost in March 2018, hand seeded in the inter-row, pushing
the IWG biomass by hand to improve the seed-soil contact.
The IWG row spacing factor had two levels: wide (57 cm) or
narrow (38cm) spacing. The seeding rate (11.2kg ha~!) was
the same for both row spacings, so the wide row spacing had
~50% more seeds per row than the narrow row spacing. The
cropping system factor had 8 levels: four IWG monocultures
[control without N fertilization or weed removal (IWG), hand
weed removal (hand weeded), IWG fertilized with urea at rates
of 45 or 90kg ha=!], and four IWG-legume intercrops (IWG
with alfalfa, Berseem clover, Kura clover, or red clover). The
hand weed removal was bi-weekly in the years 2017 and 2018,
and only in May and June in the year 2019. The urea for the
fertilized monocultures was broadcasted in a split application
during the spring, half of the rate was applied at green up and
the other half at IWG stem elongation. The legume seeding
rates for fall were higher than the spring ones following the
recommendation from forages in Wisconsin according to the
planting method (Table 1). The annual legume (Berseem clover)
was re-sown every spring. None of the intercrops were fertilized
or hand weeded. The experimental design for each planting
season was randomized complete blocks with five replications.
The column of plots was also included as a source of variation in
the model.

Data collection

Kernza grain yield and aboveground biomass were sampled
approximately at physiological maturity on August 7, 2018, and
August 1, 2019, from a 0.25 m? quadrat randomly placed in each
plot. Aboveground biomass was also sampled in fall, on October
27,2017, and October 24, 2018. Grain yield was determined by
cutting the spikes from all tillers within the quadrat. Spikes were
dried at 35°C for at least 2 days, threshed with a mechanical seed
thresher, and weighed. Aboveground biomass was cut by hand,
separated into IWG forage, legume forage, and weeds, dried at
60°C for at least 5 days, and weighed. The quadrat was placed so
that one row of IWG would fit inside the quadrat for the wide
row spacing, and two rows for the narrow row spacing. Both
in wide and narrow row spacing, one legume inter-row of the
quadrat was sampled. Kernza grain yield, IWG forage, legume
forage, and weed biomass data were adjusted proportionally to
the number of rows within the sampled quadrat, to obtain yields
in kilograms per hectare. After sampling, grain was harvested
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FIGURE 1

Comparative timeline of establishment and successive grain and forage harvests of IWG and legumes for (A) spring and (B) fall planting seasons.
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TABLE 1 Seeding rates and planting methods for legumes intercropped with IWG established in spring and fall at UW Arlington Research Station,

Wisconsin, USA.

Seeding rate (kg ha—1) Planting method Planting date
Spring Fall Spring Fall Spring Fall
Alfalfa 6.7 19.2 Drilled Hand seeded April 2017 March 2018
Red clover 9.0 17.8 Drilled Hand seeded April 2017 March 2018
Kura clover 11.2 16.8 Drilled Hand seeded April 2017 March 2018
Berseem clover 11.2 16.8 Drilled Hand seeded April 2017, 2018, 2019 March 2018, 2019

with a plot combine and aboveground biomass was removed
from the experiment using a mechanical forage harvester
(Almaco, FH-88) leaving a stubble height of 10 cm. In the years
2017 and 2019, yield data was collected in all five replications. In
the year 2018, yield data was collected in three replications due
to labor availability limitations.

Forage nutritive value

Forage samples of IWG, alfalfa, Berseem clover, Kura clover,
and red clover were analyzed to characterize the different
species and be able to estimate the forage nutritive value in the
intercropping systems. Samples of IWG forage were harvested
from the different cropping systems in the summer and fall
of the establishment and first grain production years. Samples
of the different legume species were harvested in the summer
and fall of the establishment year. We assumed that all the
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species had the same forage quality in the first and second
production years (Pinto et al, 2021c). Crude protein (CP),
neutral detergent fiber (NDF), and acid detergent fibers (ADF)
of the forage were analyzed using wet chemistry procedures
and reported as a proportion of the dry matter. The selected
samples were first ground with a Christy hammer mill (Christy-
Turner Ltd, Ipswich, England) to pass a 1-mm screen. Total N
was determined according to the Dumas combustion method
(Method 990.03-AOAC, 2000) and the analysis was conducted
in a LECO FP-528 (LECO Corporation, St-Joseph, MI). Crude
protein was calculated as N x 6.25. Neutral detergent fiber
and ADF were analyzed sequentially in an Ankom 2,000 Fiber
Analyser (Ankom technology, Macedon, NY) according to the
procedure of Robertson and Van Soest (1981) and modified by
Hintz et al. (1996) to include sodium sulfite during refluxing. For
the IWG-legume intercrops, CP, NDF, and ADF concentration
of the mixture forage was calculated as the weighted average of
intermediate wheatgrass and legumes based on their respective
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biomass proportion of the total forage accumulation. Relative
Feed Value (RFV), an index that relativizes the nutritive value
of forages to the fresh full-bloom alfalfa nutritive value, was
calculated based on the following equations (Jeranyama and
Garcia, 2004): Digestible Dry Matter = 88.9-(0.779 x % acid
detergent fiber); Dry Matter Intake (% of body weight) = 120
/ (% neutral detergent fiber); Relative Feed Value = (Digestible
Dry Matter x Dry Matter Intake) / 1.29.

Economic analysis

The potential profitability to grain and forage production
was calculated from current market rates and the estimated cost
of production in Wisconsin, USA. Variable incomes of each
cropping system were estimated from Kernza grain harvested in
2018 and 2019, and summer and fall forage harvested in 2017
(spring season planting only), 2018, and 2019. Fall forage was
not evaluated in the second year (2019), so it was assumed to
equal 90% of fall forage in the first year (Hunter et al., 2020b) to
complete the potential total incomes per year. Kernza grain yield
losses (41%) usually observed in early commercial harvesting
were estimated from the difference between average grain
observed in our experiment and the last harvest data report from
The Land Institute (Skelly and Peters, 2021). Kernza grain prices
before cleaning or dehulling were $3.30 kg™! (Tessa Peters,
2022, pers comm). Forage price was assigned by comparing the
RFV (of IWG forage or IWG + legume forage in the intercrops)
with the Upper Midwest hay price by quality grade. For each
species, the same RFV was used for the first and second grain
production year. The prices for hay grade Prime (>151 RFV),
Grade 1 (125 to 150 RFV), Grade 2 (103 to 124 RFV), and Grade
3 (87 to 102) were $0.23 kg~!, $0.18 kg™, $0.13 kg~!, and
$ 0.12 kg1, respectively (Halopka, 2022), and for forage with
<87 RFV was $0.10 kg~ 1. In addition, a payment for actively
managing and expanding conservation activities, offered to
farmers in Wisconsin by the Conservation Stewardship Program
(CSP) from Natural Resources Conservation Service (NRCS)
from the US Department of Agriculture (USDA), was included
in the establishment year ($391 ha=1, NRCS-USDA, 2022b).
Variable costs were estimated considering the different inputs
applied for each crop system. Berseem clover and red clover
seed price was $7.50 kg_1 (Albert Lea Seed, 2022a,b), alfalfa seed
price was $9.92 kg*1 (Albert Lea Seed, 2022¢), Kura clover seed
price was 26.50 kg~! (Welter Seed Honey Co., 2022). Licensing
and fees were $12.4 ha~! and 3% of the income. Fixed costs
included IWG seed ($123 ha™1), crop establishment (seeding
including labor, $137 ha_l), Kernza grain harvest ($64 ha_l),
and forage harvest ($54 ha~1) (Tessa Peters, 2022, pers comm).
The land cost rent was $329 ha=! (Wisconsin Agricultural
Statistics., 2022). In order to account for the opportunity cost
of not using the land for another crop when Kernza is planted in
the spring season, we estimated the value of forage harvestable
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of a 3-years-old Alfalfa pasture as $319 ha~! and it was included
as an income in the fall planting season (Extension Wisconsin.,
2022).

Statistical analyses

All variables (i.e., Kernza grain yield, IWG and legumes
forage yield, and weed biomass) were tested for normality and
homogeneity of variances and transformed using square root to
satisfy the assumptions of ANOVA. Different models were used
to test specific hypotheses. First, in order to test the effects of
the intercropping on the yields, we conducted an analysis of
variance on Kernza grain yield and, IWG and legume forage
with year (Y) as a repeated measure (covariance structure of
compound symmetry); planting season (PS), cropping system
(CS, including only the IWG monoculture control and the
four intercropping treatments), row spacing (RS), and their
interaction as fixed effects and block and column as random
effects. Since these analyses showed a RS*PS*Y interaction effect
on grain and forage yields, we performed a follow-up analyses of
variance by year.

Second, in order to test the effects of the intercropping on
the forage quality, we conducted an analysis of variance on the
nutritive value metrics (percent CP, NDF, ADE, and RFV) with
species, harvest season, and their interaction as fixed effects.
Usually, the nutritive value metrics are rather constant over the
years (Pinto et al,, 2021c) but as IWG is in a vegetative state
in the summer of the establishment year and in a reproductive
state in the summer of the following years we considered
both phenological states. Then, %CP and RFV of IWG-legume
intercropping, estimated as the weighted average of IWG and
legume forage and their nutritive values, were compared with
%CP and RFV of IWG monoculture.

Third, in order to test the effects of the intercropping on the
economic results, we conducted an analysis of variance on the
annual profit ($ ha~! yearfl) with PS, CS, and their interaction
as fixed effect. In this analysis, row spacing was not included
because different row spacings have the same costs (i.e., no
changes in seeding rate) and similar incomes (i.e., little grain
and forage variation) in our experiment. Since the Kernza®
grain price is in a discovery phase, we performed analyses of
variance by the % of the current Kernza grain yield utilized
in the calculation (i.e., 100, 75, or 50% of the current Kernza
grain price).

Fourth, in order to test the effect of management practices
on IWG monocultures yields only, we conducted an analysis of
variance on Kernza grain yield, IWG forage, and weed biomass
by year, considering the effects of management (fertilization and
weed removal), planting season (PS), row spacing (RS), and their
interactions as fixed and block and column as random. Finally,
since we found differences in the weed biomass, we compared
the IWG monoculture with different weed management and
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IWG intercrops with different legumes. We conducted an
analysis of variance on weed biomass by year, with PS, CS,
RS and their interaction as fixed effects and block and column
as random effects. All analyses were performed using PROC
MIXED procedure in SAS (SAS on Demand, SAS Institute, Cary,
North Carolina, USA). Means were compared using the Tukey-
Kramer honest significant difference test at o = 0.05. Graphs
were created using the ggplot2 (Wickham, 2009) package in
RStudio Team. (2020).

Results

IWG-legume intercropping

The IWG cropping systems (IWG monoculture control
and intercrops) had a high variability in grain and forage
yields explained by row spacing, planting season, year, and
their interactions (Supplementary Table 1). In the first grain
production year, IWG planted at 38 cm of row spacing in the
fall planting season yielded more than in the spring planting
season (867 and 447 kg ha™!, respectively, p < 0.01, Figure 2A).
However, when IWG was planted at wider row spacing (57 cm),
there was no difference between planting seasons (800 kg ha=!,
p = 0.35, Figure 2A). Overall grain yields decreased 85% in
the second year regardless of the planting season or the row
spacing (Figure 2A). The IWG forage remained relatively stable
between years while that of legumes increased (Figures 2B,C).
In the first year IWG forage was higher when it was planted
in the fall at 57 cm of row spacing than when it was planted in
the spring at 38 cm of row spacing (4,180 and 2,160 kg ha™1,
respectively, p < 0.01, Figure 2B). The IWG forage remained
rather constant between the first and second grain production
year for most cases except for IWG planted in fall at 57 cm where
IWG decreased 41% in the second year (Figure 2B). The legume
forage was rather constant between different planting seasons
or row spacing but consistently increased in the second grain
production year (Figure 2C). As a result, whereas the legume
forage was 12% of the total summer forage in the summer of
the first year, it increased to 47% in the second grain production
year (Figures 2B,C).

The the
intercropped with IWG affected the grain and forage yields
(Supplementary Table 1). When IWG was planted in the fall,
the intercropping systems had similar grain yields to IWG

planting season and legume  species

monoculture, regardless of the legume species (Figure 3A).
However, when IWG was planted in the spring, grain yields for
intercrops with Berseem clover (1,160 kg ha~!) or Kura clover
(652kg ha_l) were similar to IWG monoculture, whereas
red clover and alfalfa intercrops had lower grain yields (24
and 136 kg ha=1, respectively, Figure 3A). In the second grain
production year, all intercropping systems had similar grain
yields to the monoculture in both planting seasons, except for
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red clover intercrop in the fall, which had lower grain yields
(Figure 3B). The row spacing effect was also different depending
on the cropping system (p-value row spacing * cropping
system * planting season interaction = 0.01). IWG-Kura clover
intercrop planted in spring was the only cropping system with
higher Kernza grain yield at wider row spacing (1,050 kg ha~!
at wide vs. 256kg ha~! at narrow). The rest of the cropping
systems had similar Kernza grain at different row spacing
independently of the planting season.

The forage yields had a similar response to the grain yield
response: they were lower in the IWG planted in the spring
intercropped with red clover (Supplementary Table 1). In the
establishment year (2017), when forage can be harvested only
for IWG planted in the spring, the intercropping with red
clover had lower TWG forage yield (422kg ha~!) than the
monoculture and the rest of intercrops (1,300kg ha=! on
average, Figure 4A). In the first grain production year (2018),
the IWG-legume intercrops had similar IWG summer forage
yield to the TWG monoculture planted in the fall (3,730 kg ha™!
on average, Figure 4B). However, when planted in the spring,
IWG intercropped with red clover or alfalfa had lower IWG
summer forage yield (152 and 744 kg ha™!, respectively) than
the IWG monoculture or the rest of the intercrops (4,610kg
ha~! on average). Only red clover and alfalfa had differences on
ITWG summer forage yield between the spring and fall planting
(Figure 4B). Usually, the legume summer forage yield did not
compensate for low IWG summer forage yield. Red clover and
alfalfa had the lowest total summer forage yield although they
produced ~1,100 kg ha~! of legume summer forage (Figure 4B).
In contrast, legumes tend to increase total fall forage yield
in the first grain year production, although only the Kura
clover intercrop had higher total fall forage yield than the IWG
monoculture when both were planted in the spring (2,420 vs.
1,140 kg ha~!, respectively, Figure 4C). Finally, in the second
grain production year, most of the intercrops had similar IWG
summer forage yield to the IWG monoculture except for the
red clover intercrop, which had lower yield. The intercropping
systems with the least legume biomass accumulation were IWG
with Berseem clover and alfalfa in both planting seasons. Their
biomass were lower than Kura clover legume biomass in the
spring planting and lower than that of red clover in the fall
planting (Figure 4D). The summer Kura clover forage yield was
more than half of the total forage yield in the second year,
resulting in higher total summer forage yield than the IWG
monocrop (7,160 vs. 2,930 kg ha=1, respectively when both were
planted in the spring, Figure 4D).

Overall, the forage yield in the establishment year and in
the fall of the first production year was lower than the forage
yield in the summer of the first production year but had higher
nutritive value. In the summer of the establishment year, IWG
and legumes had similar percentages of CP, NDE ADF, and
RFV. In the fall of the establishment year, alfalfa forage had
higher CP and RFV than IWG forage, whereas other legumes
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FIGURE 2
Grain (A), and IWG (B) and legume (C) forage yields (kg ha~1) of the first (2018) and second (2019) grain production year for five ING cropping
systems sown at two row spacings (38 or 57 cm) in two planting seasons (spring or fall 2017), at Arlington, Wisconsin, USA. The cropping
systems are IWG monoculture control without N fertilization or weed removal, and four IWG-legume intercrops (IWG with Berseem clover, Kura
clover, red clover, or alfalfa). Same letters for each variable indicate no differences at alpha = 0.05.

had intermediate values (Table 2). In the first grain production
year, red clover forage harvested both in summer and fall, had
similar CP, NDF, ADE, and RFV to legumes in the establishment
year. Instead, in the summer of the first grain production year
IWG had the lowest percent CP (Table 2). Considering the
legume proportion of the total forage harvested in each cropping
system and the nutritive values of the IWG and the legumes, we
estimated that some intercrops had better nutritive value than
IWG monoculture. On the one hand, the fall harvested forage of
IWG planted in the spring and intercropped with Kura clover,
red clover or alfalfa had higher CP and the RFV than that of
IWG monoculture (Figure 5). The fall forage of IWG planted in
the fall intercropped with red clover also had higher nutritive
value than the IWG monoculture, but the intercrop with other
legumes did not. All these CP and RFV increases meant positive
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changes on the hay quality designation. On the other hand, the
ITWG monoculture summer forage was classified as “fair” while
the intercrop with red clover and alfalfa reached “premium” or
“grade 3-4” when IWG and the legumes were planted together
in the spring (Figure 5).

Economic analysis

Mean potential profitability to grain and forage production
varied between $260 and $961 ha=! year™! (Table 3). Cost
and incomes were highly variable among cropping systems
between years (Supplementary Table 2). In the establishment
year, costs varied between $589 and $994 ha~! whereas incomes
varied between $682 and $976 ha~! among cropping systems.
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FIGURE 3
Grain yields (kg ha™!) of the first (2018, A) and second (2019, B) grain production years for IWG monoculture without N fertilization or weed
removal (IWG) and four IWG intercrops with annual (Berseem clover) or perennial legumes (Kura clover, red clover, alfalfa) sown in two planting
seasons (spring or fall 2017), at Arlington, Wisconsin, USA. Same letters indicate no differences at alpha = 0.05.

The subsidy for planting perennial crops represented from
40 to 57% of the income in the establishment year and
the net returns were lower than in the grain production
years (Supplementary Table 2). The first grain production
year had higher profitability than the other years, except
when IWG was planted in the spring intercropped with red
clover (Supplementary Table 2). The sale of the Kernza grain
represented 60% of the total income ha™! year™! in the IWG
monoculture cropping system and varied between 8 and 55%
in the intercropping systems (Table 3). The highest profitability
per year was $898 ha—! year™! in the IWG intercropped with
Kura clover planted in the spring and $961 ha=! year™! in
the IWG intercropped with red clover planted in the fall. Most
of the cropping systems had similar annual profit, except for
IWG intercropped with alfalfa planted in the spring ($260
ha~! year™!, Table 3). The sensitivity analysis indicated that a
change in the price of Kernza grain has a little impact in which
cropping systems are most profitable, as the pattern of significant
differences is largely the same at all three Kernza grain price
considered (Table 3). The influence of the Kernza grain price
on the annual profit was high but variable among the cropping
systems. Assuming a Kernza grain price reduction of 25 and
50%, the annual profit had similar reductions in the IWG-
control cropping system (26 and 52%, respectively, Table 3). In
contrast, the Kernza grain price reduction tended to impact
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less on the red clover intercropping system’s annual profit
(reductions of 10 and 20%, respectively, Table 3) indicating
that this cropping system is more highly dependent on forage
production than grain.

IWG management practices on yields and
weeds

The IWG monocultures had high variability in grain and
forage yields but this was more explained by year than by row
spacing, management, or planting season effect. The Kernza
monoculture grain yields were 945 + 73kg ha=! in the first
grain production year and decreased to 147 4 10kg ha~!
(p < 0.01) in the second year. The IWG summer forage
(straw) yields were 4,370 + 308kg ha~! in the first grain
production year, and 3,490 + 235kg ha~! in the second
year (p < 0.01). No response to different N fertilization rates
or weed removal (i.e., management practices) was found in
grain and IWG forage yields in the first grain production year
(Supplementary Table 3). In the second grain production year,
spring planting at wide row spacing and fall planting at narrow
row spacing had higher grain yields than spring planting at
narrow row spacing (173 kg ha™! on average and 91 kg ha™1,
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FIGURE 4
IWG and legume forage (kg ha~!) harvested in the establishment year (A), in the summer (B) or fall (C) of the first grain production year, and in the
summer of the second grain production year (D) for IWG monoculture (IWG) and four IWG intercrops with annual (Berseem clover) or perennial
legumes (Kura clover, red clover, alfalfa) sown in two planting seasons (spring or fall 2017), at Arlington, Wisconsin, USA. Same letters indicate no
differences at alpha = 0.05 in IWG forage (green lowercase letters), legume forage (purple lowercase letters) or total forage (black capital letters).

respectively, Supplementary Table 3). The IWG forage yield was
higher in both spring and fall planting at wide row spacing than
in spring at narrow row spacing (3,740 kg ha~! on average, and
2,750 kg ha™!, respectively, Supplementary Table 3). In contrast
to the first year, the management practices affected the IWG
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forage yield (Supplementary Table 3): the IWG fertilized with
urea at 45 kg ha~! had higher IWG forage than IWG unfertilized
hand weeded (4,280 kg ha~! and 2,950 kg ha—1, respectively).
As expected, weed summer biomass was lower in the hand
weeded plots (203 kg ha—1) than the control (1,900 kg ha= 1) in
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TABLE 2 Means (standard errors) for crude protein (CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), and the relative feed value (RFV) of
intermediate wheatgrass (IWG), alfalfa, Berseem clover, Kura clover and red clover forage harvested in the summer and fall of the establishment and
the first Kernza grain production years (IWG-vegetative was harvested in the summer of the establishment year and IWG-reproductive, in the

summer of the first grain production year).

Harvest season Species CP% NDF% ADF% RFV

Summer IWG-vegetative 17.3 (0.5) b 55.1 (1.3) b 30.0 (0.8) bc 111 (5) de
IWG-reproductive 5.6 (1.1) c 69.6 (2.6) a 42.6 (1.6) a 75 (11) e
Berseem 17.0 (2.5) ab 45.7 (5.7) bedef 31.2 (3.6) abcde 131 (24) abcde
Kura clover - 47.2 (3.3) bcde 32.9 (2.1) bc 127 (14) bede
Red clover 18.8 (1.3) ab 46.2 (1.9) cd 31.7 (1.2) b 135 (8) cd

Fall IWG 17.1 (0.4) b 50.6 (0.9) be 27.5 (0.5) bed 125 (4) d
Alfalfa 23.6 (1.0) a 335 (2.3) f 22.0 (1.5) e 201 (10) a
Berseem 16.7 (1.1) b 39.8 (2.2) def 27.1 (1.4) bede 161 9) abc
Kura clover 20.5 (1.0) ab 37.5 (1.7) ef 26.1 (1.0) cde 178 (7) a
Red clover 20.0 (1.0) ab 39.5 (1.7) def 244 (1.1) de 175 (7) ab

Same letters within each parameter indicate no differences at alpha = 0.05.

the first year, when the weeds were weekly removed. However, it
was similar in the second year when weeds were only removed
twice (1,310kg ha—!, mean of both, Figure 6). In the second
year, summer weed biomass was lower at narrow row spacing
(1,010kg ha—!) than at wide row spacing (1,760 kg ha—!)inboth
spring and fall plantings (Supplementary Table 3). Kura clover
and red clover were effective in reducing weed biomass. In the
first year, both intercropping systems had similar weed biomass
to the hand weeded treatment (Figure 6). In the second year,
weed biomass decreased 39% on average among the different
cropping systems (from 1,400kg ha~! in the first year to
851kg ha~! in the second). Weed biomass was lower in the
intercrops with red clover and Kura clover than in the hand
weeded treatment (87, 317, and 1,166 kg ha—?, respectively, in
the second year).

Discussion

IWG management practices

The N fertilization and the weed removal management
in IWG monocultures are useful to understand the potential
limitations by N or weed competition in our experiment. The
lack of Kernza grain yield response when weeds were removed
by hand, suggest that interspecific competition may not be a
problem as IWG is well established and accumulated ~4,200 kg
ha—! of IWG aboveground biomass in the summer. However,
most of the weeds present at the beginning of the experiment
were annuals, and therefore, different results are likely found in
fields dominated by perennial weeds (Zimbric et al., 2020). On
the other hand, N fertilization usually mitigates the decline in
grain yield with stand age (Jungers et al., 2017; Tautges et al.,
2018; Fernandez et al,, 2020) but no effect was found in grain
or IWG forage in our experiment. Likely, both the high initial
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N soil content and the fact that the previous crop was a legume
avoided N limitation in the IWG control cropping system. In the
following years, N is likely to become limited because of the N
exportation with the harvest of Kernza grain and IWG forage.
Without any other N fertilization, the legumes intercropped
would need to accumulate approximately 4,500 kg of biomass
ha~! to provide enough N to meet IWG demands considering
that 50% of the N uptake by the legumes comes from biological
fixation (Pinto et al., 2021b).

The positive response of planting at wider row spacing was
lower than we expected. Based on previous experiences, we
hypothesized that increasing the distance between rows would
help maintain grain allocation over time (Canode, 1968; Hunter
et al,, 2020a). However, large declines in the allocation to grain
were consistently observed in our experiment since grain yield
declined whereas forage remained rather constant over time. A
possible reason for the limited effect of row spacing is that the
different row spacing treatments had the same seeding density
per area in our experiment. This means that the wide row
spacing treatment has a higher seeding density per row than the
narrow, so higher row competition could likely have confounded
the effects. Future research should maintain density per row
in wide row spacing (i.e., reduce density per hectare) to see if
increasing resources per plant in wide row spacing allows yields
to be maintained in older stands.

In general, planting IWG and the legumes together in the
spring was no better than planting in the fall. Although it
is widely known that IWG does not produce grain in the
summer of the establishment year when it is planted in the
spring due to lack of vernalization induction (Duchene et al.,
2021; Olugbenle et al., 2021; Jungers et al., 2022; Locatelli
et al, 2022), we hypothesized that some advantages could
be manifested in the first grain production year. However,
growing IWG for a longer establishment period (i.e., with more
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FIGURE 5
Percent crude protein (A) and relative feed value (B) of the total forage (IWG + legumes) harvested in the summer or fall of the first grain
production year (2018), for the control IWG monoculture (i.e., without N fertilization or weed removal), and four IWG intercrops with legumes
(Berseem clover, Kura clover, red clover, alfalfa) sown at two planting seasons (spring, fall), at Arlington, Wisconsin, USA. Gray lines show the
limits of the forage quality grade according to Halopka (2022) and USDA (2022). The asterisks (*) indicate differences with the minimum value
(control IWG monoculture) at alpha = 0.05

rainfall and GDD accumulated when IWG is planted in the
spring) did not lead to higher grain or IWG forage in the
first grain production year than planting in the fall. In the
IWG-legume intercropping systems, planting IWG and legumes
together in the spring tended to favor the growth of legumes.
Higher legume biomass accumulation usually implies a higher
N contribution by biological N fixation (Pinto et al., 2021b)
but in our experiment this potential N contribution was not
relevant since no response to N fertilization was seen in the IWG
monocultures. In contrast, high biomass accumulated by red
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clover and alfalfa, which are legumes well adapted to Wisconsin
(Sheaffer et al., 2020), compromised the establishment of IWG
and its grain and forage yields.

IWG-legume intercropping

Most of the legume species intercropped with Kernza were
good companions of IWG since they did not compromise
the Kernza grain and IWG forage yields (Figure 7). Overall,
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TABLE 3 Mean costs, income, and annual profit ($ ha~tyear—?) of five different cropping systems planted in spring or fall 2017, at both narrow and wide row spacing: IWG monoculture without N
fertilization or weed removal (control), and IWG intercropped with Berseem clover, Kura clover, red clover, or alfalfa, for three Kernza grain prices.

Cropping system IWG IWG + Berseem clover IWG + Kura clover IWG + Red clover IWG + Alfalfa
Planting season Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall
Costs ($ ha™! year™!)

Land rent 329 329 329 329 329 329 329 329 329 329

Crop establishment 46 46 46 46 46 46 46 46 46 46

Grain harvest 42 42 42 42 42 42 42 42 42 42
Forage harvest 108 72 108 72 108 72 108 72 108 72

Seed 41 41 125 125 140 189 64 86 63 105
Licensing and fees 45 38 45 39 48 43 29 48 27 35
Income ($ ha™! year™!)

Alfalfa forage 0 106 0 106 0 106 0 106 0 106
NRCS payment 130 130 130 130 130 130 130 130 130 130
Kernza grain 872 711 832 702 478 646 82 621 147 548
Summer forage 305 219 321 251 591 391 451 527 328 242

Fall forage 141 46 229 86 397 106 344 190 259 117
Annual profit (SE)

100% of Kernza price 841  (166)  ab 644 (157) ab 825 (160) ab 626 (151) ab 898 (217) a 664 (206) (147)  ab 961 (175) a 260  (53) (162) ab
75% of Kernza price 630 (131)  ab 472 (123) ab 623 (128) ab 456 (123) ab 783 (184) a 507 (166) (135)  ab 811 (156) a 224  (43) (135) ab
50% of Kernza price 418 (97) abc 300 (89) abc 421 (97) abc 286 (96) abc 667 (152) ab 351 (125) abc (123) abc 660 (137) a 188 (37) (108) bc

Same letters indicate that there are no differences at alpha = 0.05 among annual profit of the cropping systems means (SE), for each % of the current Kernza grain price. See costs and incomes for the establishment and the two first grain production years

for all cropping systems in Supplementary Table 2.
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FIGURE 6
Weed biomass (kg ha~?) of the first (2018, A) and second (2019, B) grain production years for two IWG monocultures (IWG: without N
fertilization or weed removal, IWG hand weeded: with hand weed removal) and four IWG intercrops with annual (Berseem clover) or perennial
legumes (Kura clover, red clover, alfalfa) sown in two planting seasons (spring or fall 2017), at Arlington, Wisconsin, USA. Same letters indicate no
differences at alpha = 0.05.

Kernza grain yields were highly variable in the first year with
differences found only when TWG was not well established.
The low Kernza yields achieved by IWG intercropped with
red clover or alfalfa in the spring planting suggest that the
early IWG biomass accumulation is key. As these legumes’
establishment is aggressive (Tautges et al., 2018), legume frost
seeded in the spring on IWG planted in the previous fall has been
recommended (Law et al., 2021; Olugbenle et al., 2021). The
other cropping systems had a wide grain yield range consistent
with previously reported yields for 1-year-old stands (Franco
et al, 2021). Summer forage yields had a similar response to
treatments as Kernza grain yields. Except for IWG intercropped
with red clover and alfalfa planted in the spring, the cropping
systems had summer forage yields within the range previously
reported (Franco et al, 2021). In the second year, summer
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forage yields decreased but at a slower rate than grain yields.
This reduction in grain allocation found in older IWG stands is
consistent with previous results (Tautges et al., 2018; Fernandez
et al,, 2020; Law et al,, 2021) although in most of them this was
associated with summer forage yield increases.

The benefits of intercropping IWG with legumes were more
related to an improvement on nutritive value than on the
amount of total forage harvested. Although previous studies
had shown increases in the total forage harvested in IWG
intercropped with red clover (Favre et al, 2019; Law et al,
2022); in our experiment red clover biomass production did
not compensate for the decrease in IWG biomass, resulting
in similar total forage yields. The most promising legume to
increase the total forage was Kura clover when it was planted
with IWG together in the spring even though the greatest
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FIGURE 7

(F) IWG-red clover intercropping, spring planting (July 9, 2019).

Pictures of intermediate wheatgrass cropping systems in Arlington, Wisconsin, USA: (A) IWG-alfalfa intercropping, spring planting (date picture
taken: June 12, 2018); (B) IWG-red clover intercropping, spring planting (June 12, 2018); (C) IWG monoculture control, fall planting (July 9,
2019); (D) IWG-Kura clover intercropping, spring planting (July 9, 2019); (E) IWG-Kura clover intercropping, fall planting (July 9, 2019);

differences were seen after the first grain harvest (i.e., fall of
the first grain production year and summer of the second
grain production year). In contrast, all the perennial legumes
improved the forage nutritive value, as seen previously in IWG-
red clover intercropping (Favre et al., 2019). Intercropping IWG
with red clover, Kura clover, or alfalfa was associated with
increases in the hay quality designation, increasing the price per
kg of forage (Halopka, 2022; USDA, 2022).

We hypothesized that annual legumes would be better
companions than perennial legumes, but scarce biomass was
accumulated by annuals in our experiment. Annual legumes
could be good alternative companions in the long term since the
biomass accumulation by perennial legumes tends to increase
as stands get older (e.g., Figure 2, Tautges et al, 2018) and
competition with IWG could become limiting. However, in
our experiment the biomass accumulated by the annual legume
Berseem clover was insufficient to provide increases in the
total forage harvested or its nutritive value. Initially we had
incorporated soybean (Glycine max (L.) Merr.) as another
annual legume companion, but we decided to exclude this
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treatment from our analysis because the soybean biomass
was negligible (data not shown). This treatment tended to
yield more Kernza grain than the other intercrops, especially
when IWG was planted in the fall. The positive effect was
unlikely to be due to changes in N levels but probably because
the soil in the inter-row was tilled before soybean planting
potentially creating beneficial effects such as those observed
under mechanical thinning (Law et al, 2020; Pinto et al,
2021a). Proper management of annual legumes could lead to
better intercropping results but the need to plant them every
year limits its benefits. Therefore, it seems more promising to
learn to regulate the competition between IWG and perennial
legumes, for example with forage cuttings, than to intercrop with
annual legumes.

Economic analysis

Most of the cropping systems had higher profitability than a
3-years-old Alfalfa pasture ($319 ha~!, Wisconsin Agricultural
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Statistics., 2022), soybean ($421 ha~l, Economic Research
Service.,, 2022a) or corn ($637 ha~!, Economic Research
Service., 2022b) except when IWG was poorly established in the
red clover and alfalfa intercrops planted in the spring. However,
this high profitability is explained by the high Kernza® grain
price and the subsidy for its ecosystem services provision. A
50% reduction in Kernza grain price would make only the best-
performing IWG systems competitive with corn and soybean.
Kernza® grain markets are in a price discovery phase with prices
varying significantly by the management system, year, region,
and grain quality. The price included in this paper falls in the
middle of the range of observed 2021 farmgate prices for non-
organic Kernza grain. Current target and received grain prices
reflect significant risks in early commercial Kernza production
and marketing. The multiple uncertainties involved with Kernza
represent the main disadvantage perceived by the farmers
who decide to plant this crop (Lanker et al., 2020). Although
Kernza production can be quite profitable where it succeeds,
several growers still fail at IWG establishment, experience major
weed pressure, do not meet food-grade specifications, and have
limited market access. These relatively high risks also explain
Kernza’s relatively high price (Tessa Peters, 2022, pers comm).
Progress in the genetics and management of Kernza IWG will
likely lead to less risky scenarios but with lower and more
stable prices. That means, the projected net returns given by
our relatively strong prices and yields, should be considered
optimistic and do not fully encompass the risks of commercial
Kernza production and marketing at this time (Tessa Peters,
2022, pers comm).

Our results suggest that red clover and Kura clover are good
companions of IWG, given their high profitability at any Kernza
grain price considered. Kura clover and IWG can be planted
together in the spring, but IWG must be planted in the fall and
red clover in the next spring to see the benefits. The legume
forage contribution seems to be key to buffer the potential
impact of kernza grain price volatility on the overall profitability.
Both higher quantity and quality of the forage harvested in the
intercropping systems than in the IWG monoculture lead to
increases in the income from forages. As a result, the proportion
of revenue coming from Kernza grain decreases as well as the
impact of Kernza grain price volatility. This means a great
potential for intercropping in the future. If Kernza grain yields
increase from breeding advances or agronomic management
innovations without sacrificing forage yield or quality in these
best intercropping systems, it would be a win-win from a
production standpoint and increase the crop’s economic viability
even if grain prices are reduced.

The
communities, or society is reflected in the subsidy provided by
the Conservation Stewardship Program (NRCS-USDA, 2022b).
However, the IWG’s key role in preventing nutrient leaching

current ecosystem services value to growers,

(Culman et al, 2013; Jungers et al, 2019) and improving
soil health (Culman et al., 2010; de Oliveira et al., 2020)
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can be also reflected in the access to new markets in the
future, such as water and carbon credits. Ecosystem services,
such as water quality, soil health, carbon sequestration, and
biodiversity, are appreciated by people, but the incentives for
the provision that comes with prices are incipient (Swinton
et al., 2007). Understanding how humans perceive and value
ecosystem services is key, but a lack of low-cost measurability
and valuation currently precludes efficient allocation of
many ecosystem services through market-based approaches
(Kroeger and Casey, 2007). How to rigorously incorporate
these benefits into economic analyses of cropping system
performance warrants more research conducted with a
transdisciplinary approach.

Limitations and future perspectives

Interpretation of how planting season determined our
results is limited because our experiment was not replicated in
time or space. This means that the effect of stand age and weather
on grain and forage yields cannot be separated. Our experiment
was installed in spring and fall of a year wetter than normal
(year 2017). In normal or drier years, the interaction between
Kernza IWG and legumes could be different and therefore,
it should be studied in other environments. For example, in
our experiment the intercropping with red clover or alfalfa
planted in the spring season seems to be risky because it limited
the IWG establishment. However, in other environments or
using different management practices (e.g., different seed rate,
different cutting regiment, spring forage harvest), legume may
have less of a competitive advantage over IWG, resulting in a
viable intercrop. Future experiments should consider repeated
plantings in consecutive years as recommended to evaluate
perennial forage grasses (Casler, 1999). Besides, considering
other environments or trying different management strategies
for intercropping will help to have more tools to design more
diverse cropping systems.

On the other hand, the lack of some measurements led
us to rely on assumptions to interpret our results. In the
second grain production year, the fall forage production was
not evaluated and we assumed a 10% reduction of the first year
forage according to the annual averages published by Hunter
etal. (2020D) (3,000 kg/ha in 2015 and 2,700 kg/ha in 2016). This
allowed us to estimate the total potential incomes of each year
and calculate the annual profit but different intercropping could
differently affect forage yields in the second year. In addition,
weed biomass was not measured in the fall forage harvest nor
considered to determine the forage nutritive value. Both in the
summer and fall forage, the nutritive value was determined
considering the %CP and RFV of IWG and legumes and their
proportion in the mixture. However, the analysis of composite
samples of all the forage harvested in the plot could differ due
to the impact of the weed biomass. Lastly, taking measurement
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in the five blocks in the first year would have helped to better
characterize the first grain and forage productions.

The design of dual-purpose intercrops is a promising
practice that should be carefully evaluated considering multiple
dimensions (Duchene et al., 2017; Crews et al., 2018; Law et al.,
2021). The possibility to harvest forage twice a year provides
an additional source of income and is often beneficial for the
Kernza grain yield maintenance. Usually, the high presence of
straw and biomass residues in older Kernza IWG stands reduces
the resource allocation to grains because reproductive tiller
initiation is reduced by shade (Ensign et al., 1983; Chastain,
2003). Therefore, harvesting forage could help to maintain
a high harvest index to avoid the grain declines commonly
observed (Pugliese et al., 2019; Hunter et al., 2020b; Pinto et al.,
2021a). In dual-purpose crops where the forage represents an
important proportion of the total income, the mixture with
legume helps to improve the forage value (Favre et al, 2019;
Halopka, 2022). These advantages make it feasible to include
perennial and diverse cropping systems in agricultural rotations
to improve their sustainability.

Conclusion

Dual-purpose IWG-legume intercropping systems are
promising alternative production systems but both legume
species and intercrop management techniques should be
carefully chosen to favor the benefits. Most of the intercropping
systems achieved similar Kernza grain and forage to IWG
monoculture and improve the forage quality. However, our
results suggest that when IWG is planted in the spring,
intercropped with red clover or alfalfa, the Kernza grain and
the IWG summer forage can be reduced by an early high
competition. The intercropping with Kura clover or red clover
was as effective in weed suppressing as the hand-removal
management in the IWG monoculture. In the second year,
Kernza grain yields decreased consistently in all cropping
systems. In our experiment, planting in a wide row spacing
did not prevent the grain yield decline but reducing the
seeding rate per hectare in the wide row spacing could lead to
different results. Overall, the profitability of the IWG legume
intercropping was high mainly due to the current high Kernza
grain price and the subsidies provided to farmers in Wisconsin
to encourage the adoption of dual-purpose perennial crops.
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Perennial grassland agriculture
restores critical ecosystem
functions in the U.S. Upper
Midwest
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Dominant forms of agricultural production in the U.S. Upper Midwest are
undermining human health and well being. Restoring critical ecosystem
functions to agriculture is key to stabilizing climate, reducing flooding,
cleaning water, and enhancing biodiversity. We used simulation models to
compare ecosystem functions (food-energy production, nutrient retention,
and water infiltration) provided by vegetation associated with continuous
corn, corn-soybean rotation, and perennial grassland producing feed for
dairy livestock. Compared to continuous corn, most ecosystem functions
dramatically improved in the perennial grassland system (nitrate leaching
reduced ~90%, phosphorus loss reduced ~88%, drainage increased ~25%,
evapotranspiration reduced ~29%), which will translate to improved ecosystem
services. Our results emphasize the need to incentivize multiple ecosystem
services when managing agricultural landscapes.

KEYWORDS

agroecology, ecosystem services, livestock, grazing, multifunctionality

Introduction

Agriculture is central to the fundamental challenges facing human society (Godfray
et al,, 2010; Foley et al., 2011; Wheeler and von Braun, 2013; Amundson et al., 2015;
Kremen and Merenlender, 2018). We must develop and grow agricultural systems that
provide for our well being while building the capacity of future generations to do the
same. These agricultural systems must be resilient in the face of drought, flooding, and
extreme weather, as well as socio-economic shocks such as pandemics and market failures
(Lesk et al., 2016; Lioutas and Charatsari, 2021; Ortiz-Bobea, 2021).
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Critical ecosystem functions of agricultural systems include
plant and animal productivity, soil carbon storage (Rowntree
et al., 2020; Guillaume et al., 2022; Rui et al.,, 2022), soil
stabilization (Montgomery, 2007; Palm et al., 2014; Schulte et al.,
2017), nutrient retention (Schulte et al., 2017; Hussain et al,,
20195 Jackson, 2020), water infiltration and storage (Basche and
DeLonge, 2019; Baker et al., 2022), and wildlife habitat (Kimoto
etal., 2012; Tsiafouli et al., 2015; Schulte et al., 2017). While these
factors range in their scale of influence (e.g., soil carbon storage
influences greenhouse gas concentrations globally while habitat
for soil arthropods is quite local), each of the functions have
practical relevance for those living in the U.S. Upper Midwest
where surface and groundwater pollution, flooding, soil erosion,
and plummeting biodiversity undermine human welfare and
well being (Werling et al., 2014; Hussain et al., 2019; Antolini
et al., 2020; Bendorf et al., 2021; Borchardt et al., 2021; Burch
et al., 2021; Raff and Meyer, 2022; Wisconsin Groundwater
Coordinating Council Report to the Legislature, 2022).

Solutions to this multifaceted dilemma require holistic
approaches that consider land management effects on ecosystem
functions that underpin ecosystem services provided by farms
and, more broadly, the landscapes or regions in which they
are nested (Strauser et al, 2022). Holistic solutions are
required because of the complexity and connectedness of these
landscapes, where focusing on a single dimension typically
exacerbates problems in others. We must understand and
develop systems that solve for multiple variables simultaneously.
While the currently dominant form of agriculture is immensely
productive, it is also the world’s leading driver of environmental
change (Foley et al, 2005, 2011). Fortunately, agricultural
approaches exist that have the potential to help stabilize global
change as we move further into the Anthropocene (Campbell
etal., 2017; Rockstrom et al., 2017).

The dominant agricultural system of the U.S. Upper
Midwest is based on monocultures of corn and soybeans
grown to feed mostly confined livestock. This system is
incentivized by rewarding farmers almost exclusively for more
production (Jordan et al., 2018), which comes at the expense
of other functions critical to ecological and societal well being
[e.g., purification of water, stabilization of soil, regulation of
infectious disease, provisioning of wildlife habitat; Alexander
et al. (2008), Wepking et al. (2017), Christianson et al. (2018)].
Currently, critical ecosystem functions and the services that
they underpin are not properly valued, so their costs are
externalized; borne by society as a whole (Suparak Gibson,
2022). An alternative agricultural system, based on perennial
grassland, is possible (Jackson, 2022) but requires society to
pivot away from the status quo toward a system that rewards
a range of ecosystem services. Currently, farmers’ individual
decisions to participate in the corn and soybean dominated
agricultural system are driven by constructed narratives around
productivism and maximizing food production (Burton, 2004;
McGuire et al., 2013), aesthetic preferences about the 'neatness’
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and perceived care of the landscape (Nassauer, 1988), and
definitions of place at regional scales (Strauser et al., 2022).
To incentivize agricultural systems that simultaneously provide
multiple ecosystem services to farmers and society, we must
understand tradeoffs and synergies in ecosystem functions
provided by alternative cropping systems.

To further this understanding we used Agro-IBIS
[Integrated Biosphere Simulator; Kucharik et al. (2000),
Kucharik (2003), Kucharik and Brye (2003)] to represent
a variety of biophysical and biogeochemical processes.
These processes included nitrate leaching and phosphorus
loss as indicators of nutrient retention and drainage and
evapotranspiration as indicators of water retention. These
indicators were then simulated across vegetation types
associated with three dairy cropping systems (see Methods).
In addition to controlling the type of vegetation grown in the
model, different simulated land-use decisions can be made
regarding fertilizer and manure applications and crop rotations.

Recent work with Agro-IBIS has focused on meeting
targeted policy goals with increasing grassland cover. In
particular, Campbell et al. (2022) estimated the amount of
perennial grassland cover needed to meet water quality goals
within the Yahara River Watershed in southern Wisconsin to
the year 2070. Similarly, water quality outcomes were assessed
with simulations designed to achieve the goals of the Renewable
Fuel Standard providing insight into the beneficial water quality
effects of improved miscanthus and switchgrass cover (Ferin
et al, 2021). Other models, such as DairyMod, APSIM, and
DayCent have been used to simulate soil N mineralization and
pasture growth (Bilotto et al., 2021), and DairyMod in particular
has been instrumental in simulating ammonia volatilization
in pastures (Smith et al., 2020), but with a specific focus on
Australia and New Zealand where DairyMod was calibrated
(Johnson et al., 2008).

Within this stream of the literature, there is no work
addressing regional variation in a broad suite of ecosystem
services across the U.S. Upper Midwest. In particular, we
contribute to the literature by including water quantity in
addition to water quality, and matching regional variation
these
production outcomes. By simulating these ecosystem functions

within environmental outcomes to food-energy
across three common land cover-land use scenarios (described
below), we are better able to anticipate how a wider range of
ecosystem services might vary with management.

We examined ecosystem functions under three types of land
cover associated with cropping systems typical of the U.S. Upper
Midwest. We gathered site-specific data (previous cropping
practices, soil type, slope, aspect) from five Wisconsin farms—
two in the “Ridge & Valley” region of southwest Wisconsin
(Vernon County) and three in the “Cloverbelt” region of central
Wisconsin (Marathon County). While both of these regions
have a strong agricultural focus, they vary in their topography

as well as their edaphic and environmental characteristics.

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1010280
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Wepking et al.

TABLE 1 General descriptions of the five farms used in this analysis.

10.3389/fsufs.2022.1010280

Farm Location Size (acres) Primary soil type Soil P SoilpH Slope Slopelength Primary land use

1 Vernon County, WI, USA 145 Pepin 20 6.70 17.6 110 Grazing

2% Vernon County, WI, USA 40 Arenzville na na 2 250 Grazing

3 Marathon County, W1, USA 483 Loyal 28.0 6.59 3.97 284 Corn-soy with some no till
4 Marathon County, W1, USA 407 Loyal 204 6.60 3.84 294 Grazing with some corn-soy
5 Marathon County, W1, USA 280 Loyal 30.9 7.05 3.67 292 Dairy rotation

Characteristics represent the acres that the operator of each farm uses for agricultural production. *Despite the listed slope, Farm 2 and its productive acreage are located at the base of a
steep (>50°) ridge and is located in a highly flood-prone area. All soil types listed are silt loam.

We used simulation models and literature estimates to predict
outcomes of ecosystem functions under three land cover-
land use scenarios—continuous corn, corn-soy rotation, and
grassland. Ecosystem functions included estimates of food-
energy production as well as water and nutrient dynamics. We
expected that increasing perennial cover would improve a range
of ecosystem services with potential tradeoffs in food-energy
(meat and dairy) production.

Methods
Study region

The Cloverbelt and Ridge & Valley of
Wisconsin are both known for dairy, beef, and crop

regions

production and each region has a strong identity and
ethos associated with agriculture and the environment
(Supplementary Figure S1, Supplementary Tables S2-54).
In each region annual grain crops (mainly corn and
soybeans) are grown on most agricultural land to feed
confined livestock whose genetic improvements and
concentration in space continue to increase production
and efficiency when the latter is assessed as calories produced
per input.

While similar in many ways, these regions are quite different.
The Cloverbelt is relatively flat with moderate- to poorly-
drained soils where local climate and edaphic conditions are
favorable to clover production in pastures, giving the agriculture
of the region a distinctive Dairyland signature. The Ridge
& Valley region is characterized by silty, erodible soils on
highly dissected topography that make the region flood prone.
Annual average precipitation and temperature for the last
10 years (2010 through 2020) were 107.2cm and 7.1°C for
Vernon County (Ridge & Valley) and 93.7cm and 6.4°C for
Marathon County [Cloverbelt; PRISM Climate Group, Oregon
State University (2022)]. This variation between farms and
regions provides a representation of a significant part of
farming in the U.S. Upper Midwest (see Tables S2-54 for

additional details).
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Data collection

We gathered crop histories and soil tests from reports
submitted by the operators of each of the five farms (Table 1).
To protect the privacy of these farm operators, we retain the
confidentiality of each farm and report only overall summaries
of each. Data included farm size, individual field delineation,
soil types, soil phosphorus, slope, slope length, and previous
land use.

The physical characteristics of these farms are highly variable
(Table 1) and they currently use a mix of row-crop rotations,
tillage and no till, and managed grazing. Importantly, especially
for water quality, soil P levels varied considerably among farms.
Also, the slope and slope length of each farm likely affect water
quality in different ways. Consistent with regional descriptions
above, Cloverbelt farms were larger, flatter, and participated
primarily in more row-crop agriculture for dairy production
while Ridge & Valley farms were smaller, on steeper slopes, and
used more pasture. We reported land in agricultural production
only, not including some forested land, which for one farm
was steep. Therefore, while the slope was relatively shallow for
Farm 2 the adjacent forested land was steep and listed as highly
flood prone.

Simulation models

Agro-IBIS is a spatially explicit agroecosystem and land
surface model that simulates the movement of water, energy,
momentum, carbon, nitrogen, and phosphorus, in both natural
and managed ecosystems. The structure of Agro-IBIS has been
described in detail (Kucharik et al., 2000; Kucharik, 2003;
Kucharik and Brye, 2003; Motew et al, 2017) and many
components and output variables of the model (e.g., crop
yield, net primary productivity (NPP), net ecosystem exchange
(NEE), evapotranspiration and drainage, nitrate leaching, soil
temperature and moisture) have been validated across a
range of ecosystems at various spatial and temporal scales
(Kucharik et al., 2000, 2006; Kucharik, 2003; Kucharik and Brye,
2003; Kucharik and Twine, 2007; Motew and Kucharik, 2013;
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Soylu et al., 2014; Zipper et al., 2015; Motew et al., 2017). Agro-
IBIS was integrated with the variably saturated soil water
flow model HYDRUS-1D to enable simulation of groundwater-
vegetation interactions (Soylu et al., 2014), and P cycling and
dynamics were recently added based on SurPhos, a state-of-
the-art dissolved P loss model for agricultural systems receiving
manure (Vadas et al., 2004, 2005, 2007; Motew et al., 2017).
The P module features P application, transformation, and loss
of dissolved P to runoff; in-soil cycling of organic and inorganic
forms of P; and loss of particulate-bound P with erosion (Motew
et al., 2017).

Before running the scenarios of land cover-land use, a long-
term model spin-up run was executed from 1650 to 1961 to
achieve a steady-state equilibrium in soil biogeochemical cycling
that reflects changes in land use and build-up of soil organic C
and N pools (Donner and Kucharik, 2003). Agro-IBIS model
simulations were executed using a 60-min time-step on a 1
x 1-km regularly spaced grid; the model uses SSURGO soil
textural data to delineate dominant soil texture and soil physical
properties for each grid cell and soil layer, and daily weather
data (air temperature, precipitation, relative humidity, solar
radiation, and wind speed) from the gridMET (gridMET, 2013)
that was interpolated from 4- to 1-km spatial resolution. Agro-
IBIS uses statistical models to interpolate daily weather variables
to the hourly time-step (Kucharik et al., 2000). During the
model simulation period from 1650 through 1978, a random
draw of weather years was taken from the actual data time-
series of 1979 through 2016; simulation years from 1979 through
2016 represent the actual weather time-series from gridMET.
Nutrient inputs (inorganic fertilizer and manure) originate from
a spatiotemporal database of linked agricultural, environmental,
and economic data (Lark et al., 2022).

We simulated three different agricultural scenarios or
vegetation types: continuous corn, corn-soybean rotation, and
generalized C4-dominant perennial grassland for five locations
described in Table 1. Continuous corn and corn-years in the
corn-soybean rotation received between 91.8 and 180kg N
ha~! yr~! and 9 and 22kg P ha=! yr~! based on historical
fertilization for that location, which varied by year; soybean
and grass did not receive any N and P fertilizer because
neither receive N and P fertilization as part of typical grass or
soy production. Soil was tilled in continuous corn and corn-
soybean rotation was tilled before planting while the grass was
never tilled.

For the corn-soy rotation, we ran two scenarios starting with
both corn and soybean and then aggregated the output. Annual
estimates of nitrate leaching, phosphorus loss (including both
sediment and dissolved phosphorus), evapotranspiration, and
groundwater recharge (drainage) were gathered after running
those different vegetation scenarios from 1961 through 2016.
We then filtered out the first 18 years of data (keeping the
38 years from 1979 through 2016), as the model output took
approximately 10 years after a restart simulation (the restart year
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was 1961 for each scenario) to reach equilibrium, and because
the time-series of actual weather begins in 1979.

After gathering the output data, we used linear mixed
effects models (one for each of the above dependent variables)
using the nlme package in R (Pinheiro et al., 2022) to limit
the effects of vegetation type and year (fixed effects) and
farm nested within region (random effects) to account for
site/geographical variation.

Food-energy calculations

We examined another important ecosystem function,
agricultural production, for each of the three scenarios by
calculating their food-energy output from harvested biomass.
We used the historical cropping data for each farm to generate
average farm-level output (bushels ha=1). We then used this past
output and created a “target” output to use in the counterfactual
simulations. As a specific example, the average farm-level
production at Farm 3 during the pre-simulation period was
354.1 bushels ha™! yr=! (9.6 Mg ha=! yr=!) of corn grain
and 49.8 bushels ha—! yr~=! (3.3Mg ha=! yr™!) of soybeans.
We therefore simulated food-energy production for Farm 3
using these values as output, while averaging the output over
two years for the corn-soy rotation. We did not have farm-
specific yield data for farms that did not practice a cropping
system during the years for which we obtained observational
data, so for these farms we used USDA Census of Agriculture
average yield maps for that county and set the target yield at the
value given in the map (USDA—National Agricultural Statistics
Service, 2022). For pastures without yield data, we assumed an
average height of the grass of 63.5 cm and multiplied that by an
estimated harvest of 326 kg DM ha=! (Barnhart, 1998), which
is equivalent to 8.4 Mg ha~! yr~! of harvested dry matter. We
then converted these target yields for each farm to food-energy
using the process described in Sanford et al. (2021). Like Sanford
et al. (2021), our representative farms and cropping systems
represent agricultural production in the U.S. Upper Midwest
(WTI), which is a major producer of dairy products. We therefore
examined food-energy in the form of milk and dairy beef (Gcal
ha—! yr_l). Briefly, Sanford et al. (2021) make their conversion
from harvested yield to food-energy using the following steps:

1. Convert volume yield (bushels ac™!) to mass yield (Mg
ha™1), while assuming that 79.2% of soybean grain results
in soybean meal and 18.7% results in soybean oil. We
used national data from 1980 to 2016 to estimate these
percentages (USDA-ERS, 2018).

2. Convert dry matter yield to total digestible nutrients
(TDN) using mean nutrient content values from Dairy One
Cooperative (Feed Composition Library | Dairy One, 2022):
88% for corn, 80% for soybeans, and 60% for grass.
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FIGURE 1

not share the same letters are significantly different at the 0.05 level.

(A-D) Annual averages across the modeled 38 years for (A) nitrate leaching, (B) phosphorus loss, (C) drainage, and (D) evapotranspiration across
the three vegetation types on five combined farms in Marathon County, WI, USA (Cloverbelt), and Vernon County, WI, USA (Ridge & Valley). Box
plots denote range of values (vertical lines), the mean (solid point), median (horizontal line), and 25th and 75th percentile range. Groups that do

3. Convert TDN yield to milk and dairy beef food-energy
using conversions from Peters et al. (2014) and USDA
(USDA—FoodData Central, 2022). We used the same
process as Sanford et al. (2021) to calculate a conversion
factor of 1.04 Geal Mg~! for milk (1,042 keal kg~! TDN)
and 0.37 Geal Mg ™! for dairy beef (366 kcal kg~! TDN).

Finally, we compared observable farm factors and ecosystem
functions by assessing correlations among these variates.
Results

Across the five farms and two regions, vegetation

type
Supplementary Table S1,

significantly ~affected nitrate leaching (Figure 1A,

Supplementary Figure S2).  This
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effect was driven by the low average level of nitrate leaching
over the 38 years analyzed in the grass system (4.1 + 0.2kg
ha~!) compared to continuous corn (39.9 + 1.0kg ha—!) and
the corn-soy rotation (33.5 £ 0.8kg ha—1). Both continuous
corn and the corn-soy rotation leached significantly more
than the grass system in a pairwise comparison (P < 0.001
and P < 0.001, respectively), but continuous corn also leached
significantly more than corn-soy (P < 0.001). Across the
three vegetation types nitrate leaching generally increased
over time, on average increasing 0.4kg ha=! yr=! [P <
0.001 (Supplementary Figure S2)]. Annual variation in nitrate
leaching was driven by precipitation and management
When
across the five farms and two regions separately within

differences  (Supplementary Figure S3). considered

the grass vegetation, nitrate leaching appeared to vary by
region with Marathon County (6.0 4 0.1kg ha~!) exhibiting
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FIGURE 2

Multiple linear regression between annual drainage and annual
precipitation across the three vegetation types investigated. The
grass system showed a stronger positive relationship between
annual drainage and precipitation.

greater leaching than Vernon County [1.3 £ 0.04kg ha~!
(Supplementary Figure S4)].

Continuous corn was found to have the highest level of
phosphorus loss (0.35 + 0.02kg ha™!) followed by the corn-
soy rotation (0.28 + 0.02kg ha~!); grass had the lowest
level of phosphorus loss (0.042 + 0.004kg ha~!) across
the five farms and two counties investigated (Figure 1B,
Supplementary Table S1). Phosphorus runoff with continuous
corn vegetation was found to be significantly greater than both
the corn-soy rotation (P < 0.001) and the grass vegetation types
(P < 0.001). The grass vegetation type was found to exhibit
significantly lower phosphorus than the corn-soy rotation
vegetation type (P < 0.001). Phosphorus tended to decrease
over time as well [P < 0.001 (Supplementary Figure S2)].
However, this decline over time appears to be driven by
the row-crop vegetation types; the grass vegetation type held
relatively steady over the course of the 38 years analyzed
(Supplementary Figure S2).

The amount of annual drainage, or recharge to
groundwater, was shown to vary by vegetation type (Figure 1C,
Supplementary Table S1). The grass system showed the highest
annual drainage (449 + 7.4 mm yr~!), significantly greater than
both the continuous corn (286 4 6.3 mm yr_l; P < 0.001), and
corn-soy rotation (317 &= 6.4 mm yr—!; P < 0.001). The corn-soy
rotation was shown to have significantly greater drainage than
the continuous corn vegetation (P < 0.001). Over the course of
the 38 years analyzed, annual drainage shows a general decrease
over time, on average 2.23-mm lower annually (P < 0.001). In
addition, grass vegetation was shown to have a stronger positive
relationship than the other two vegetation types between annual
drainage and annual precipitation (Figure 2).
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TABLE 2 Average + standard errors for food-energy production
across three vegetation types.

Vegetation Milk (Gcalha=lyr  Dairy beef (Gcal
- 1) ha— 1 yr~ 1)
Continuous corn 8.45+0.32 297 £0.11
Corn-Soybean rotation 5.36 £0.19 1.88 £ 0.07
Grass 527 £0.11 1.8540.04

Values are calculated using the methodology of Sanford et al. (2021) and represent means
and standard errors for the two counterfactual years given past production on each farm.

Evapotranspiration trends were opposite of drainage
(Figure 1D, Supplementary Table S1). Grass systems had the
lowest evapotranspiration (358 + 3.1mm yr—'; P < 0.001),
corn-soy systems had the second-highest evapotranspiration
(477 4+ 2.5mm yrfl; P < 0.001), and continuous corn had
the highest (504 £ 2.7mm yr—!; P < 0.001). Generally,
evapotranspiration was higher in the Ridge & Valley than the
Cloverbelt (Supplementary Figure S5). In addition, across all
vegetation types, the annual average ET trend was 0.91 mm yr—!
(P < 0.001).

Finally, the vegetation types differed in their levels of food-
energy production. Across all cropping systems, the same level
of harvested dry matter produced higher amounts of food-
energy in the form of milk compared to dairy beef (Table 2).
Continuous corn had the highest food-energy output, producing

-1

over 3 Gecal ha=! yr more milk energy and over 1 Gceal

ha=! yr ~! more beef energy (~60% for each) than the corn-
soy rotation and grass (P < 0.001). However, no significant
difference in food-energy production was observed between
corn-soy rotation and grass for both milk (P = 0.70) and dairy

beef (P = 0.71) output.

Discussion

Nitrate leaching was greatly reduced under grass vegetation
compared to both continuous corn and corn-soy rotation
because no manure or fertilizer was added to grass vegetation,
which aligns with empirical field studies. Under most perennial
grass bioenergy and grazed systems, nitrate leaching is much
lower than corn-based cropping systems (Hussain et al., 2019;
Jackson, 2020), differences that can lead to significant disparities
in water quality for rural regions, where nitrate leaching
contributes to impaired health and infant mortality (Knobeloch
et al., 2013). Further, nitrate leaching from common corn-
based systems contributes to eutrophication and consequently
impaired rivers, lakes, and oceans (Orth et al., 2006; Liu et al,,
2022). These waterways arguably are more impaired from
phosphorus runoff, with nitrogen potentially working in concert
with phosphorus to induce further eutrophication (Dodds and
Smith, 2016; Schindler et al., 2016). As mentioned in the
introduction, there is promise for reducing eutrophication and
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meeting established water quality goals by reducing nutrients
in watersheds and increasing perennial cover as shown by
Campbell et al. (2022).

From a water quantity perspective, grassland promoted
higher water drainage (i.e., more infiltration and less runoff)
and lower evapotranspiration than the other systems. Increasing
evapotranspiration reduces local temperatures through
increasing latent heat flux, and has been shown to mitigate
increased temperatures, e.g., the urban heat island effect
(Qiu et al, 2013). In an agricultural context, however, higher
evapotranspiration (e.g., continuous corn, corn-soy rotation)
is linked to higher water demand and consequently higher
irrigation rates or water demand for crops. Systems that
promote higher evapotranspiration and lower recharge have
a direct impact on the volume of surface water bodies. In the
case of irrigation, this has been shown to deplete groundwater
levels, especially as climate change increases evapotranspiration
rates over time (Condon et al., 2020). While only 1.5 and 0.4%
of agricultural land in Marathon County and Vernon County
are irrigated, this is an important consideration in drier areas.
While we found lower evapotranspiration rates in grasses than
continuous corn or the corn-soy rotation, some grasslands can
be comparable to corn-based systems (Abraha et al., 2020).
Agricultural impacts on groundwater depend in large part
on irrigation (which was zero in our modeled grassland) and
drainage (which was highest in our modeled grassland) back
into groundwater systems. While beyond the scope of our
modeling study, many studies have also shown the potential of
perennial grassland to reduce runoff and flood risk downstream
because of its ability to enhance infiltration (Jackson and
Keeney, 2010; Schilling et al., 2014).

Balancing our current emphasis on agricultural production
with other ecosystem services is critical. The continuous corn
system produced more food-energy than the corn-soy and
grass systems, which is consistent with previous work (Peters
et al., 2014). However, while the grass and corn-soy systems
produced similar output from a food-energy perspective, the
grass system outperformed the corn-soy rotation on all other
ecosystem metrics. While recent research has shown that the
current amount of beef raised within the U.S. could be raised
entirely on grass—and without adding acreage not already
in some form of agricultural production (Jackson, 2022)—
more work is needed to better understand the ramifications of
transformative changes to our agricultural landscape. Spatially
explicit research that can show where various forms of
agriculture can either do the least damage, or conversely, can
promote the most beneficial ecosystem services, is a clear need
in improving our understanding and decision making around
agricultural production.

From a dairy perspective, milk yields dropped when cows
were fed from grassland exclusively (Jackson, 2022). However,
this drop in milk production with the grass-based system can
be countered by a dramatic drop in production costs (Dartt
etal., 1999; Kriegl, 2005; Hanson et al., 2013) making grass-based
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dairies economically competitive with confinement dairies;
work that shows that grass-based systems can outperform
others from a multifunctionality perspective. Other work shows
that from a true-cost accounting perspective, grass-based farms
provide much more value to society than what are considered
conventional farms, and are dramatically undervalued (Suparak
Gibson, 2022). Instances such as this require a framework to
reward farmers for the societal good produced, whether it be
from a policy perspective or some other structure (Rissman et al.,
in this volume).

While we focused on agricultural production from an
energetics perspective to broadly compare the vegetation types
in question, there is more to food than energy. Nutritional
profiles are an important consideration to include in future
analysis of tradeoffs among ecosystem services. Research on
this topic shows that grassfed livestock production improves
both animal health and the nutritional profile of livestock
products compared to conventionally raised livestock (van Vliet
et al., 2021b). A key driver of this improvement in nutritional
profile was the biodiversity of the plants consumed by grassfed
livestock, suggesting that the promotion of biodiversity is
strongly linked with human health (Provenza et al., 2021; van
Vliet et al., 2021a).

Our model did not include a grazing module that mimicked
disturbance-plant growth dynamics, nutrient uptake and NPP,
which would likely be stimulated to an even greater degree
under well-managed grazing resulting in improvement in most
ecosystem functions. Current work is adding grazing and cover
crop modules to further explore continuous living cover in
agroecosystems. These types of modeling advances, integrated
with the other capabilities of Agro-IBIS, will allow scientists to
develop advanced decision support tools (DSTs) that contain
model output data from many scenarios representing the
potential impacts of a changing climate and land management
on ecosystem services. The goal is to have crop consultants,
land managers, farmers and other end users use DSTs to guide
future agroecosystem management decision-making to meet
sustainable development goals for humanity.

Conclusions

With the exception of food-energy yield, all the ecosystem
functions we explored were improved under the grassland-
based system compared to annual grain crops. If agricultural
policy continues to reward yield exclusively, it will be difficult
to transition to more multifunctional agricultural systems.
Continuous corn yielded more food-energy than corn-soy
rotation and perennial grassland, but a significant tradeoff
was observed: this system had the poorest performance across
all other ecosystem functions - nitrate leaching, phosphorus
loss, drainage, and evapotranspiration. While the corn-soy
rotation provided slightly better outcomes than continuous
corn (except for yield), it was inferior to perennial grassland

frontiersin.org


https://doi.org/10.3389/fsufs.2022.1010280
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Wepking et al.

for most outcomes and not significantly different in food
calorie yield. A more balanced delivery of ecosystem functions
underpinning critical ecosystem services will require more
reliance on perennial grassland for livestock production.
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Reducing tillage does not affect
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Reducing tillage and supporting continuous living cover (CLC) can improve
agroecosystem sustainability under both organic and conventional field crop
production. What is less clear, however, is how reducing tillage affects the
economic sustainability of organic field crop systems with CLC as compared to
conventional field crop systems. To address this knowledge gap, we conducted
a comprehensive economic analysis based on field records and crop yields
from the long-term Farming Systems Trial (FST) at Rodale Institute in Kutztown,
Pennsylvania. The FST (established in 1981) comprises three farming systems
(conventional, low-input organic, and manure-based organic) which were split
into tilled and reduced-till treatments in 2008. FST field activities, inputs, and
crop yields from 2008 to 2020 were used to construct enterprise budgets to
assess cumulative labor, costs, returns, and economic risk of six replicated
theoretical farms. Reducing tillage on the conventional farms led to lower
gross revenues (—10%), but lower annual costs (—5%) helped maintain similar
net returns but increased economic risk as compared to tilled conventional
farms. Reducing tillage on the low-input organic farms also led to lower gross
revenues (—13%) and lower annual costs (—6%), which maintained net returns
and increased risk relative to the tilled, low-input organic farms. For the more
diverse manure-based organic farms that include periods of mixed perennial
cover, reducing tillage had a smaller effect on overall costs (—2%) and no effect
on gross revenues, net returns, or economic risk. Overall, reducing tillage did
not affect the long-term profitability of any of the three FST farming systems.
Regardless of tillage practices or organic price premiums, the manure-based
organic system supported higher net returns than the conventional system.
This finding suggests that continuous living cover and manure inputs may have
a greater influence on system profitability than tillage practices.

conservation tillage, no-till, continuous living cover, organic agriculture, economics,

profitability
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1. Introduction

Innovative agricultural practices developed during the 20th
century helped double grain yields since the 1960’ (Ramanlkutty
etal., 2018), but the widespread adoption of synthetic pesticides,
inorganic fertilizers, expansive monocultures, and intensive
tillage has come at great human health and environmental costs
(Tilman et al., 2002; LaCanne and Lundgren, 2018; Sanaullah
et al, 2020). To continue feeding, fueling, and clothing a
growing population, these once-innovative, now conventional
agricultural practices may need to be phased out in favor of
alternative, conservation-based practices. Conservation-based
practices can improve soil health and environmental quality, and
include strategies such as reducing pesticide use, diversifying
crop rotations, aiming for continuous living cover (CLC),
and applying organic fertilizers (Palm et al., 2014). It is no
coincidence that these practices are fundamental to organic
crop production, which overall has been shown to reduce
the negative effects of agriculture on environmental health
(Gomiero et al, 2011). In addition to these environmental
benefits, organic production is often more profitable because of
the price premiums that consumers are willing to pay for organic
products (Reganold and Wachter, 2016).

Although organic farmers have outpaced conventional
farmers in the overall adoption of conservation-based practices
(Gomiero et al,, 2011), one specific practice-reducing tillage—
has been more readily adopted under conventional management
(Mirsky et al, 2012; Claassen et al, 2018). Reduced-till
management has been adopted by over 65% of conventional
farmers in the United States in part because most have access
to low-cost herbicides that provide an effective way to manage
weeds without regular tillage (Pittelkow et al., 2015; Benbrook,
2016; NASS, 2019; White et al., 2019). Conventional reduced-till
strategies can significantly lower operating costs and, depending
on climate and other cropping conditions, can support high crop
yields (Archer and Reicosky, 2009; Chavas et al., 2009; Toliver,
2010; Deines et al., 2019). Lower crop yields in response to
reducing tillage are often attributed to high soil compaction,
nutrient deficiencies, and/or high weed pressure (Pittelkow
et al., 2015)—all factors that could be mitigated by supporting
continuous living cover. While many conventional farmers have
adopted reduced-till strategies, far fewer have adopted practices
that support continuous living cover (e.g., only 7.5% of farmers
plant cover crops; NASS, 2019).

In contrast, one of the most popular strategies to reduce
tillage in organic systems is cover crop-based, rotational no-
till, where cover crops are mechanically terminated to form a
weed-barrier mulch (Ashford and Reeves, 2003; Wallace et al.,
2017; Frasconi et al, 2019). Under this strategy, mechanical
termination of cover crops usually occurs at the same time
as planting, eliminating any period of bare soil between cover
crop termination and planting cash crops. Despite the potential
cost savings and soil conservation benefits of reducing tillage
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and maintaining continuous living cover, uncertainty regarding
yields and profitability could limit the adoption of reduced-till
adoption in organic systems.

Reducing tillage under organic production has been
hypothesized to have similar economic benefits as under
conventional production (Peigné et al., 2007; Mirsky et al., 2012),
but few studies have tested this hypothesis (Delate et al., 2012;
Wittwer et al,, 2021). Moreover, existing studies were either
based on short-term trials (Delate et al., 2012), which may not
capture year-to-year variability in crop yields (Delbridge et al.,
2011) or excluded genetically modified crops and pesticide seed
coatings (Wittwer et al., 2021) that currently dominate U.S.
field crop production (Douglas and Tooker, 2015; Donley, 2019)
and significantly affect management costs and profitability of
conventional systems (Finger et al., 2011; Alford and Krupke,
2018). Although these existing studies support the hypothesis
that reduced-till organic production is profitable, there is a
clear knowledge gap regarding the long-term economic impacts
of reducing tillage in organic farming systems compared to
conventional systems. A long-term economic comparison of
such systems could help address this knowledge gap and provide
critical information for farmers and policymakers interested in
organic reduced-till production.

In this paper, we conducted a comprehensive economic
analysis of the long-term Farming Systems Trial (FST) at the
Rodale Institute in Kutztown, Pennsylvania, which provided
a unique opportunity to perform a side-by-side economic
comparison of reducing tillage in organic and conventional
farming systems with different fertility inputs and different
degrees of continuous living cover. We hypothesized that
reducing tillage would lower crop yields and gross revenue
in both organic and conventional field crop systems, but
net returns would be higher due to the lower production
costs associated with reducing tillage. The results of this
economic analysis will serve as a valuable resource for extension
agents, farmers, and policymakers to assess the economic
advantages and disadvantages of reducing tillage in organic and
conventional farming systems.

2. Materials and methods

2.1. Design of the farming systems trial

This economic analysis was based on field operation and
input records of the Farming Systems Trial (FST) at the
Rodale Institute in Kutztown, Pennsylvania (Berks County, 40°
33/ 57-75° 43’ 47”). The FST was originally established in
1981 to study soil health, agronomy, and economics during
a transition to organic grain production. The FST initially
comprised three conventionally-tilled cropping systems: (1) a
conventional system with inorganic fertilizer inputs (CNV); (2) a
low-input organic system that relies on leguminous cover crops
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to supply nitrogen inputs (LEG); and (3) an organic system
with cover crops, periodic manure inputs, and a perennial
hay phase of 2-3 years during each crop rotation (MNR).
Cropping systems were replicated eight times (18 x 92-m
plots), with each replicate divided into three subplots (6 x
92-m) planted in different phases of the crop rotations. In
2008, reduced-till treatments were introduced to the study
by reducing tillage in half of the system replicates (RT-
CNV, RT-LEG, and RT-MNR) while conventional, full tillage
(FT) continued in the other four replicates (FT-CNV, FT-
LEG, and FT-MNR). Herbicide application helped to achieve
complete no-till production in the RT-CNV treatment, lowering
average Soil Tillage Intensity Ratings (STIR) ratings to 4.5
+ 0.4 compared to 142.7 £ 8.4 in the FT-CNV treatment
(Pearsons et al., 2023). Rotational no-till was achieved in the
organic systems by no-till planting organic maize (Zea mays
L.) and soybeans (Glycine max L.) into cover crops that were
mechanically terminated by use of a roller-crimper (Ashford and
Reeves, 2003; Moyer, 2021). Depending on the sub-plot, no-till
organic maize and soybeans accounted for 15-24% of planting
events in the RT-MNR treatment and 15-30% of planting
events in the RT-LEG treatment (Supplementary Figures S1, S2).
Moldboard plowing and disking preceded all other crops and
cover crops in the organic treatments while chisel plowing
and disking preceded all crops and cover crops in the FT-
CNV treatment. Average STIR ratings for the FT-LEG and
FT-MNR treatments were 263.7 £ 29.2 and 196.2 + 37.9
respectively, while STIR ratings for the RT-LEG and RT-MNR
treatments were 178.5 £+ 15.5 and 126.3 + 18.8 respectively
(Pearsons et al., 2023).

Between 2008 and 2020, crop rotations differed among
the three systems (Supplementary Figures S1, S2). The CNV
system followed 2- and 3-year rotations of maize, soybean and
occasionally wheat (Triticum aestivum L.). In some years, hairy
vetch (Vicia villosa) or cereal rye (Secale cereale) cover crops
were planted in CNV sub-plots. The LEG system followed a
4-year maize-oats (Avena sativa L.)-soybeans-wheat rotation,
with hairy vetch preceding maize and rye cover preceding
oats and soybeans. As an additional source of nitrogen, clover
(Trifolium spp.) was planted concurrently with oats. From
2008-2014, a barley crop (Hordeum vulgare L.) was grown
in the FT-LEG plots prior to soybeans and in place of the
rye cover crop. The MNR system followed the LEG rotation
but with the addition of 2-3 years of alfalfa-orchardgrass
hay (7:4 w:w Medicago sativa L. and Dactylis glomerata L.),
1 year of maize silage, and one additional year of wheat
(Supplementary Figures S1, S2). In an average year, all four
organic treatments had living cover for over 10 months (FT-
LEG = 10.3 months, RT-LEG = 10.6 months, FT-MNR = 10.4
months, RT-MNR = 10.2 months). Even with occasional cover
crops, the CNV treatments had living cover for fewer months
(FT-CNV = 6.3 months; RT-CNV = 8.4 months) compared to
the organic treatments.
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Typical field operations for each crop within each treatment
are summarized in Table 1. For each year of the study, fertility
inputs in the CNV system were based on soil tests and
recommendations from the Penn State Agricultural Analytical
Services Laboratory (University Park, PA, U.S.A.) and herbicide
applications (timing, mixtures, and rates) were based on
recommendations from Weed Extension Specialists from the
Pennsylvania State University. Between 2008 and 2020, the
only external fertility input to the LEG system was potassium
sulfate, applied at a rate of 170kg K ha™! in 2008 and 2012.
For the MNR system, composted manure was applied at a
target rate of 89.7kg N ha~! prior to planting corn silage and
oats. Potassium sulfate was also applied to the MNR system
in 2008 and 2012, at the same 170kg K ha~! rate as in the
LEG system. No pest management strategies were deployed in
the MNR system, but parasitoid wasps (Trichogramma ostriniae;
IPM Labs, Locke, NY, USA) were deployed in 2012 to help
control European corn borer (Ostrinia nubilalis) in the LEG
system based on recommendations from Pennsylvania State
University Extension.

2.2. Relative crop yields

Relative yields (YR) were analyzed to account for the
different frequencies for which specific crops were grown within
each treatment. YR was calculated as the ratio of the experiment
yield compared to county average yields:

Yr= Yg/Ya

Where YR
experimental yield at the subplot level, and Y4 = county average

relative yield (a unitless value), Yg

yield for a given crop in a given year. Average county yields were
obtained from the USDA NASS - Quick Stats database (NASS,
2021). In years where average crop yields were unavailable for
Berks County, values from nearby Lehigh County (maize: 2009,
2010, 2013; oats: 2010, 2013, 2019) or all of Pennsylvania (wheat:
all years; barley: 2009, 2010; hay: 2016, 2017, 2019, 2020; silage
corn: 2013, 2018) were substituted. Student’s t-tests were used to
test if average crop yields were significantly different than county
averages (Ho: YR = 1) for each crop in each treatment. Raw yield
data from the FST for this period (2008-2020) were analyzed and
discussed as part of an assessment of grain quality from the FST
(Pearsons et al., 2022).

2.3. Enterprise budgets

Records of field activities, inputs, and crop yields from
the FST were used to construct enterprise budgets (Chase
et al, 2019; Chase, 2020) for each subplot for each year
from 2008 through 2013, as well as from 2016 through
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TABLE 1 Typical field operations for each crop grown in each treatment.

Cover crop, cash

10.3389/fsufs.2022.1004256

crop
Field operation(s)

Hairy vetch, maize Plow - - MB MB MB MB
Disk and pack - - DP DP DP DP
Plant hairy vetch cover, - - P, 34 P34 P, 34 P, 34
kg ha™!

Herbicide, - H1 - - - -

burn-down

Plow CP - MB - MB -

Disk and pack Dp - Dp - DP -

Plant maize, P, 82 NT, 82 P, 89 RC+NT, 89 P, 89 RC+NT, 89

1,000 seeds ha™!

Fertilize NPK NPK - - - -

Herbicide, H3 - - - -

pre-emergent

Herbicide, H4 H4 - - - -

post-emergent

Fertilize N1 N1 - - - -

Cultivate - - TW 2x - TW 2x -
RC2x RC2x

Harvest maize v v v v v v

Rye, oats Plow - - MB MB MB MB
Disk and pack - - DpP DP DP DP
Plant rye cover, kg ha™! - - P, 202 P, 202 P, 202 P, 202
Apply compost, - - - - LM, 28-38 LM, 28-38
1,000 kg ha™!

Plow - - MB MB MB MB
Disk and pack - - DP DP DP DP
Plant oats, kg ha™! - - P, 202 P, 202 P, 202 P, 202
Plant clover, kg ha™! - - - - BC, 10-15 BC, 10-15
Harvest oats - - v v v v

Rye or barley, soybeans Plow - - MB MB MB MB
Disk and pack - - DP DP DP DP
Plant rye cover, kg ha™! - - - P, 202 P, 202 P, 202
Plant barley, kg ha™! - - P, 202 - - -
Harvest barley, - - v - - -
rake, ted, and bale straw
Plow CP - MB - MB -
Disk and pack DP - DP - DP -
Herbicide, burn-down - H1 - - - -
Plant soybeans, P, NT, P, RC+NT, P, RC+NT,495-
1,000 seeds ha™! 445-494 445-494 495-544 495-544 495-544 544
Herbicide, post-emergent H5 H5 - - - -

(Continued)
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TABLE 1 (Continued)

Cover crop, cash

10.3389/fsufs.2022.1004256

crop
Field operation(s)
Cultivate - - TW 2x HRC TW 2x HRC

RC2x RC2x

Harvest soybeans v v v v v v

Wheat Plow CP - MB MB MB MB
Disk and pack Dp - Dp Dp DP DP
Herbicide, burndown - H2 - - - -
Plant wheat, kg ha=! P, 202 NT, 202 P, 202 P, 202 P, 202 P, 202
Fertilize N2 N2 - - - -
Herbicide, spring He Heé - - - -
Harvest wheat/ v v v v v v
rake, ted, bale straw

Hay 2-3 seasons Plow - - - - MB MB
Disk and pack - - - - DP DP
Plant orchardgrass, kg ha™! - - - - P 16 P16
Plant alfalfa, kg ha! - - - - BC,9 BC, 9
Cut/rake/ted/bale hay - - - - 8-10 x 8-10 x

Maize silage Apply compost, - - - - LM, 28-62 LM, 28-62
1,000 kg ha™!
Plow - - - - MB MB
Disk and pack - - - - DP DP
Plant maize - - - - P, 89 P, 89
Cultivate - - - - TW 2x TW 2x RC

RC2x 2%

Harvest silage - - - - v v

Field operations deviated where crop rotations changed (e.g., when cover crops were included in CNV rotations) and in response to planting issues, high weed pressure, or weather events.
These atypical operations (e.g., re-planting cash crops, additional cultivation, and additional herbicide applications) were included in enterprise budgets when they were performed.
Planting and fertilizer rates are listed as kg ha~! unless otherwise noted. Abbreviations are listed alphabetically and provide additional details regarding specific field operations, including

herbicide rates and mixtures applied in the CNV treatments.

BC, broadcast; CP, chisel plow; DP, disk and pack; H1, glyphosate (0.84 kg ha™!) 4 2-4,D (0.56 kg ha™!) + ammonium sulfate (AMS; 2.24 kg ha~!); H2, glyphosate (0.84 kg ha=!) +2-4,D
(0.56kgha=1) + AMS (3.36 kg ha~!); H3, Degree Xtra (acetochlor + atrazine, 7.0 L ha=!) + Balance Flex (isoxaflutole, 219 mL ha~!); H4, Callisto (mesotrione, 219 mL ha~!) + atrazine
(0.56 kg ha=1) 4 1% v/v COC + 2% v/v UAN; H5, glyphosate (0.84 kg ha~1); He, Harmony Extra 50 SG (48 mL ha=') 4+ 2,4-D (1.4L ha~!'); HRC, high residue cultivate; LM, composted
leaf and dairy manure; MB, moldboard plow; N1, 135 kg nitrogen ha~!; N2, 67 kg nitrogen ha™ 1; NPK, 34 kg nitrogen ha=! + 34 kg phosphorus ha~! -+ 11 kg potassium ha~!; N'T, no-till
drill; P, conventional drill; RC, row cultivate; RC+NT, roller-crimper with no-till drill; TW, tine weed.

2020 (780 budgets). The typical FST crop rotations were
interrupted in 2014, so 2014 and 2015 were excluded from
this analysis.

For each year of the study, input costs were estimated
using management records, recent prices from vendors,
government databases, agricultural extension documents, and
communication with extension specialists. Estimated costs of
crop production were not available for Pennsylvania after 2016,
so machinery operation costs, per hour labor costs, fertilizer
costs, cash rent equivalent of land, and most conventional seed
costs (maize, soybeans, oats, alfalfa, and orchardgrass) were
derived from annual Estimated Costs of Crop Production in
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Towa documents (Duffy and Smith, 2008a,b; Duffy, 2009, 2011,
2012, 2013; Plastina, 2016, 2017, 2018, 2019, 2020). Hourly labor
requirements were derived from Estimating the Field Capacity
of Farm Machines (Hanna, 2016). Other seed costs were based
on actual purchase prices for seeds planted in the FST or were
estimated based on the relative price of seeds purchased for
the FST in 2021. Based on these relative prices, organic maize
and soybean seeds were priced as 80% the cost of conventional
maize and soybean seeds; organic oat, orchardgrass, and alfalfa
seeds were priced as 120% conventional seeds; rye seeds were
priced the same as oat seeds; wheat and barley seeds were priced
at 2 x oats; hairy vetch was priced as 40% the cost of alfalfa
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seeds; and clover was priced as 70% the cost of alfalfa seeds.
All seed costs and estimates used in this study are listed in
Supplementary Table S1.

Herbicide cost estimates were based on annual average
prices set by dealers throughout Pennsylvania; these estimates
were compiled and confidentially provided to the authors by
Penn State Extension. The cost of deploying parasitoid wasps in
2012 was provided by IPM Labs (Locke, NY, USA), with labor
costs estimates derived from Gagnon et al. (2016). Year-adjusted
costs to apply composted manure were based on scaled-up labor,
fuel, and machinery inputs required to produce, haul, and spread
compost at the Rodale Institute in 2008. Annual cost estimates
for labor, fertilizers, manure, parasitoid wasps, and seeds are
included in the Supplementary Table S1 (confidential herbicide
costs not included).

Average annual market crop prices for Pennsylvania were
obtained from USDA NASS Quick stats database (NASS, 2021).
For years where organic market prices for specific crops were
unavailable for Pennsylvania (noted in Supplementary Table S2),
the organic price premium was either estimated based on the
organic price premium for grains in Iowa (AMS, 2021; NASS,
2021) or interpolated based on averaging the price premium
in adjacent years. Missing organic maize silage prices were
estimated as 0.33 x the value of organic hay based on the method
used by Oregon State University (Downing et al., 2013), while
all straw prices were estimated as 0.75 x the average value of
conventional hay (Chase et al., 2019). Market prices are listed in
Supplementary Table S2, with annotations to note estimated or
adjusted values.

2.4. Modeling representative farms

To better reflect how the management practices applied
in the FST would affect labor, costs, returns, and risk for a
representative farm, we used enterprise budgets to model six
replicated theoretical farms, each based on one FST plot (3
systems x 2 tillage treatments, each replicated 4 times). Each
farm comprised three, 18-ha fields which corresponded to the
three subplots within each FST plot. Field size was chosen based
on the average farm size in Pennsylvania during 2008-2020
(54-ha; NASS, 2019). Statistical analyses were performed on the
labor, costs, and returns from these 24 theoretical farms.

2.5. Risk and sensitivity analyses

We assessed system risk using (1) a simple assessment of
year-to-year variability of net returns for each farm (standard
deviation) and (2) a safety-first model which additionally
accounts for average net returns (Musser et al., 1981; Hanson
et al, 1990; White et al, 2019). The output of the safety-
first model (lower confidence limit for net returns, L) can give
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farmers an idea of how often they can expect net returns to
exceed a certain value. The most common lower confidence limit
for net returns is Lys, which represents the lowest net returns a
farmer can expect in 3 out of every 4 years, where:

Ly;s =E— (0.674 X S)

with E equal to average annual net returns and S equal to
the standard deviation of average annual net returns. Larger
L75 values indicate less risky systems, as they are expected
to produce higher net returns in most years (3 out of 4
years). Additionally, we used linear interpolation to assess the
sensitivity of the two organic systems to variation in price
premiums (White et al., 2019).

2.6. Statistical analyses

All statistical analyses were performed in R (v.4.0.3). Relative
crop yields and returns (with and without organic premiums)
were compared across systems and tillage treatments using
linear mixed effect models (LMER from the “Ime4” package),
with system and tillage as fixed effects and year, farm replicate,
and the interaction of year and farm replicate as random effects
(Bates et al., 2015). As the goal of this analysis was to test the
effect of reducing tillage within each system, tillage treatment
was nested within system. For all models, model residuals were
tested for homogenous variance and normality. Pairwise mean
comparisons were generated using the EMMEANS function
from the “emmeans” package, with “mvt” P-value adjustments
to account for multiple comparisons (Lenth, 2021). Raw yield
data from the same period (2008-2020) for this experiment have
been previously analyzed and discussed as part of an assessment
of grain quality from the FST (Pearsons et al., 2022).

3. Results
3.1. Relative crop yields

Depending on the crop, relative yields differed across
farming systems and between tillage treatments (Figure I,
crop-specific results are presented and discussed in the
Supplementary material). Contrary to our hypothesis, overall
relative yields (averaged across all crops) did not significantly
differ between tillage treatments [Tillage (System): x% =34,P=
0.34]. Overall relative yields significantly differed across farming
systems (System: x% = 118.9, P < 0.0001), with higher yields in
the MNR system compared to county averages and significantly
lower yields in the LEG system compared to county averages
(MNR pejative = 1.23 = 0.06, LEG rejative = 0.78 = 0.07).
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Relative yields across all tillage x system treatments in the FST from 2008-2020 for (A) maize [System: ng = 31.8, P < 0.0001, Tillage (System):
x2 =4.7, P =0.20], (B) soybeans [System: x2 = 279.2, P < 0.0001, Tillage (System): x2 = 4.9, P = 0.18], (C) oats [System: x5 = 29.3, P < 0.0001,
Tillage (System): x2 = 6.2, P = 0.05], (D) wheat [System: x3 = 18.5, P < 0.0001, Tillage (System): x2 = 11.2, P = 0.01], (E) barley, (F) maize silage
(Tillage: ng =0.7, P=0.42), and (G) hay (Tillage: ng =0.02, P = 0.90). Means and error bars are estimated marginal means (EMM) and standard
errors from mixed models. Different uppercase letters above bars indicate significant differences across systems (Tukey HSD, P < 0.05). Different
lowercase letters above bars in (B) indicate significant differences in soybean yields across tillage treatments, with FT yields split between
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FIGURE 2

Average annual costs for each representative farm with different tillage x system treatments. Total costs include land (brown), field operations
(variable and fixed preharvest and harvest actives; tan), labor (dotted red), seeds (horizontal yellow lines), fertility inputs (diagonal gold lines), pest
management inputs (vertical gray lines), and all other costs (interest, insurance, and miscellaneous expenses; white). Error bars are standard
errors for total costs within each tillage x system treatment.
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3.2. Costs

3.2.1. Field operations and labor costs

Annual costs associated with field operation were lowest
under conventional management (Figure 2; Table 2), averaging
21% higher in the LEG system and 34% higher in the MNR
system. Reducing tillage reduced field operation costs across all
three systems by an average of 16%. Low field operation costs in
the CNV system corresponded with the lowest labor costs, which
were over twice as high in both organic systems. Reducing tillage
reduced labor costs across all three systems by an average of 20%.

3.2.2. Input costs (seeds, fertility, pest
management)

Fertility, seed, and pest management costs all differed
across farming systems, but these inputs did not vary much
between tillage treatments (Figure 2, Table 2). Although manure
applications were more expensive than mineral fertilizer
application (an average of $452 ha™! for manure, $318 ha~! for
mineral fertilizers applied to conventional maize), more frequent
fertilizer applications in the CNV rotation meant average annual
fertility costs were nearly 50% higher for the CNV system
compared to the MNR system. Regional differences in manure
costs could further increase or decrease the difference in fertility
costs between the CNV and MNR systems (Delate et al., 2003;
Carr et al,, 2020). Minimal fertility inputs in the low-input LEG
rotation led to notably lower fertility costs in the LEG system
compared to the CNV (—67%) and MNR systems (—52%).

Seed costs were the lowest in the MNR system (Table 2).
Despite the higher cost of GM maize and soybean seeds, limited
cover crop use meant seed costs were 10% lower in the CNV
system compared to the LEG system. The long hay phase of the
MNR system kept seed costs 16% lower than in the CNV system.

Input costs associated with pest management averaged
around $4,272 in the CNV treatments, largely as herbicide inputs
for weed control. Pest management inputs were negligible in the
two organic systems. Including the labor and field operations
associated with weed management (cultivation or herbicide
applications), overall weed management costs were nearly four
times higher in the CNV system (FT-CNV = $5,332, RT-CNV
= $5,256) compared to the FT organic treatments (FT-LEG
= $1,465, FT-MNR = $1,195) and over eleven times higher
than the RT organic treatments (RT-LEG = $455, RT-MNR =
$478). Reducing tillage did decrease weed management costs
in the LEG system by 18% but did not appreciably affect weed
management costs in the CNV or MNR systems.

3.2.3. Total costs

Excluding land (rent) costs (average of $567 ha™! year_l),
annual field operations and seed costs were the most substantial
cost categories. Overall, total annual costs (sum of land, labor,
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TABLE 2 Means and standard deviations (sd) of annual costs for representative farms with different tillage x system treatments.
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field operations, inputs [seeds, fertility, pest management], and
other costs [insurance, interest, and miscellaneous costs]) were
notably different across the three farming systems and between
tillage treatments within each system (Figure2, Table2).
Even when accounting for very different organic-management
strategies (i.e., different tillage practices, crop rotations, and
fertility sources), total costs were comparable between the two
organic systems and only 9% lower compared to conventional
management. Although no-till management reduced total costs
for the representative NT-CNV farms compared to FT-CNV
(—5%), annual costs were still around 7% higher under NT-CNV
management compared to organic management (Figure 2).
Reducing tillage also lowered total costs under LEG management
(—6%) but only decreased total costs under MNR management
by 2%.

3.3. Gross revenues and net returns
Both with and without organic premiums, economic returns
differed across the representative farms that employed different

management and tillage strategies (Figure 3; Table 3). When
organic price premiums were applied to the grain and forage
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produced in the organic systems, both organic farms had higher
gross and net returns than the CNV farm (Figures 3A, C;
Table 3; gross returns: CNV = $84,807, LEG = $102,228, MNR
= $124,716; net returns: CNV = $7,651, LEG = $32,882,
MNR = $53,994); on average, LEG and MNR management
supported 21 and 47% greater gross revenues than CNV
management, respectively. Organic premiums increased gross
revenue in the LEG and MNR systems by 81 and 47%,
respectively (Figures 3A, B), and with lower costs under organic
management, cumulative net returns under MNR management
were over 7 times higher than under CNV management.
If the organic grain and forage were sold at conventional
prices without organic premiums, the LEG system would have
generated net losses (-$12,924). As overall relative yields were
higher in the MNR system compared to the CNV system
(largely driven by high-value hay) the MNR system would have
generated 45% higher net returns than the CNV system even
if the organic grains and forages were sold at conventional
prices (Figure 3D; MNR = $13,859, CNV = $7,651; t-ratio
—10.4; P 0.07). Reducing tillage led to lower gross
revenue under both CNV and LEG management but did not

significantly affect gross revenue under MNR management
(Figure 3, Table 3; —10% in CNV, —13% in LEG). Net returns,
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TABLE 3 ANOVA tables and estimated marginal mean values (EMM) for differences in annual gross revenue and net returns for representative farms
with different tillage x system treatments, with tillage nested in system and denoted as tillage (system).

Returns with organic premiums Returns without organic premiums
Factor Gross revenue, $ Net returns, $ Gross revenue, $ Net returns, $
x2 x2 P x2 x2
System 1183 wowk 171.9 ok 1434 ok 1183 o
Tillage (System) 12.2 0.007 6.2 0.10 11.4 0.01 4.0 0.27
tem Tillage EMM system P tillage EMM EMM  system P tillage EMM
CNV FT $89,299 | C 0.10 $10,351 | C $89,299 | A 0.03 $10,351 A
RT $80,315 $4,950 $80,315 $4,950
LEG FT $109,266 | B 0.01 $37,733 | B $60,513 | B 0.048 - B
$11,020
RT $95,190 $28,030 $52,332 -
$14,828
MNR FT $128,317 | A 0.18 $56,766 | A $86,901 | A 0.24 $15,350 A
RT $121,114 $51,222 $82,262 $12,369

Degrees of freedom for system = 2, tillage (system) = 3. Net Returns = gross revenue-total costs. In the EMM table, letters indicate significant differences between systems (Tukey HSD
mean comparisons; P < 0.05) and P-values indicate significance differences between tillage treatments within each system. The highest revenue and returns are shown in bold.

TABLE 4 Year-to-year variability (SD, standard deviation) and 75%

reduced in all three systems, so reducing tillage may increase
lower confidence limits (L) for net returns in each tillage x system Y ’ & & Y

treatments. system risk.

The four organic systems demonstrated different
System Tillage SD L sensitivities to organic price premiums (Figure 4). Regardless
CNV FT $18,025 ~$1,797 of organic price premiums, the FT-MNR and RT-MNR
RT $18.047 _$7214 treatments generated higher net returns than the FT-CNV and
RT-CNV treatments. For the FT-LEG and RT-LEG treatments,
LG T 830474 SI7194 organic price premiums would have to drop over 56 or 41%,
RT $32,195 $6,331 respectively, for net returns to drop below the returns of the

MNR FT $40,457 $29,497 FT-CNV treatment.

RT $40,372 $24,011

4. Discussion

however, did not significantly differ between tillage treatments

(Figures 3C, D). We expected lower crop vyields under reduced-till

management but the corresponding reduction in management
costs would more-than-compensate for decreased revenues on
3.4. Risk and sensitivity analysis the representative farms. Although field operation and labor
costs were lower under reduced-till management, these cost

Year-to-year variability (SD) and risk (L) differed for the savings did not over-compensate for decreased revenue and
three farming systems, but reducing tillage had a much smaller did not lead to significantly higher net returns. The MNR
effect on year-to-year variability of net returns. Regardless of system supported the most days of continuous living cover
tillage practices, CNV management was the most stable, as and was the overall most profitable system, but reducing tillage
year-to-year variability in net returns was 41-55% lower than did not appreciably affect management costs, gross revenues,
that of the organically managed farms (Table 4). Despite high or net returns for the representative RT-MNR farms. For
year-to-year variability in net returns, however, organic farms the representative CNV and LEG farms, reducing tillage did
were lower-risk options. All four organic farms had positive negatively affect overall gross revenues (—10% in CNV, —13%
values for 75% lower risk limits while the two conventional in LEG), which drove down gross revenues compared to the
farms had negative values (Table 4). Lower risk limits were FT-CNV and FT-LEG treatments.
higher under organic management because high cumulative net For the CNV system, reducing tillage marginally reduced
returns compensated for high year-to-year variability. Values for maize yields. RT systems often require co-adoption of high
75% lower risk limits were consistently lower where tillage was residue retention (Pittelkow et al, 2015) and/or continuous
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living cover provided by winter cover crops (Marcillo and
Miguez, 2017) to maintain high maize yields. As noted in the
methods section, the RT-CNV treatment only had living cover
for an average of 8.4 months of the year. Compared to the
RT organic systems, this left an additional 2 months without
living cover-a higher risk for erosion, nutrient loss, and missed
opportunities to build soil health (Dabney et al., 2001). The LEG
system, despite supporting continuous living cover for over 10
months of the year, did not support robust crop growth and
high yields (Pearsons et al., 2022). The low-input design of the
LEG system did help minimize fertility costs, but such low inputs
significantly limited crop productivity. In past assessments of the
FST, the LEG system was able to support comparable yields to
the CNV system (Hanson et al., 1997), but decades of relying
on biological N fixation may have limited long-term N, P, and K
availability in this low-input system (Reimer et al., 2020).

Like with gross revenues, overall costs were notably lower
in the RT-CNV and RT-LEG treatments compared to their
FT counterparts. These cost savings, however, were smaller
than hypothesized, sitting around 5%. In the CNV system,
input costs accounted for a greater proportion of total costs
(37%) than field operations and labor (18% of total costs).
Eliminating tillage operations in the RT-CNV treatment reduced
field operation and labor costs by 16.3% but did not have a
substantial effect on herbicide use, seed inputs, or inorganic
fertilizer inputs. Reducing tillage may have even small effects on
conventional management costs in future years, as herbicide-
resistant weeds (Reddy and Norsworthy, 2010) and emerging
nutrient deficiencies (Elkin et al., 2016) drive up input costs
relative to field operations and labor, but only if these costs
outpace rising labor and fuel costs (White et al., 2019).

For the LEG system, input costs accounted for a smaller
proportion of total costs (23%) than field operations and labor
(25%), which presented a greater opportunity for reducing
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tillage to affect total management costs. Indeed, despite fewer
opportunities to reduce tillage compared to the CNV system
(15-30% of planting events), the associated field operation and
labor cost savings of reducing tillage (—22%) had a slightly
greater effect on total costs (—6%) under LEG management.

Due to the multiyear hay phase of the MNR crop rotation,
tillage intensity in the FT-MNR treatment was more similar to
the RT-LEG treatment than the FT-LEG treatment. This meant
there were fewer opportunities to further reduce tillage in the
RT-MNR treatment, and therefore fewer opportunities for costs
to differ between the MNR treatments.

Despite lower overall costs for the two organic systems, field
operation and labor costs were notably higher compared to the
conventional system. Most of these additional field operation
and labor costs were associated with cover crop establishment.
Although cover crops can provide numerous agronomic and
environmental benefits, the added costs to establish cover crops
may be a barrier to adoption (Roesch-McNally et al., 2018).
Unlike cover crops, adding perennial crops to a cropping system
(e.g., hay in the MNR system) can increase continuous living
cover and inherently reduces tillage activity, without the added
cost of cover crop seeds or no-till specific equipment (e.g.,
no-till planters, roller-crimpers, and high residue cultivators).
Perennial hay production also reduced labor costs and crop seed
costs across the MNR rotation. High hay yields and value helped
drive the MNR system’s profitability, and years of continuous
living cover likely supported the high maize, soybean, and small
grain yields in the MNR system. As long as farmers have the
equipment, time, and interest in hay production (Olmstead and
Brummer, 2008), perennial hay production can be a valuable
addition to organic and conventional farming systems.

This perennial hay production, however, meant the MNR
crop rotation presented fewer opportunities to further reduce
tillage compared to the rotations used in the CNV and LEG
systems. Overall, net returns in the MNR treatments were
more reflective of overall lower costs associated with organic
production, manure fertilization, high organic premiums, and
high hay yields rather than tillage practices. Strategies to reduce
tillage may be best applied to crop rotations which present
more opportunities to reduce tillage, such as simple maize-
soybean rotations. Efforts to reduce tillage in more diverse
organic rotations (i.e., no-till planting cover crops, small grains,
and hay) would help to further reduce costs and increase benefits
of reducing tillage under organic management.

Regardless of tillage practices, the effect of organic
management on costs and net returns was largely consistent
with past economic analyses of the FST (Hanson et al,
1990, 1997), other long-term trials (Delate et al, 2003;
Chavas et al, 2009; White et al., 2019), and meta-analyses
(Crowder and Reganold, 2015; McBride et al., 2015). Generally,
field operations and labor costs are higher under organic
management, but lower inputs and high organic premiums offset
these added costs.
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From 1982 to 1984, seed costs, field operation, and labor
costs were higher for the LEG system compared to the CNV
system (by 23, 4, and 20%, respectively; Hanson et al., 1997),
while fertilizer and pest management inputs were only a factor
for the CNV system (The MNR system was not included in
this initial analysis; Hanson et al., 1997). While the magnitude
of these differences changed over four decades, seed costs, field
operation, and labor costs were still higher for the LEG system
(by 10, 21, and 75%, respectively) while fertilizer and pest
management inputs remained higher for the CNV system (by
67 and 96%, respectively). At the start of the FST overall costs
were about 18% lower for the LEG system compared to the
CNV system (Hanson et al., 1997). Decades later, overall costs
were still lower for the LEG system, but this cost advantage
had dropped to just over 10%. This decrease can partly be
attributed to the fertility and pest management inputs in the
LEG system but is mostly reflective of how rising fuel and
labor costs have a stronger impact on organic systems. Other
long-term trials have similarly observed how fertility inputs and
pest management drive up overall costs under conventional
management, despite higher field operation and labor costs
under organic management (Delate et al., 2003; Crowder and
Reganold, 2015; White et al., 2019).

Also consistent with the first economic assessment of the
EST (covering the first 9 years after establishment, 1981-1989;
Hanson et al., 1990; Roberts and Swinton, 1995), the low-
input LEG system continued to be a less risky option than
CNV management. In the initial analysis, the LEG system
was considered less risky because annual net returns were
more stable in the LEG system compared to the CNV system
(Hanson et al., 1990; Roberts and Swinton, 1995). After three
decades, net returns destabilized in the LEG system (greater
year-to-year variability), but higher prices for organic grain
meant the more variable, low-input, and lower-yielding LEG
system was still a lower-risk option compared to the CNV
system. With the highest annual net returns and highest lower
limit of net returns, the system with the most diverse crop
rotation-the MNR system-would be considered the least risky
option based on the safety-first method (Musser et al., 1981).
Other economic analyses have similarly concluded that organic
systems with long, diverse crop rotations can be lower risk
than conventionally managed systems (White et al, 2019).
Although high crop diversity will usually increase the year-to-
year variability of costs and gross revenues, high diversity can
help buffer against fluctuating crop prices and crop failures.

The most notable difference between the first economic
assessment of the FST and this current one is how price
premiums affect organic system returns. In the first economic
assessment of the FST, the LEG system generated similar net
profits as the CNV system, without organic price premiums
(Hanson et al., 1997). With the decreased cost advantage (from
18 to 10%) and lower yields compared to the CNV system,
the LEG system became reliant on organic price premiums.
As demonstrated by the sensitivity analysis, however, both the
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FT-LEG and RT-LEG treatments would remain competitive
unless price premiums were reduced by over 56 or 41%,
respectively. Additionally, the MNR system generated similar
or higher net returns as the CNV system, regardless of price
premiums. Similar studies and meta-analyses have found that
organic systems can be profitable at lower price premiums as
long as crop yields are supported by sufficient fertility inputs
and timely pest management (Delate et al., 2003; Crowder and
Reganold, 2015; White et al., 2019).

4.1. Implications for farmer
decision-making

For reducing tillage to positively affect net returns, reduced-
till strategies must substantially decrease input costs or
increase gross revenue. High input costs (seeds, fertility, and
pest management) can overshadow the economic benefits
of reducing tillage in conventional systems, whereas limited
opportunities to reduce tillage can overshadow the economic
benefits of reducing tillage in diverse organic systems. With no
significant negative effect on overall crop yields, net returns, nor
overall economic risk, the decision to reduce tillage will likely
depend on farmers’ capital, labor availability, or non-economic
factors such as soil conservation.

Grain farmers are often limited by capital (Baumgart-Getz
etal, 2012; Roesch-McNally et al., 2018), which can incentivize
practices that reduce overall input and operation costs, even
if those practices have limited effects on yields or profits. As
reducing tillage did not affect net returns or overall yields, the
lower operation and labor costs of the RT-CNV and RT-LEG
treatments could be an incentive for both conventional and
organic producers to reduce tillage. Other studies have found
similar cost-related benefits of reducing tillage in conventional
systems, especially as rising fuel costs have led tillage and
cultivation operations to account for a growing proportion
of overall production costs (Chavas et al., 2009; White et al,,
2019). Limited capital, however, could also be a significant
barrier for farmers to lease or purchase the equipment needed
to reduce tillage (e.g., no-till planter, roller crimper, and high
reside cultivator).

Although labor accounted for <5% of total costs, labor can
play a disproportionate role for farmers that rely on off-farm
income (Lee and McCann, 2019). For farms of similar size to the
theoretical farms in this economic analysis (54 ha), most labor
is provided by farmers who have primary occupations beyond
farming (for farms between 40 and 56 ha, <25% used hired
labor and 61% of operators spent more than half of their time
earning off-farm income; NASS, 2019). Farmers that rely on off-
farm income may be inclined to adopt practices that reduce labor
inputs, such as reduced-till production. Reduced-till organic
management could provide a less labor-intensive option for
conventional farmers interested in transitioning to organic
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production, which is consistently shown to have higher labor
requirements compared to conventional production (Hanson
et al.,, 1990, 1997; Delate et al., 2003; Crowder and Reganold,
2015; White et al., 2019). Additionally, conventional farmers that
are interested in organic production but do not want to move
away from RT practices (Smith et al., 2011) may be encouraged
by the overall lower costs and similar net returns between the
RT and FT organic systems. The high profitability (net returns)
of the MNR system especially indicates that manure inputs in
combination with continuous living cover (perennial hay) into
long and diverse crop rotations may be the most profitable
production strategy from the FST. The similarity between yields
in the CNV system and county averages (CNV gjative = 1.04
=+ 0.06) indicate that the conditions of the FST experiment are
representative of how these systems would perform at a larger
scale in the mid-Atlantic region, so it follows that similar yields
could be achieved on farms modeled after the RT-MNR system.

4.2. Conclusion

Overall, this updated economic analysis of the FST
reinforces findings that organic field crop production can be
economically favorable compared to conventional field crop
production. Although reducing tillage does not appear to affect
the profitability of organic field crop production, there are clear
long-term economic benefits for grain farmers to transition to
organic production. The decision to also reduce tillage, however,
will depend on the specific goals and resources of an individual
farmer and may be driven more by prospects of improved soil
health rather than economics (Zikeli and Gruber, 2017). As
price premiums were not the only driver of high profits in the
MNR system, conventional farmers and organic farmers alike
may be encouraged to adopt some of the conservation-based
practices employed in this organic system-long and diverse
crop rotations, continuous living cover, and organic fertility
inputs-in pursuit of more environmentally and economically
sustainable agriculture.
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Pennycress (Thlaspi arvense L.) is a new winter annual oilseed crop that can be
integrated as a “cash cover crop” in Midwestern USA cropping systems. Relay-
cropping pennycress with soybean [Glycine max (L.) Merr.] has been shown
as an effective way to produce three crops over 2 years while providing living
cover on the agricultural landscape nearly year-round. However, management
improvements are needed to optimize pennycress and soybean production in
this new system. A 2-year field study was conducted to evaluate three soybean
interseeding dates (based on pennycress growth stage) and three soybean
cultivars (varied in maturity date) on the overall productivity of this relay system.
Interseeding dates were SD1 (rosette stage), SD2 (bolting stage), and SD3 (initial
flowering), and soybean cultivars were MGO.2 (early), MG1.1 (standard), and
MG1.7 (late). In the second season, relaying soybean reduced pennycress seed
yield compared with its monocrop counterpart, but the reduction was lowest
(23%) at SD2. Cultivar maturity group impacted soybean seed yields in the
relay system, which for MGO0.2, MG1.1, and MG1.7 averaged 2,589, 3,196, and
3,445 kg ha=1, respectively. Although there was soybean yield drag associated
with relay cropping, the seed yield of the MG1.7 cultivar relay interseeded at
SD2 was not significantly different from a monocropped MG1.1 soybean using
conventional practice (CP; winter fallow, no pennycress). The results indicate
that relay interseeding of longer maturity (MG1.7) soybean for the region at
the bolting stage (SD2) of pennycress optimized overall system productivity
while keeping the continuous living cover on the agricultural landscape. More
research will likely be needed to improve soybean selection and management
regionally for this unique relay system.

cover crops, pennycress, relay-cropping, soybean, continuous cover, land use
productivity

frontiersin.org
145


https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://www.frontiersin.org/journals/sustainable-food-systems#editorial-board
https://doi.org/10.3389/fsufs.2022.961099
http://crossmark.crossref.org/dialog/?doi=10.3389/fsufs.2022.961099&domain=pdf&date_stamp=2023-01-10
mailto:russ.gesch@usda.gov
https://doi.org/10.3389/fsufs.2022.961099
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fsufs.2022.961099/full
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Gesch et al.

Introduction

The agricultural landscape of the Midwest Corn Belt
region of the USA is dominated by summer annual cropping
systems that rely heavily on corn (Zea mays L.) and soybean
production (Sindelar et al, 2017). Because of simplified
crop rotations, agricultural diversity has suffered (Aguilar
et al, 2015) and, consequently, so has agronomic and
environmental sustainability. Intense management (e.g., tillage,
fertilizers, and pesticides) of only a few crops to maintain
high yields has resulted in unintended negative consequences
including reduced water quality (Kladivko et al., 2014), soil
erosion (Reicosky, 2015), increase in herbicide-resistant weeds
(Mortensen et al., 2012), and declining pollinator diversity and
abundance (Eberle et al., 2015; Thom et al., 2018). Furthermore,
there is a growing societal trend among consumers of being
more concerned about where and how their food is produced,
influencing large food and beverage companies to source
ingredients from more sustainable systems (Ringquist et al.,
2016). A potential strategy to mitigate some of these issues is
to employ perennial or annual cropping systems that provide
diversity and keep living cover on the agricultural landscape as
long as possible throughout the year (Heaton et al., 2013; Ryan
et al., 2018). An obvious choice to do this in annual cropping-
based systems is the use of cover crops during the fallow season.
However, cover crop adoption in the Midwest Corn Belt of the
USA has been slow, and farmers often cite the cost of establishing
covers and little or no near-term economic return as reasons for
this (Myers and Watts, 2015).

Pennycress is a member of the Brassicaceae family and is
a new oilseed crop that has gained considerable attention as a
potential cash cover crop that can be grown between summer
annual commodity crops (Sindelar et al.,, 2017; Cubins et al.,
2019). Several studies, mostly conducted in the upper Midwest
USA, have demonstrated that soybean can be successfully
double-cropped or relay-cropped with pennycress (Phippen and
Phippen, 2012; Johnson et al., 2017; Bishop and Nelson, 2019;
Ottetal, 2019; Hoerning et al., 2020). The impact of pennycress
on soybean yield, when used in a double-cropping or relay-
cropping scenario, has been mixed. For example, in the southern
regions of the Corn Belt, pennycress had little or no effect on
double-cropped soybean yields as compared with conventional
monocrop soybean (Phippen and Phippen, 2012; Bishop and
Nelson, 2019). However, in the northern Corn Belt, soybean
yield reductions of 18-30% have been reported to be associated
with double-cropping and relay-cropping with pennycress as
compared with monocrop soybean (Johnson et al., 2017; Ott
et al,, 2019). Differences between the regions are likely due to
a longer growing season in the southern Corn Belt. Regardless

Abbreviations: CP, conventional practice; MG, maturity group; SSB, sole

soybean; RSB, relayed soybean; SD, seeding date.
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of the potential soybean yield drag associated with double-
cropping and relay-cropping with pennycress, one thing that
remains consistent is that total seed and oil yield per land
area (i.e., pennycress + soybean) are generally greater than
conventionally producing a single soybean crop (Cubins et al.,
2019).

In the Corn Belt region, pennycress is primarily being
targeted for integration into corn and soybean systems (Sindelar
et al., 2017; Bishop and Nelson, 2019). However, full-season
grain corn due to its long growing season presents challenges
for establishing pennycress, especially in the northern Corn Belt.
Generally, pennycress seed yield and oil content are maximized
by planting in early- to mid-September (Dose et al., 2017).
Because grain corn is typically harvested in late autumn, there
is often little time to directly plant and establish pennycress
before the soil freezes. A few studies have evaluated interseeding
pennycress into a standing corn crop at various stages of growth
(Nolan et al., 2018; Bishop and Nelson, 2019; Mohammed
et al,, 2020) with mixed results. For instance, Mohammed
et al. (2020) demonstrated that good pennycress establishment
was achievable by interseeding with a highboy device at the
late stages of corn development (R4 to R6), but this did not
translate into high seed yields (Patel et al., 2021), likely due to
suppressed growth caused by the high amount of corn residue
following harvest. More consistent establishment and seed yield
results have been achieved by direct planting pennycress in
early September following short-season summer crops such as
spring wheat (Triticum aestivum L.) (Dose et al, 2017; Ott
et al., 2019) and corn harvested for silage (Hoerning et al.,
2020) where there is minimal crop residue. In the northern
Corn Belt, there is a significant hectarage of small grain cereals
such as spring wheat grown followed by fallow soil until the
next spring. Therefore, introducing pennycress as a cash cover
crop to keep the soil covered in wheat-soybean systems is
needed, but the information is limited to optimize pennycress
and soybean production.

The relay-cropping system, which involves interseeding
soybean into standing pennycress such that their lifecycles
overlap during the growing season, effectively keeps living cover
on the field year-round. The environmental benefits of using
this system are manifold. Weyers et al. (2019) demonstrated
that autumn-sown pennycress and winter camelina (Camelina
sativa L.) grown in a relay system with soybean reduced nitrate
N in soil water by as much as 89% in spring as compared
with conventional practices of keeping the soil fallow between
summer annual crops. This has a significant implication for
water quality given that soils in the Midwest Corn Belt region are
most prone to N loss by leaching and runoff in the spring (Strock
et al., 2004). Moreover, pennycress can reduce total suspended
solids in spring runoff from snow melt and rains by as much as
75% compared with soil left fallow over the winter (Weyers et al.,
2021), indicating its ability to prevent soil erosion. Pennycress
also suppresses spring and early summer weeds (Johnson et al.,
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2015) by as much as nearly 100% (Hoerning et al., 2020) when
used in a relay system with soybean, resulting in less herbicide
use in the subsequent soybean crop. An abundance of pollinating
insects visit pennycress when it is flowering (Eberle et al,
2015), and its flowers provide pollen and nectar resources for
pollinators (Thom et al., 2016, 2018).

While growing pennycress has many positive environmental
effects, pennycress seed oil and meal, like that of rape seed
(Brassica napus L.), is presently high in erucic acid (C22:1)
and glucosinolates, which are antinutritional and therefore not
desirable for food and feed use. However, extensive work is
underway to develop commercially viable pennycress genotypes
that are low in glucosinolates and possess seed oil profiles
conducive to food and feed uses (Chopra et al., 2020). While
low glucosinolate pennycress genotypes are being developed,
the near-term markets for currently available pennycress seed
oil will likely be for biofuels. Pennycress seed oil has been
demonstrated to be a good feedstock for making biodiesel
(Moser et al., 2009), renewable aviation fuel (Fan et al., 2013),
and biolubricants (Cermalk et al., 2015).

Although research shows that pennycress can successfully
be double-cropped and relay-cropped with soybean and other
short-season summer annual crops (Cubins et al., 2019; Moore
et al,, 2020), little work has focused on improving agronomic
management practices for such systems. The present study
was designed to address optimizing the timing for relay
sowing of soybean into pennycress and explored the effect of
soybean maturity. We hypothesized that relaying soybean into
pennycress as late as possible during its development (e.g.,
during bolting or initiation of reproduction) may improve
soybean yield by reducing the amount of time the two crops
overlap. We also hypothesized that using a longer maturing
soybean than normally used for the region might improve
productivity by allowing soybean to remain in vegetative growth
longer during and after the overlap period. The overall goal
of the study was to improve relay-crop soybean yields and
minimize yield drag while simultaneously maintaining high
pennycress seed yields. The objectives of the study were to
determine the effects of soybean interseeding (relay seeding)
date and maturity group on pennycress and soybean growth
performance, seed yield, and seed qualities.

Materials and methods

Experimental location and cultural
practices

The study was done over two growing seasons (2015-2016
and 2016-2017) at the USDA-ARS Swan Lake Research Farm
near Morris, MN, USA, located at 4504O/N, 95048/W, and
345m a.s.l. The soil at the experiment site was predominantly a
Barnes loam (fine-loamy, mixed, superactive, and frigid Calcic
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Hapludolls). The long-term (over the last 30 years) average
annual air temperature at the location is 5.7°C, and the long-
term average yearly precipitation is 670 mm.

The experimental design was a randomized complete block
with a split-plot arrangement. The main plots (9.1 m by 9.1 m)
consisted of three soybean sowing dates based on the growth
stage of pennycress, which were SD1 (rosette stage), SD2 (bolting
or stem elongation stage), and SD3 (initial flowering stage). The
subplots, which were 3m by 9.1 m in size, consisted of three
different soybean maturity groups representing early (MGO.2),
standard (MG1.1), and late (MG1.7) cultivars for the region. The
three soybean cultivars used in both years were from CROPLAN
Genetics and were R2T0200 (early), R2C1100 (standard),
and R2C1750 (late). The experimental design included three
monocrop soybean check treatments that involved no-till
sowing of MGO0.2, MG1.1, and MG1.7 all at SD2 after winter
fallow (no pennycress). Among these check treatments, soybean
MGL.1 sown at SD2 was designated as conventional practice
(CP), and this is the standard soybean maturity and seeding
date for the region considered as normal (i.e., conventional).
The CP was used in a planned orthogonal contrast analysis
with the pennycress-relayed soybean treatments. The same
CP monocrop soybean check treatment was used for contrast
analysis in a companion study (Mohammed et al., 2022) for
relay-cropping soybean with winter camelina.

Pennycress accession MN106 used for the study originated
from a collection made of a natural wild population near
Coates, Minnesota, USA. Pennycress was no-till sown with an
InterSeeder drill (InterSeeder Technologies, Woodward, PA)
into spring wheat stubble (i.e., previous crop) at a seeding
rate of 9kg ha™! on 19cm spaced rows leaving every fourth
row unseeded (i.e., “skip row”) for relay seeding soybean the
following spring. The day before sowing pennycress, 1.12kg a.i.
ha™! of trifluralin (a, o, a-trifluoro-2,6-dinitro-N,N, -dipropyl-
p-toluidine) was applied and lightly incorporated with one pass
of a no-till drill for weed control. The pennycress was sown on
10 September 2015 (1st season) and 13 September 2016 (2nd
season). The following spring, pennycress plots were broadcast
fertilized at a rate of 78-34-34kg N-P-K ha—! on 4 April 2016
and 11 April 2017 using urea, diammonium phosphate, and
potassium chloride.

Relayed and monocrop soybeans were all sown at a rate
of 432,000 seeds ha=! on 76cm row spacing using a John
Deere MaxEmerge seeder (Model 1730, Moline, IL). The relayed
soybean was sown in the skip rows (76 cm row spacing), and
all plots contained four rows of soybean. A diagram of the row
spacing scheme used is shown by Mohammed et al. (2022).
The first soybean sowing date (SD1) was 18 April 2016 and 23
April 2017, SD2 was sown on 5 May in both years, and SD3
was sown on 15 May in both years. No fertilizer was applied to
either relayed or monocrop soybean. Weeds were controlled by
applying glyphosate [N-(phosphonomethyl)glycine] at 1.3 kg a.i.
ha~! to all plots containing soybean on 28 June 2016 (following
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the pennycress harvest), and another application at the same rate
was made on 1 August. In 2017, the same rate of glyphosate was
applied to monocrop soybean on 7 June and applied on 7 July to
all relayed soybean for weed control.

Plant measurements

At each relay soybean sowing date (SD1, 2, and 3), the
height of pennycress was measured from three randomly chosen
plants from each plot and averaged. At pennycress harvest, the
heights of both pennycress and soybean were measured on six
randomly chosen plants in each of the relay and monocrop
treatment plots. Pennycress was harvested when at least 90% of
its silicles were yellowish-brown in color and seeds were black
indicating full maturity (Cubins et al., 2022). Pennycress seeds
were harvested with a plot combine (Hege 160, Waldenburg,
Germany) on 20 June 2016 and 19 June 2017 from the center
of the plot (1.5m wide), and the plot length was measured
to calculate the net plot area. For the relay treatments, this
consisted of straddling two rows of soybean to harvest six rows
of pennycress, similar to what (Mohammed et al., 2022) have
described for winter camelina relay-cropped with soybean. Seeds
were dried at 65°C to constant weight before screen cleaning
to remove debris. Pennycress seed yields were adjusted to 100 g
kg~! moisture.

At the R7 growth stage prior to full maturity, six soybean
plants were randomly sampled from all plots containing soybean
(controls and relay treatments) and brought back to the lab
where height, node, and pod numbers per plant were measured.
At soybean harvest, the number of plants was measured in 1 m
of the row from either of the two center rows of each plot
to determine plant density. Soybean was combined-harvested
(Hege 160, Waldenburg, Germany) for grain at full maturity
(R8) by taking the center two rows, and the exact plot length
was measured to determine the harvest area for both monocrop
and relay-crop treatments. Soybean harvest date varied by year
and treatment. In 2016, all (monocrop and relay-crop) MGO.2
soybeans were harvested on 21 September, all MG1.1 soybeans
were harvested on 29 September, and all MG1.7 soybeans were
harvested on 13 October. In 2017, all monocrop and relay-crop
soybeans were harvested on 11 October except for SD3 relayed
MGL1.7 soybean, which was harvested on 18 October. The grain
was dried to constant weight at 65°C and screen cleaned for
yield determination. Soybean grain yields were adjusted to 130 g
kg~! moisture.

Weather variables were measured and recorded at an
automated weather station located at the experiment site. Daily
average air temperature (2-m height) and daily precipitation
were used for determining mean monthly temperature and
accumulated precipitation (Figure 1). The long-term average
(LTA) temperature and precipitation were based on data
recorded between 1987 and 2017 (Figure 1).
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Seed oil and protein analysis

The seed oil content of pennycress and soybean was
measured by pulsed nuclear magnetic resonance (P)NMR) using
a Minispec mql0 (Bruker, The Woodlands, TX). Harvested
seed from each plot, 5g for pennycress and 6g for soybean,
was measured by pNMR as previously described (Gesch et al.,
2014) after calibrating the instrument independently with pure
pennycress and soybean oil, respectively. In brief, clean seed
samples were dried for 4h at 130°C and cooled in a desiccator
for 15 min before measuring oil content. After measuring oil,
the seed samples were ground to a fine powder in a Wiley Mill,
and the total percent N was measured by combustion analysis
using a LECO CN828 (LECO Corp., St. Joseph, MI). Crude
protein content was estimated by multiplying percent N by 6.25
(Mariotti et al., 2008).

Statistical analysis

The MIXED procedure of SAS 9.4 (SAS Institute, Cary, NC)
was used for data analysis (SAS Institute, 2014). The effect of
year on pennycress seed yield was significant; thus, data were
analyzed by year using replication as a random effect and sowing
date (SD), soybean maturity group (MG), and their interaction
(SD x MQG) as fixed effects. However, pennycress and soybean
plant heights at pennycress harvest did not differ by year and
were therefore combined across years with year and replication
as random effects and sowing date (SD), soybean maturity group
(MG), and their interaction (SD x MQG) as fixed effects. Soybean
seed yields and plant attributes also did not differ by year, and
data were combined across years using year and replication
as random effects and sowing date (SD), soybean maturity
group (MG), and their interaction (SD x MG) as fixed effects.
When ANOVA showed significant treatment effects (P < 0.05),
LSD at @ = 0.05 was used to differentiate treatment means.
Planned orthogonal contrast analysis was performed with SAS
to compare the monocrop conventional practice (CP) with the
relay treatments, and the results were declared significant when
P-values were <0.05.

Results
Weather

From 2015 to 2017, monthly average air temperatures
tended to be greater between September and March than
the LTA except for February in 2015, which was lower, and
November and December of 2017, which were on par with the
LTA (Figure 1). Between April and August of all 3 years, air
temperatures were generally similar to the LTA. Precipitation
distribution varied widely among years with considerably
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greater amounts of rainfall than normal in May 2015, July 2016,
and August 2017 (Figure 1). The total accumulated precipitation
in 2016 and 2017, however, was only 12 and 15mm greater
than the LTA (670 mm total), while 2015 was drier, with a
total accumulation of 111 mm less than the LTA. It is also
important to note that in September and October of 2015,
during pennycress sowing and establishment, precipitation was
low with greater temperatures than normal, making for quite
dry conditions.

Pennycress seed yield, oil content, and
plant height

Pennycress seed yield across relayed treatments differed
considerably between years, and there was a relay sowing
date by year interaction (Table 1). Across all relay treatments,
pennycress seed yield averaged 352 kg ha~! in 2016 and 823 kg
ha~! in 2017. In 2017, pennycress seed yield was greater for
SD2 than SD3, but this difference was not observed in 2016
(Table 2).

In 2016, pennycress seed yields in the relay treatments
were statistically the same as the monocrop control (ie., no
soybean relayed into it) (Table 1). However, in 2017, monocrop
pennycress yielded 1,185kg ha™!, which was generally greater
than the seed yield of pennycress from relayed treatments
(823kg ha™!). The only exception in 2017 was for the SD2
MGI1.7 relay treatment where the average pennycress yield
was 1,071kg ha=! and not significantly different than the
monocrop control.

Frontiers in Sustainable Food Systems

TABLE 1 Analysis of variance table showing seeding date (SD),
soybean maturity group (MG), year, and their interactions on
pennycress seed yield and oil content in the relay-cropped
treatments, and contrast analysis of monocrop pennycress (MPC) with
pennycress relay-sown with soybean (RPC) in 2016 and 2017.

Seed yield Oil content
(kg ha—1) (gkg™)

F value and significance

SD 0.95 0.11

MG 1.10 0.92

Year 154181 0.37

SD x MG 0.58 0.40

SD x Year 5.29** 0.19

MG x Year 1.47 1.34

SD x MG x Year 0.49 0.41

149

Contrast Seed yield Oil content
(kg ha™!) (gkg™!)

P>F

MPC vs. RPC 2016 0275 0.024

MPC vs. RPC 2017 0.0004 0.022

T Denotes level of significance ** < 0.001 and *** < 0.0001.

Pennycress oil content was quite stable across the years and
was not impacted across relayed soybean treatments (Table 1).
In 2016, oil content across all relay treatments averaged 337 g
kg™!, while in 2017, it was 336 g kg~ !. However, in both years
of the study, the oil content of monocrop pennycress was slightly
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TABLE 2 Pennycress seed yield as affected by the interaction of
sowing date (SD) and year.

Year Sowing date Seed yield
(kg ha™1)
2016 SD1 358 ¢
SD2 303 ¢
SD3 394 ¢
2017 SD1 844 ab
SD2 917a
SD3 707 b

Means followed by a different letter are significantly different at the P-value of < 0.05
level using LSD.

TABLE 3 Pennycress and soybean plant heights in the relay treatments
of sowing date (SD) and soybean maturity group (MG) at the time of
pennycress harvest for data combined over years (2016 and 2017).

Main Level Pennycress Soybean height
factor height (cm) (cm)
SD SD1 67.9a 21.1a
SD2 64.62 219a
SD3 67.5a 15.8b
MG MGO.2 65.4b 19.6a
MG1.1 66.2 ab 202a
MG1.7 6832 19.2a

For a given factor, means within a column followed by a different letter are significantly
different at the P-value of < 0.05 level using LSD.

less but significantly different than that of plants in the relay
treatments (Table 1), averaging 325g kg~! in 2016 and 330¢g
kg~! in 2017. The average oil content between relayed and
monocrop treatments over both years was relatively small (0.9%)
and was not practically significant.

Over both years of the study, the height of pennycress plants,
at the time soybean was relay-sown, averaged 11 £ 3.0cm
StdDev at SD1, 19 4 8.6cm at SD2, and 46 4+ 14.8 cm at SD3.
At pennycress harvest in the relay treatments, soybean MG
but not SD affected pennycress height (P < 0.05), and there
was no interaction. Pennycress plants were on average 2.9 cm
taller in plots relayed with the MG1.7 soybean than those relay-
sown with the MGO.2 cultivar (Table 3). For the relayed soybean
plants, height at pennycress harvest was affected by SD (P <
0.05) but not MG. For soybean in SD3, plants were 5.3 cm and
6.1 cm shorter than the soybean in SD1 and SD2, respectively, at
the time pennycress was harvested (Table 3). For comparison, at
the time of pennycress harvest, the average height of monocrop
soybean planted at SD2 was 20.2, 17.6, and 16.7 cm for the
MGO0.2, MGI.1, and MG1.7 cultivars, respectively. Except for
the MGO.2 cultivar, the relayed MG1.1 and 1.7 soybeans were
slightly taller (about 3 cm) than their monocrop counterpart at
the pennycress harvest.
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Soybean seed yield, yield components,
and quality

The seed yield of relayed soybean was affected by SD and
MG, while seed oil and protein content were only influenced by
MG (Table 4). Seed yield was lowest for SD1 and did not differ
between SD2 and SD3 (Table 5). Both MG1.1 and 1.7 relayed
soybeans yielded greater than MGO0.2, but MG1.7 and MG1.1
had statistically similar yield. Seed oil content was greater for the
MGL.1 and 1.7 soybeans than the MGO.2 cultivar, but the earlier
maturing MGO.2 had greater protein content (Table 5).

Late season relayed soybean plant height (taken at R7)
only differed by MG (Table 4), with the MG1.7 being the
tallest and the MGO.2 being the shortest cultivar (Table 5).
Relayed soybean node, branch, and pod numbers per plant
differed by SD and MG (Table 4). All these yield components
were greatest in SDI, and branches per plant continued to
decline between SD1 and SD3 (Table 5). Similar to height,
biomass per plant and the yield components of node, branch,
and pod numbers were all lowest for the MGO0.2 cultivar
(Table 5). Although node, pod numbers, and biomass per
plant did not differ between the MG1.1 and 1.7 soybeans, the
branch number was slightly greater for the MGI.1 cultivar.
Biomass per plant of the relayed MGO0.2 soybean was 58%
lower than the average of the relayed MG1.1 and 1.7 soybeans
(Table 5).

Relay sowing date (SD) and soybean MG affected soybean
plant population density (Table 4). Relay sowing at SD3 favored
greater plant density (Table 5). Across cultivars, plant density at
SD1 was 13% lower than for SD3 at soybean harvest. Both the
MGO.2 and 1.1 relayed soybeans gave similar plant densities at
harvest, but the MG1.7 cultivar was on average 8% greater.

Compared with the conventional practice (CP) of winter
fallow (no pennycress) followed by monocrop MG1.1 soybean
sown at an average time of early May (SD2), the relay-
cropped soybean yields were generally lower (Table 6). The yield
reduction for relayed soybean ranged from as high as 38%
(SD1 MGO.2) to as low as 10% (SD2 MG1.7). As shown by the
contrast analysis (Table 6), the seed yield of the relayed SD2
MG1.7 was not statistically different from the CP treatment.
Seed oil and protein content did not differ between the CP
and relayed soybean. However, generally, the oil content was
lower and protein content greater for the relayed MGO.2 cultivar
than the CP soybean. Soybean plant height and biomass greatly
differed between CP and relayed soybean with CP plants always
taller and almost always heavier than the relayed soybeans,
except for the SD1 MG1.1 treatment (Table 6). Node number per
plant differed between CP and relayed soybean, but primarily
because node numbers were consistently less for the relayed
MGO.2 soybean but were not different from the CP treatment for
the relayed MGI1.1 and 1.7 cultivars. Branch and pod numbers
varied among the treatments but overall were not found to differ
between CP and relayed soybean (Table 6).
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TABLE 4 Analysis of variance table showing the effects of sowing date (SD), soybean maturity group (MG), and their interaction (SD x MG) on relayed soybean plant and seed attributes for data combined
over years (2016 and 2017).

Seed yield Oil content (g Protein content = Height at Branch Biomass Plant density
(kg ha™1) kg—1) (gkg™) R7 (cm) (g plant™) (plants ha=1)
Number plant~!
SD 4.90* 0.54 031 291 4.49* 13.85%* 5.42% 177 12.84%*
MG 21674 25.18%+* 33.23%* 103.19%* 119.70%+* 42,497 24.73+ 24.80" 5.96*
SD x MG 0.53 0.32 0.49 0.14 0.64 1.23 0.90 1.38 151

Shown are F values followed by the level of significance. T Denotes level of significance * < 0.05, ** < 0.001, and *** < 0.0001.

TABLE 5 Mean plant and seed attributes for the soybean maturity group (MG) cultivars at different sowing dates (SD) in a relay system with pennycress for data combined over years (2016 and 2017).

Main factor Treatment Seed yield Oil content Protein content Height at R7 Node Branch Pod Biomass Plant density
(kg ha—!) (gkg™1) (gkg™1) (cm) (gplant™)  (plant ha~!)
Number plant=1

SD SD1 2,858 b 205.8 3925 58.48 14.85a 17.02a 41.63a 20.18 281,605 ¢

SD2 3271a 206.2 389.2 63.34 14.10b 1535b 35.13b 18.04 304,024 b

SD3 3,101 ab 205.0 391.9 63.08 13.94b 14.13¢ 33.85b 17.49 322,616

MG MGO.2 2,589 b 201.1b 402.0a 49.77 ¢ 11.40 b 12.73¢ 26.60 b 12.48 b 293,088 b

MGL.1 3,196a 207.3a 392.8b 64.41b 15.61a 17.742 41.46a 2226a 296,369 b

MGL1.7 34452 208.6a 378.9¢ 70.73a 15.89a 16.03 b 42552 20.98a 318,788 a

Means within a column for a given factor followed by different letters are significantly different at the P-value of <0.05 level using LSD.
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A planned contrast analysis was also done between the
relayed soybean cultivars sown at SD2 and their monocrop
counterparts sown on the same date (Table 7). Compared
with their monocrop counterparts, relayed soybean generally
had lower seed yields, except for the MG1.7, which did not
significantly differ from its monocrop control. Seed quality, both
oil and protein contents, did not differ between monocrop and
relay soybeans (Table 7). Contrast analysis showed plant height
was taller and biomass larger for monocrop soybean compared
with relayed soybean. Node, branch, and pod numbers were
lower for the relayed MGO.2 soybean compared with its
monocrop control. However, there was generally no difference
in these yield components when comparing the relayed MG1.1
and 1.7 soybeans with their monocrop counterpart (Table 7).

Discussion

Pennycress

The overarching goal of this study was to determine
whether relayed soybean yield could be improved by adjusting
the sowing date and maturity of soybean without reducing
pennycress yield. Regardless of relay or monocrop treatments,
pennycress seed yields were much lower in 2016 than in
2017. Although pennycress plant density was not measured,
pennycress stands were noticeably less dense (field observation)
in 2016. It is likely that the pennycress stand was reduced due
to the lack of precipitation and dry conditions during early
autumn (September and October) of 2015, followed by a dry
spring (March to June) in 2016, which could have resulted in
poor emergence and early growth of plants. Pennycress seed
germination and emergence are highly dependent on adequate
soil moisture (Hazebroek and Metzger, 1990), and low seedling
emergence in west central Minnesota of the USA has previously
been demonstrated to be linked to low precipitation and dry soil
in September and October (Royo-Esnal et al., 2015). Early to
mid-September has been shown to be a near optimal time to sow
pennycress in the northern Corn Belt of the USA (Dose et al.,
2017). Furthermore, when sowing in early autumn, Johnson
et al. (2015) have shown that the amount of precipitation during
the pennycress growing season is closely associated with seed
yield, increasing with increased precipitation.

Pennycress yields were not affected by relay-sowing soybean
in 2016, but were in 2017, where generally yields were lower in
the relayed treatments as compared with monocrop pennycress.
The only exception was the SD2 MGI.7 treatment where
seed yield was not different from the monocrop control. The
difference was most pronounced in the SD3 treatments where
the pennycress plants were initially flowering and averaged
46cm tall at the time soybean was relay-sown. A similar
response was noted in a companion study with winter camelina
(Mohammed et al, 2022). However, in that study, when
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compared with the monocrop check, camelina seed yields were
only reduced when relay sowing soybean at the initial flowering
of camelina (SD3) and not at the earlier rosette or bolting
stages. The decline in pennycress yield associated with relay-
cropping was most likely due to damage caused by wheel traffic
of equipment used for sowing soybean. In 2017, pennycress
plant density was measured in the spring prior to interseeding
soybean and was found to average 288 £ 96 StdDev and
261 + 73 plants m~2 for the monocrop and relay-cropped
treatments, respectively. This small difference in plant density
was unlikely the reason for yield differences between the two
systems. Nevertheless, the yield reduction in 2017 was the least
for SD2, which averaged across all three MGs was 23% lower
than the monocrop control. Previous research on relay-cropping
pennycress and soybean indicated that the less time soybean
remained under the pennycress canopy (i.e., lifecycles overlap),
the greater its yield (Ott et al.,, 2019; Hoerning et al., 2020).
The results of the present study indicate that soybean can be
sown into pennycress at the bolting stage (SD2) to minimize
pennycress yield reduction while allowing less time for the two
crops to overlap than relaying at the rosette stage (SD1).

In both years of the study, relay-cropping slightly, but
consistently, increased pennycress seed oil content by an

average of about 9 g kg !

compared with monocrop pennycress.
Although this difference (~1%) was statistically significant, it
was not enough to be of practical agronomic significance. A
similar response was reported by Mohammed et al. (2022) for
winter camelina when it was relayed-cropped with soybean and
was most likely due to less available soil N in the relay system
caused by competition between the two crops for N uptake
during their overlap period. Lower available N for oilseed crops
is often associated with greater seed oil synthesis (Gehringer
et al., 2006).

Soybean

A vital aspect of the relay system is being able to harvest
pennycress without damaging soybean. When pennycress
was harvested, the height difference between pennycress and
soybean in the relay treatments was large enough to keep the
cutting bar of the combine above the soybean without severing
the soybean and causing damage.

Relayed soybean yield was impacted by the sowing date.
Across cultivars, soybean relayed at SD1 yielded 13 and 8% less
than those sown at SD2 and SD3, respectively. However, the
number of nodes, branches, and pods was greater for plants
sown at SDI than at SD2 and SD3. Generally, higher soybean
yields are correlated with a greater number of yield components
per plant (Akhter and Sneller, 1996). Moreover, an increase in
yield components is often associated with lower soybean plant
density, which can compensate for yield in lower populations
(Carpenter and Board, 1997). However, in the present study, the
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TABLE 6 Contrast analysis for CP vs. the different relay treatments and mean soybean agronomic parameters for data combined over years (2016 and 2017).

‘le 1@ yosan

O 3 eed yield O Prote Pla elg ode Bra Pod Bioma
g ha g kg g kg g pla
ber pla
P>F

CPT vs. all relayed <0.0001 0.3897 0.4530 <0.0001 0.0028 0.5529 0.1205 <0.0001
CP vs. relayed SD1 MGO.2 <0.0001 0.0084 0.0072 <0.0001 <0.0001 0.1429 0.0043 <0.0001
CP vs. relayed SD1 MG1.1 <0.0001 0.8558 0.5367 <0.0001 0.7891 <0.0001 0.1011 0.1914
CP vs. relayed SD1 MG1.7 0.0031 0.4236 0.2813 <0.0001 0.2514 0.0142 0.2911 0.0012
CP vs. relayed SD2 MGO.2 <0.0001 0.0467 0.0959 <0.0001 <0.0001 0.0132 0.0007 <0.0001
CP vs. relayed SD2 MG1.1 0.0235 0.7624 0.4852 <0.0001 0.9672 0.0051 0.6044 0.0011
CP vs. relayed SD2 MG1.7 0.1335 0.6764 0.1014 <0.0001 0.9017 0.6198 0.5161 0.0004
CP vs. relayed SD3 MGO.2 <0.0001 0.0070 0.0167 <0.0001 <0.0001 0.0014 0.0001 <0.0001
CP vs. relayed SD3 MG1.1 0.0068 0.6285 0.2630 <0.0001 0.4473 0.6952 0.1410 0.0002
CP vs. relayed SD3 MG1.7 0.0222 0.6260 0.1240 <0.0001 0.9344 0.9791 0.9954 0.0029
Treatments Means
Conventional practice (CP) 4,072 207 388 86 16 15 42 30.0
Means for all relayed 3,077 206 391 62 14 16 37 19.0
Relayed SD1 MGO0.2 2,505 201 405 47 12 14 29 13.1
Relayed SD1 MG1.1 2,830 208 392 60 16 20 49 26.5
Relayed SD1 MG1.7 3,238 209 381 68 16 17 47 21.0
Relayed SD2 MGO.2 2,711 202 398 51 11 13 27 13.0
Relayed SD2 MG1.1 3,443 208 392 66 16 18 40 209
Relayed SD2 MG1.7 3,660 208 377 73 16 16 39 20.2
Relayed SD3 MGO0.2 2,551 200 403 51 11 12 24 11.3
Relayed SD3 MG1.1 3,314 206 395 67 15 15 35 19.4
Relayed SD3 MG1.7 3,437 208 378 72 16 15 42 21.8

T CP, conventional practice (monocrop SD2 MG1.1); SD1, SD2, and SD3 are soybean seeding dates at rosette, bolting, and initial flowering growth stages of pennycress, respectively. MG0.2, MG1.1, and MG1.7 are soybean maturity groups represented
by three soybean genotypes.
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small but significant increase in nodes, branches, and pods in the
SD1 treatment did not compensate in yield for the lower plant
density. Although seed size, which was not measured, cannot
be ruled out, the most likely reason for the lower yield of SD1
soybean was because of lower plant density at harvest.

Soil moisture availability and light interception are critical
factors for the survival and development of interseeded soybean
in a relay system (Duncan and Schapaugh, 1997; Gesch and
Johnson, 2015; Ott et al, 2019). The reduction in plant
density and lower yields of SD1 relayed soybean most likely
resulted from extended competition between the two crops (i.e.,
pennycress and soybean) for soil moisture, nutrients, and light,
but especially moisture. In 2016, the precipitation was below
normal for May and June (Figure 1) when relayed soybean
was emerging and vegetatively developing under the pennycress
canopy, which likely intensified competition for available water.
Furthermore, it has been demonstrated that the longer soybean
remains under a canopy in a relay system, the more intensified
competition is for resources, which often leads to reduced
soybean plant stands and yields (Wallace et al., 1992; Duncan
and Schapaugh, 1997). In the present study, from sowing to
pennycress harvest, relayed soybean was under the pennycress
canopy for 57 to 63 d in SDI, 45 to 46 d for SD2, and 35
to 36 d for SD3. In a related but independent study where
soybean was relayed into pennycress, Hoerning et al. (2020)
reported that soybean plant population density and seed yield
were greatly reduced compared with monocrop soybean at
Morris, Minnesota, in 2016. However, in the same study, plant
stands were unaffected by relaying at two other Minnesota
sites in the same year (Lamberton and Rosemount). Hoerning
et al. (2020) concluded that early season drought was the main
cause of the soybean population density and yield reductions.
However, in that study, soybean was relayed into broadcast solid
seeded pennycress rather than using a direct-drilled skip-row
pattern like in the present study. Previous research on relay
intercropping of soybean with small grain cereals indicates that
skip-row patterns tend to reduce interplant competition and
consistently result in greater soybean yields (Duncan et al., 1990;
Duncan and Schapaugh, 1997).

Whether relayed or grown as a monocrop, both the MGI1.1
and MG1.7 soybeans yielded the MGO0.2 cultivar (Tables 5, 7).
Regardless of the relay sowing date, the MGO.2 soybean had
fewer yield components and plants tended to be shorter and
have less biomass than either of the longer maturity soybean
cultivars. This result is not surprising given that generally
earlier maturing soybean for a region tend to be lower yielding
if all other management factors (e.g., plant population and
row spacing) are equal (Edwards and Purcell, 2005). However,
our study is one of the first to explore the effect of soybean
maturity in a relay system with pennycress. In a companion
study where the same soybean cultivars were relayed into winter
camelina, Mohammed et al. (2022) showed that the longer
maturing MG1.7 gave a clear advantage over the commonly
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TABLE 7 Contrast analysis for the monocrop controls at SD2 vs. the relay treatments at SD2 and mean soybean agronomic parameters for data combined over years (2016 and 2017).
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used MG1.1 cultivar for the study region. In that study, it was
postulated that the advantage of the longer maturity soybean
was because of its extended vegetative growth prior to and after
removal (i.e., harvest) of the camelina. In the present study,
however, there was no clear advantage to relaying the MG1.1
or 1.7 cultivar in pennycress as their yields did not significantly
differ when averaged over sowing dates. The difference in
soybean cultivar response between the two different winter
oilseed relay systems might be related to plant architecture.
Ott et al. (2019) demonstrated that when relayed with soybean,
pennycress allowed less light penetration to soybean than winter
camelina. Therefore, this might have influenced the result of no
difference in productivity between the MG1.1 and 1.7 cultivars
in the present study with pennycress, whereas Mohammed et al.
(2022) reported a difference when relayed into winter camelina.
Another potential explanation is that pennycress was harvested
about a week earlier than the study of Mohammed et al. (2022).
Therefore, the overlap of pennycress and soybean was less than
with winter camelina, and the period of soybean vegetative
growth during that time may have been less of a factor than with
the camelina relay system.

Compared with monocrop soybean, relayed soybean did not
differ in seed oil and protein contents, which has important
implications given that soybean is the most important vegetable
protein source in the world. Soybean yield drag in a relay system
is common and mainly due to interplant competition during
the growth overlap of the crops (Wallace et al., 1992), which
becomes a greater factor the longer they overlap (McBroom
etal., 1981). However, relay-cropping, especially in the northern
and central regions of the USA, has the advantage over double-
cropping in that soybean is seeded earlier at a more normal time,
thus allowing it a longer growing season (Nelson et al., 2011).
Gesch et al. (2014) demonstrated that in a winter oilseed relay
system, earlier planting of soybean greatly reduced soybean yield
loss associated with late sowing in double-crop systems.

In the present study, relayed soybean yields were generally
lower than that of the conventional practice (CP), but yield
loss was considerably less and not significantly different than
CP when using the longer maturity soybean (MG1.7) sown in
early May (SD2) when pennycress was at the bolting stage.
Studies have shown that although there is a yield drag of
soybean in the winter oilseed relay system, the combined seed
and oil yield of the oilseed and soybean of the relay system
are often greater than growing a sole crop of soybean (Gesch
et al., 2014; Johnson et al., 2017; Ott et al., 2019; Mohammed
et al,, 2022). More research is needed to select soybean cultivars
with better tolerance to shading that may perform better in the
relay system. Nevertheless, there are several ecosystem service
benefits to consider when using a continuous cover cropping
system such as relay-cropping pennycress and soybean. These
services include reducing soil erosion and sequestering soil
N (Weyers et al,, 2019, 2021), suppressing herbicide-resistant
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weeds (Hoerning et al., 2020), provisioning pollinators (Eberle
et al., 2015), reducing global warming potential (Berti et al.,
2017; Cecchin et al., 2021), and greatly increasing agricultural
land use efficiency (Mohammed et al, 2022) as compared
with conventional corn and soybean systems in the upper
Midwest USA. The economics of the pennycress-soybean relay
system remain to be addressed and will highly depend on the
development of robust markets for pennycress seed oil and
meal by-product.

Conclusion

The newly developed system for relay-cropping soybean
with pennycress used as a cash cover crop offers a way to keep
living cover on the landscape for nearly the entire year. The
incorporation of pennycress into agricultural systems will offer
new economic opportunities and environmental benefits.

This study demonstrates the importance of managing
soybean cultivar selection and sowing date for a given region to
optimize the productivity of this unique oilseed relay-cropping
system. Our first hypothesis that relay interseeding soybean as
late as possible into pennycress to reduce their lifecycle overlap
was partially correct in that the best time to relay soybean was
around the time pennycress was at its bolting stage. Although
relaying soybean reduced pennycress yields 1 out of 2 years
during the study, the reduction was least at the bolting stage
(SD2). Our second hypothesis that the longer maturity soybean
(MG1.7) would be most productive in the relay system was
not fully correct. Both the common maturity soybean (MG1.1)
and the longer maturing cultivar (MG1.7) across SDs gave
similar results in the relay system but were greater yielding than
the early soybean (MGO0.2). Nevertheless, the seed yield of the
MG1.7 soybean relay interseeded at pennycress bolting was not
significantly different from the conventional soybean practice
(CP). Importantly, seed oil and protein contents did not differ
between relayed soybean and their monocrop counterparts.
Furthermore, as compared with CP soybean, the relayed MG1.1
and MGL.7 cultivars did not differ in the number of yield
components per plant, although relayed soybean tended to be
shorter with less biomass. Additional research is needed to
further identify soybean genotypes best suited for the system
that reduces yield drag. Also, further research is needed to
improve other management factors such as row spacing and
plant populations (i.e., sowing geometry) of pennycress and
soybean in the relay system.
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Remote sensing of hedgerows,
windbreaks, and winter cover crops
in California’s Central Coast reveals
low adoption but hotspots of use

Jennifer B. Thompson?*, Jennifer Symonds!, Liz Carlisle®,
Alastair lles?, Daniel S. Karp*, Joanna Ory* and Timothy M. Bowles!

!Department of Environmental Science, Policy, and Management, University of California, Berkeley, Berkeley,
CA, United States, 2Leibniz Centre for Agricultural Landscape Research, Miincheberg, Germany,
SEnvironmental Studies Program, University of California, Santa Barbara, Santa Barbara, CA, United States,
“Department of Wildlife, Fish, and Conservation Biology, University of California, Davis, Davis, CA,

United States

Non-crop vegetation, such as hedgerows and cover crops, are important on-farm
diversification practices that support biodiversity and ecosystem services; however,
information about their rates and patterns of adoption are scarce. We used satellite
and aerial imagery coupled with machine learning classification to map the use of
hedgerows/windbreaks and winter cover crops in California’s Central Coast, a globally
important agricultural area of intensive fresh produce production. We expected that
adoption of both practices would be relatively low and unevenly distributed across
the landscape, with higher levels of adoption found in marginal farmland and in less
intensively cultivated areas where the pressure to remove non-crop vegetation may
be lower. Our remote sensing classification revealed that only ~6% of farmland had
winter cover crops in 2021 and 0.26% of farmland had hedgerows or windbreaks in
2018. Thirty-seven percent of ranch parcels had cover crops on at least 5% of the
ranch while 22% of ranches had at least one hedgerow/windbreak. Nearly 16% of
farmland had other annual winter crops, some of which could provide services similar
to cover crops; however, 60% of farmland had bare soil over the winter study period,
with the remainder of farmland classified as perennial crops or strawberries. Hotspot
analysis showed significant areas of adoption of both practices in the hillier regions
of all counties. Finally, qualitative interviews revealed that adoption patterns were
likely driven by interrelated effects of topography, land values, and farming models,
with organic, diversified farms implementing these practices in less ideal, lower-
value farmland. This study demonstrates how remote sensing coupled with qualitative
research can be used to map and interpret patterns of important diversification
practices, with implications for tracking policy interventions and targeting resources
to assist farmers motivated to expand adoption.

KEYWORDS

diversified farming systems, non-crop vegetation, remote sensing, cover crops, hedgerows,
random forest, windbreaks
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Introduction

Non-crop vegetation plays important roles on farms. Non-
crop vegetation includes any non-harvested plants on the farm
including, but not limited to, isolated trees, hedgerows, windbreaks,
cover crops, floral strips, and riparian buffers. Planting non-crop
vegetation is an example of a diversification practice, or a practice that
brings biodiversity to an agroecosystem and helps support ecosystem
services. Planned, non-crop vegetation like winter cover crops and
hedgerows supports associated biodiversity including soil microbes,
pollinators, birds, and other taxa (Verboom and Huitema, 1997;
Pereira and Rodriguez, 2010; Morandin et al., 2011; Lecq et al., 2017).
In turn, both planted non-crop species and the biodiversity that they
support can provide critical ecosystem services (although disservices
can also result; Zhang et al., 2007). Such ecosystem services benefit
both farms and the surrounding environment (Kremen and Miles,
2012; Tamburini et al., 2020); for instance, by supporting bees, other
pollinators, pest predators, and parasitoids, hedgerows bolster crop
pollination and pest control services and, by doing so, may allow
for high yields with fewer agrochemical inputs (Cranmer et al,
2012; Morandin and Kremen, 2013; Long et al., 2017; Castle et al.,
2019; Ponisio et al., 2019; Albrecht et al., 2020). Similarly, cover
crops increase nutrient cycling and retention services and maintain
healthier soils, which may support yields with fewer inputs while
reducing harmful nutrient losses (Brennan and Smith, 2005; Heinrich
etal, 2014; Biichi et al., 2018; Lugato et al., 2020). As such, non-crop
vegetation can help enhance farm viability by securing livelihoods
for farmers while reducing the negative environmental externalities
of agriculture (Kremen and Miles, 2012; Kremen et al., 2012).

Given the potential benefits of such diversification practices, it
is important to understand rates and patterns of farmer adoption
in order to target investments of research, technical assistance, and
policy interventions as well as track their impacts over time. Yet
such information is rarely available in the United States, including in
California, where multiple recent policies make baseline knowledge
of the extent of their usage particularly important. For example,
California’s Healthy Soils Program provides incentives to producers
for adopting practices that sequester carbon or reduce greenhouse
gas emissions (CDFA California Department of Food Agriculture,
2022), including planting non-crop vegetation. Similarly, California’s
Climate Scoping Plan (CARB California Air Resources Board, 2022)
highlights non-crop vegetation as a strategy for meeting goals
related to climate change mitigation in working landscapes. Regional
implementation of water quality regulations recognize cover crops
for their ability to scavenge nitrogen and reduce nitrate leaching
to groundwater (California Regional Water Quality Control Board:
Central Coast Region, 2021). Finally, recent state bans on the
pesticide chlorpyrifos make natural pest control services-like those
that may be provided by hedgerows-all the more critical (Alternatives
to Chlorpyrifos Work Group., 2020).

Even with these emerging policies advocating for non-crop
vegetation, available estimates from government surveys or expert
opinion suggest it is rarely planted on California farms. Cover crops
have been grown on only ~5% of farmland in recent years (Brennan,
2017; USDA United States Department of Agriculture, 2019), while
statewide estimates for other non-crop vegetation practices, like
hedgerows and windbreaks, do not even exist. Qualitative studies
have documented significant barriers to adoption for hedgerows and
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cover crops, especially in California’s Central Coast (Esquivel et al.,
20215 Carlisle et al., 2022). This region produces mainly vegetables
and fruits that are often consumed raw (e.g., lettuce and strawberries),
and food safety concerns are paramount. Following a 2006 outbreak
of pathogenic E. coli on bagged spinach in which over 200 people
became ill and 3 died (Jay et al., 2007), leafy greens buyers required
growers to implement comprehensive new food-safety protocols
on farmers, intending to minimize the risk of crop contamination
with foodborne pathogens from wildlife vectors (Karp et al., 2015).
At least 32% of leafy green growers in California’s Central Coast
reported removing non-crop vegetation on their farms in a survey
following the 2006 E. coli outbreak (Beretti and Stuart, 2008). Nearly
a decade after the incident, ~45% of California produce growers still
reported clearing vegetation to create or expand bare-ground buffers
around their fields (Baur et al., 2016), despite evidence suggesting
the practice is ineffective at mitigating food-safety risks (Karp et al.,
2015; Sellers et al., 2018; Glaize et al., 2021; Weller et al., 2022).
Thus, growers often perceive that hedgerows and windbreaks pose
food safety risks in attracting and harboring wildlife, and additional
supply chain requirements from processors or retailers may actually
prohibit hedgerows in close proximity to crops like leafy greens
(Carlisle et al., 2022). Other barriers to hedgerow adoption include
high costs of initial installation and maintenance, and the relatively
long time to mature and provide pest control or pollination benefits,
unlike herbaceous non-crop vegetation like insectary strips (Long
etal.,, 2017), not to mention the cost of taking land out of production
for non-crop vegetation. Long-term gains are unlikely to motivate
adoption for the many growers in the Central Coast with shorter-
term land leases (Calo and De Master, 2016; Chapman et al., 2022).

Barriers to cover crop adoption on the Central Coast similarly
involve a combination of economic constraints, perceptions of risk,
technical challenges, and problems with policy programs and/or
incentives (Stuart, 2009). The main obstacle to growing cover crops
in the Central Coast is the high cost of land; Monterey and Santa
Cruz counties have the 4th and 5th highest agricultural land rents
of counties in California (NASS U.S. National Agricultural Statistics
Service, 2020). Growing cover crops that could interfere with cash
crop production is a major perceived opportunity cost (Carlisle
et al.,, 2022; Chapman et al., 2022). Farms often grow multiple cash
crops per year, which requires careful planning to stay on schedule,
especially with highly variable weather (Brennan, 2017). In the warm-
summer Mediterranean climate (Beck et al., 2020), which has highly
variable interannual precipitation, low rainfall reduces cover crop
germination and/or growth and discourages growers from planting
a cover crop in the first place, especially if additional irrigation
could be needed. Unpredictable rain patterns can delay the clearing
and incorporation of cover crop residue when soils are heavily
saturated late in the winter season (Hartz and Johnstone, 2006).
In turn, this delays cash crop planting as growers wait for soils to
dry before doing the significant soil and bed preparation operations
often used in vegetable and berry production. Residue management
is another obstacle to implementing cover crops, since large pieces
of plant residue can impede cultivation and planting of small-seeded
vegetables (Brennan, 2017).

While social science research has identified barriers to using
hedgerows, windbreaks, and cover crops, fine scale information on
the extent and patterns of adoption at regional or local landscape
scales is unavailable. Such information could identify hotspots and
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coldspots of hedgerow and cover crop adoption, which would
complement social science research and also identify where to
concentrate resources to support greater adoption.

Remote sensing offers an opportunity for detecting and
quantifying farming practices across wide areas, over time, and
at fine scales by using readily available satellite or aerial imagery.
Remote sensing of cover crop use to understand adoption patterns
and benefits has been successful in the U.S. Midwest (Hively et al.,
2009, 2015; Seifert et al., 2018; Kushal et al., 2021). Several studies
have also classified non-crop vegetation such as hedgerows and trees
via remote sensing (Ghimire et al., 2014; O’Connell et al., 2015).
However, previous studies have often focused on regions, such as
much of the Midwest, where just one or two crops dominate vast
areas of large fields with little natural habitat remaining. Areas like
the Central Coast of California pose additional challenges for remote
sensing of non-crop vegetation. As one of the most intensively-
cropped and productive agricultural regions in the U.S, the Central
Coast produces dozens of crops, including strawberries, leafy greens,
grapes, and other specialty crops (CDFA California Department of
Food Agriculture, 2022). Such crops can be grown nearly year-round
in the region’s climate, often on small, irregular fields surrounded
by varying levels of natural habitat. Remote sensing of non-crop
vegetation in agricultural regions like this requires dealing with
the many challenges of differentiating between crops, practices, and
features on such a biologically diverse and spatially varied landscape.

In this study, we used remote sensing and machine learning
to classify and quantify the extent of hedgerows, windbreaks,
and cover crops across the Central Coast of California. We
chose these diversification practices as they are important for
supporting biodiversity and ecosystem services on farms, both within
(cover crops) and around (hedgerows/windbreaks) areas of crop
production. They are also readily visible from aerial and satellite
imagery compared to other diversification practices like compost use
or very narrow floral insectary strips. We focused specifically on
winter cover crops as cover crops are most commonly used over the
winter in this region (Brennan, 2017), when they play a particularly
important role reducing nitrate leaching (Jackson et al., 1993). We
also coupled remote sensing observations with qualitative interviews
with 20 growers and 8 technical advisors to gain insight into patterns
of adoption. Our objectives were to provide baseline understanding
of practice adoption across a three-county region and to assess spatial
patterns of adoption. We expected that adoption of both practices
would be relatively low and unevenly distributed across the landscape
with higher levels of adoption found in marginal farmland and in less
intensively cultivated areas where the pressure to remove non-crop
vegetation may be lower. More broadly, our analysis represents a first
step toward tracking adoption of key diversification practices in one
of the most intensive agricultural regions in the world.

Materials and methods

Study area and data collection

Our study focused on farmland in San Benito, Santa Cruz, and
Monterey counties, encompassing 7,787 km? of California’s Central
Coast (USDA United States Department of Agriculture, 2019).
Farmland within each county was determined with ranch boundary
shapefiles provided by each county’s agricultural commissioner’s
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office. Here, ranch refers to an agricultural operation and can
include rangeland with livestock as well as orchards, annual cropping
operations, and mixed operations. The ranch boundaries represent
the entire property boundaries, not individual field boundaries.
Ranches composed entirely of rangeland, determined by land use
classifications provided by the county agricultural commissioners’
offices as well as visual inspection, were excluded from the study
areas, as many were covered in naturally growing shrubs that could
be mistaken for hedgerows in the analysis.

To collect training data for classification algorithms, we
conducted “windshield surveys” for hedgerows in July 2019 and for
cover crops in January 2021. For each survey, we drove systematically
through farmland and recorded GPS points corresponding to several
types of crop and non-crop vegetation. Hedgerows were defined as
linear strips of shrubs or small trees at least 5m in length and longer
than it was wide. Windbreaks were defined similarly but instead
consisted of taller trees. As there was ambiguity between which
strips would be classified as hedgerows and others windbreaks, we
combined both into a single “hedgerow/windbreak” category. Based
on the windshield survey and additional expert image analysis, we
identified 98 hedgerows/windbreaks. For cover crops, we identified
bare fields (i.e., no plant cover, 171 points), cover crops (76 points),
and various winter cash crops (178 points, for full list of crops see
Supplementary material). Cover crops were predominantly grasses
or grain/vetch/radish/legume mixes with some single-species vetch,
mustard, legume, and radish cover crops also recorded. While some
crops (e.g., radishes or brassicas) can be both cash and cover crops,
we distinguished between them to the best of our ability by noting
bed and row formation as cash crops are planted in rows while cover
crops are broadcast seeded.

Hedgerow/windbreak classification

Object based image analysis (OBIA) (Blaschke, 2010) was used to
classify hedgerows/windbreaks. In OBIA, similar pixels are grouped
together as objects and are grown until the algorithm determines it
has reached a dissimilar pixel. The spectral, geometric, or textural
qualities of the object can be used for land-use classification. Previous
studies have had success in employing OBIA to identify small farm
elements, like hedgerows, as it eliminates error found in pixel-based
classification which could prevent small objects from being properly
classified (Sheeren et al., 2009; Tansey et al., 2009; Ghimire et al., 2014;
O’Connell et al., 2015).

We utilized pre-processed digital 4-band National Agriculture
Imagery Program (NAIP) imagery (NAIP, Aerial Photography Field
Office (AFPO), 2018) from 2018 with a spatial resolution of
60 cm?. We used a multiresolution segmentation algorithm in
the eCognition software (Trimble Geospatial Imaging, Munich,
Germany) to create image objects. For more detailed methods see
Supplementary material.

Once images were segmented, we used rule based classification
and 1,010 model training image objects from the windshield survey
and expert image analysis to classify the objects as one of the following
seven land-use: agriculture (row crops), hedgerows/windbreaks,
vineyards, non-linear (non-hedgerow) shrubs or trees, bare soil
and/or urban, orchards, and water. We used 98 hedgerow/windbreak
image objects, 116 orchard objects, 189 shrub/tree objects, 294
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vineyard objects, and 311 row crop objects. Objects with a normalized
difference vegetation index (NDVI) of <0.1 were classified as
bare/urban and excluded from the subsequent classification. While
0.2 is a common threshold for vegetative vs. bare or urban land
(Sobrino et al., 2001), we found that the OBIA sometimes included
pixels of the hedgerow/windbreak shadow on bare ground, which
subsequently lowered the NDVI. Thus, a more conservative threshold
was chosen to avoid excluding any possible hedgerows/windbreaks.
Objects with a normalized difference water index (NDWI) >0.3
were classified as water. For each remaining unclassified training
object, we exported image object information for 35 variables
representing object spectral (e.g., NDVI), geometric (e.g., length
to width ratio), and textural (e.g., spatial patterns between pixels
in a single object) information that could be used to classify
each vegetative class (Supplementary Table S1). Highly correlated
variables (R?> 0.75) were excluded from the classifier. The remaining
23 image object variables of each training object were used to
train a random forest classifier model using R statistical software
v4.1.2 (R Core Team, 2022) using the package randomforest (Liaw
and Wiener, 2002). The out-of-bag (OOB) error of the random
forest model, a measure of prediction error for machine learning
models, was 5.82%. Once the ideal classifier parameters were
established in R, we ran a random forest model in eCognition
using these parameters to classify all the segmented images. We
also distinguished between hedgerows/windbreaks and riparian
vegetation in our post-classification analysis. Riparian vegetation
can consist of shrubs, trees, and other plants with similar spectral
properties and shapes as hedgerows. Thus, to avoid over-classification
of riparian vegetation as hedgerows/windbreaks, we reclassified all
shrub and hedgerow/windbreak objects bordering water as riparian
vegetation and it was excluded from subsequent analysis.

After classification, 500 accuracy assessment points in the
classified images were randomly created in ArcGIS by equal stratified
random sampling. Each point was assigned one of the seven land
covers land cover classes based on expert image interpretation or
data from the windshield survey, if available, and compared to the
model’s predicted classification. The overall accuracy was 90.0% and
the kappa, another measure of model accuracy, was 0.89. As for
our class of interest, hedgerows/windbreaks, there was a producer’s
accuracy of 97% and a user’s accuracy of 63% indicating that the
model almost always classified a hedgerow/windbreak if it was
there but also tended to over classify other linear elements, such
as drainage ditches filled with vegetation, as hedgerows. Thus, to
have the most accurate classification possible, all objects classified
as hedgerows/windbreaks were manually inspected and reclassified
if needed.

Cover crop classification

We used Sentinel-2 satellite imagery for cover crop classifications
in Google Earth Engine (Gorelick et al., 2017). We chose Sentinel-
2 imagery for its high spatial (10m) and temporal resolution (5
day), ideal for capturing small fields and multiple dates of imagery.
We used temporal aggregation to create composite images by
combining multiple days of imagery useful in differentiating crops.
We pre-processed satellite imagery to remove cloud cover and create
clean images for analysis and added an NDVI band to allow for
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classifications. For the land use classification, we utilized a two-step
classification: threshold and random forest.

To first differentiate perennial vs. annual vegetation, we utilized
a rule-based threshold classification. Any pixels that fell below 0.2
NDVT at some point between June 15th, 2020 and January 15th, 2021
were classified as non-perennial, while those that did not fall below
0.2 were classified as perennial as an NDVI below 0.2 indicated a
bare field and thus the harvest of an annual crop. We used 0.2 NDVI
as it is a common cutoff for differentiating between bare soil and
green vegetation (Sobrino et al., 2001). If the NDVTI of the pixel never
dropped below 0.2, then the soil was likely never bare and thus likely
contained a perennial crop. We clipped threshold classification to
ranch boundaries. The threshold classification was found to have an
overall accuracy of 85% based on an accuracy assessment. The non-
perennial class had a user’s accuracy of 79% and producer’s accuracy
of 100%, indicating that the model almost always correctly classified
non-perennial land, but included some perennial land in the non-
perennial class. This means that while it may include some perennial
land, the non-perennial boundaries used for subsequent classification
likely did not incorrectly exclude non-perennial land.

For the second part of the classification, we classified all the
remaining non-perennial vegetated land into the following classes:
cover crops, annual crops, strawberries, and bare-field classes from
the median pixel values of December 15, 2020 through February
28, 2021. We selected these dates as they are a common time for
winter cover crops in the region before the beds are prepared for
the spring crop and they also resulted in the highest model accuracy.
We used NDVI, the blue band, and green band as classification
variables in a random forest classifier of 100 classification trees.
We clipped this classification to the boundaries from the previous
threshold classification of non-perennial land, i.e., we only consider
these classification results in land determined to be non-perennial
agriculture. We used 80% of ground truth data points per class for
classifier training, while the remaining 20% were used for accuracy
testing (Shelestov et al., 2017). The cover crop classifier was found to
be 87% accurate with a kappa of 0.82. Here, we report on our class of
interest, cover crops, which had both a user’s accuracy of 87% and a
producer’s accuracy of 87%.

Statistical analysis

Hedgerow/windbreak and cover crop usage, calculated as the
percent of a ranch’s total area occupied by hedgerows/windbreaks
or cover crops, was calculated for every ranch within the boundary
shapefile provided. To determine the role of soil type/land quality
on diversification practice usage, farmland classification maps
were taken from the Natural Resource Conservation Services
and the presence of the practice per farmland type (ie., local
importance, statewide importance, grazing land, other land,
prime farmland, and unique farmland) was calculated (California
[n.d.]).
and cover

Department of Conservation. Spatial autocorrelation

of hedgerows/windbreaks crops was determined

using Moran’s i (Moran, 1950) and hot spot analysis of
hedgerow/windbreak usage was analyzed using Getis-Ord*in
ArcGIS (Ord and Getis, 1995). Getis-Ord* takes a features value,
here a ranchs hedgerow/windbreak or cover crop usage, and

compares it to neighboring features; significant clustering of high
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values indicates a hot spot. Due to a large variation of ranch sizes,
as well as distance between ranches in each county, each county was
analyzed for hotspots separately to ensure that the appropriate scale
was used for the distance matrix needed to calculate the Getis-Ord*
statistic. When calculating spatial statistics, a key step is to determine
the distance or number of neighbors to compare each feature to
that is both appropriate for spatial statistics but also relevant to
the spatial context of the study. The distance band, defined as how
far away a ranch can be located to be considered another ranch’s
neighbor, for each county was calculated with the incremental
spatial autocorrelation tool in ArcGIS. This tool calculates the global
Moran’s i at increasing distances to determine a distance where one
can find peak clustering for the dataset. The distance band chosen
for each county for the hedgerow/windbreak hotspots was 8.37, 9.58,
and 4.43 km and for the cover crop hotspot analysis 8.73, 9.91, and
4.43km (Monterey, Santa Cruz, and San Benito, respectively). The
False Discovery Rate was applied which decreases the critical p-value
thresholds needed to indicate a hot spot in order to address issues
with spatial autocorrelation in the dataset which could inflate the
number or significance of hot or coldspots.

Qualitative interviews

In February 2019, we conducted semi-structured, in-depth
interviews with 20 farmers in the California Central Coast region
who grow organic lettuce as either their primary cash crop or part
of a diverse array of crops. We focused on lettuce because it is
the most economically valuable vegetable crop grown in the region
(CDFA California Department of Food Agriculture, 2022). Within
our interview sample, farms ranged in size from 4 acres to over
10,000 acres (mean: 1,935 acres; median: 100 acres) and spanned
four counties: Monterey (5 interviews), San Benito (4), Santa Cruz
(5), and Santa Clara (1), with 5 additional farmers spanning multiple
of these counties. Details of participant recruitment and interview
procedures can be found in Esquivel et al. (2021) and Carlisle et al.
(2022). Briefly, we selected a stratified sample of all organic farms
in these counties that listed organic lettuce as a crop and contacted
farmers that reflected ecological diversity (e.g., crop diversity) and
a diversity of farm scales (i.e., sizes), geographical locations within
the study region, and cultural backgrounds/first languages. Twenty
farmers agreed to participate and completed an interview. Because
we deliberately included farm types that are less common (highly
diversified, medium-sized, direct-market), our sample represents a
higher-than-average adoption of cover cropping and hedgerows. In
2020, we also interviewed five additional conventional wholesale
farmers in order to include the perspectives of larger, less-diversified
farmers who are more representative of the average farm type in our
study area.

To complement interviews with growers, in May 2019 we
conducted semi-structured, in-depth interviews with 8 technical
assistance providers whose names came up repeatedly in interviews
with growers. While this was not a systematically representative
sample of technical assistance providers in the region, interviewing
these individuals allowed us to verify and build on what we learned
from grower interviews about patterns of adoption of cover crops and
hedgerows. Because these technical assistance providers spoke from
their knowledge of the sector as a whole, they could both generalize
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FIGURE 1

Map of Monterey, San Benito, and Santa Cruz counties showing the
percent area of each ranch covered by hedgerows. Inset maps show
areas of higher (Santa Cruz) and lower (Monterey) hedgerow adoption.
Red ovals indicate significant hotspots of hedgerow adoption, while
blue ovals indicate coldspots.

across multiple operations and speak candidly about sensitive issues
that might not be comfortable topics to investigate in the context of
a specific operation. These interviews thus provided an opportunity
for us to test hypotheses about patterns of adoption that were implied
in our grower interviews.

both
focused on diversification practices,

Interview questions posed to groups
(Supplementary material)
crop and non-crop diversity, and how farm-level decisions were
shaped by various market and policy factors. We began by asking
open-ended questions (e.g., what practices do you currently use
to maintain or improve soil health on your farm?), and followed
with more specific questions (e.g., do you grow any non-crop plants
on your farm, such as hedgerows, buffers, or habitat for beneficial
insects?). Interviews were digitally recorded and transcribed
verbatim. We analyzed interview transcripts in NVivo 12, using
an iterative coding method following an open, axial, and selective
coding procedure (Corbin and Strauss, 1990). To identify key factors

influencing farmer adoption of cover crops and hedgerows, data
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TABLE 1 Moran’s i spatial autocorrelation assessment; significant values
indicate spatial autocorrelation of the practice within each county.

Moran’'si Expectedi Zscore P value
Hedgerow/
windbreaks
Monterey 0.009 —0.0005 4.952 <0.00001
San Benito 0.0283 —0.0008 9.984 <0.00001
Santa Cruz 0.0065 —0.0009 6.2814 <0.00001
Cover crops
Monterey 0.069 —0.0005 36.89 <0.00001
San Benito 0.049 —0.0083 16.96 <0.00001
Santa Cruz 0.027 —0.0009 24.39 <0.00001

»

were coded into thematic categories, such as “Land Costs,” “Pressures
from Buyers,” and “Peer Learning and Influence.”

Results

Hedgerows/windbreaks

Our study area included 4,371 ranches across 1,260 km?. Average
ranch size in each county was 0.5, 0.18, and 0.1 km? (or 124, 44,
and 24 acres) for Monterey, San Benito, and Santa Cruz counties,
respectively. Hedgerows/windbreaks were detected on 22% of the
ranches across all 3 counties (Figure 1), with 18% of ranches in
San Benito, 27% in Monterey, and 21% in Santa Cruz County
having hedgerows. The average length of a hedgerow/windbreak was
116 m. The total area covered in hedgerow/windbreaks across all
counties was 3.27 km? or 0.26% of the study area. Ranches with
hedgerows/windbreaks showed significant spatial autocorrelation
(Table 1), indicating that ranches with hedgerows/windbreaks were
near other ranches with hedgerows.

The Getis-Ord G* indicated that there are several significant
hotspots of hedgerow/windbreak usage. Most notably, these include
the most northeast section of San Benito County between (a) the CA-
156 highway and nearby hills, (b) the hillier part of the primary Santa
Cruz County agricultural region near the census-designated places of
Amesti and Freedom, and (c) a hotspot near the cities of Soledad and
Greenfield in Monterey County (Figure 1). There were no hotspots
detected in the large swath of prime agricultural land between
and directly surrounding the cities of Watsonville and Salinas and,
notably, a strong coldspot near Salinas in Monterey County.

Cover crops

We found that 74.9 km? of farmland across the three counties
in our study was planted with cover crops over the winter 2020-
2021 season. This represents only 5.9% of total farmland area with
37% of ranches having least 5% of their fields cover cropped at
this time. Santa Cruz County had the largest percentage of cover
cropped farmland at 15.4%, whereas 5.1% of land was cover cropped
in Monterey and 5.8% in San Benito (Table 2). In contrast, fields with
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bare soil constituted the majority of Central Coast farmland (59.9%
of land; Supplementary Table 54).

Just as for hedgerows/windbreaks, significant spatial
autocorrelation was found between ranches that adopted cover
crops, indicating clustering of cover crop adoption (Table 1).
The Getis-Ord G* analysis indicated significant hotpots of cover
crop usage within each county. The hotspots in (a) Santa Cruz
and (b) San Benito were located in nearly the same areas as the
hedgerow/windbreak hotspots (Figure 2) while the cover crop
hotspot in (c) Monterey County was found in areas near the Pajaro
River and the census-designated place, Las Lomas. No other hotspots
were found in Monterey County but significant cold spots existed

near the cities of (d) Salinas, (¢) Gonzales, and (f) Greenfield.

Adoption and farmland type

Nearly 60% of our study area was classified as “Prime Farmland”
but less than half of the total area classified as hedgerows/windbreaks
or cover crops was located in this prime farmland area (Table 3).
Prime farmland is defined as very important in meeting U.S. food,
feed, forage, and fiber needs due to ideal physical and chemical
characteristics such as water availability, soil type, and climate.
Conversely 16.8% of the area classified as hedgerows/windbreaks and
16.2% of cover crops were located on “Unique Farmland,” which
made up just 8.5% of the study area (Table 3). Unique farmland, like
prime farmland, has characteristics that make it valuable for growing
crops but specifically for more specialized and regional high-value
crops such as almonds, citrus, grapes, etc.

Patterns of adoption

The significant spatial autocorrelation in the locations of
hedgerows/windbreaks and cover crops suggests possible biophysical
and social mechanisms influencing their adoption, some of which we
were able to investigate through our interviews. Hotspots of adoption
for hedgerows/windbreaks and cover crops overlapped in Santa Cruz
and San Benito counties, coinciding with some of the hillier and
less attractive farmland. The only hedgerow/windbreak hotspot in
Monterey County was found at the southern end of the valley where
there are many vineyards that use windbreaks around and within
their fields as observed during the windshield surveys. Different
management considerations and supply chain pressures may make it
easier to establish and maintain hedgerows/windbreaks in vineyards
vs. intensive vegetable and berry production systems.

In our interviews with organic farmers and technical assistance
providers, we deliberately explored two hypotheses for the pattern of
lower cover crop and hedgerow/windbreak adoption on high-value
farmland in the flat areas of Monterey County. The first hypothesis
was that higher farmland rent discouraged producers from taking
any land out of cash crop production, due to financial pressures to
bring in enough revenue to cover these rents (Guthman, 2004). We
reasoned that these pressures connected to land rent would bear more
heavily on those farming high value lands in Monterey County, where
irrigated farmland rent averages US$2,050/acre, as compared with
those farming in San Benito County with rents of US$725/acre and in
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TABLE 2 Land use cover (in km?) in each county from the cover crop classifier.

10.3389/fsufs.2023.1052029

County Annual Ba Strawberry  Cove ps Perennial Total
crops crops

San Benito 31.02 140.01 21.63 12.74 15.89 221.29

Santa Cruz 26.40 20.29 9.26 13.90 20.36 90.21

Monterey 144.05 597.02 102.86 4824 61.64 953.81

Total 201.47 757.32 133.75 74.88 97.89 1,265.31
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FIGURE 2

Map of Monterey, San Benito, and Santa Cruz counties showing the
percent area of each ranch covered by cover crops. Inset maps show
areas of higher (Santa Cruz) and lower (Monterey) hedgerow adoption.
Red ovals indicate significant hotspots of hedgerow adoption while
blue ovals indicate coldspots.

hillier areas of Santa Cruz County (NASS U.S. National Agricultural
Statistics Service, 2020).

This hypothesis was widely confirmed in our interviews, with 11
of 20 growers and all 8 technical assistance providers citing higher
land rent costs as a significant discouragement to take any land
out of production by planting cover crops or hedgerows/windbreaks
(Table 4).
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TABLE 3 Percent of total study area and percent of mapped
hedgerow/windbreaks and cover crops found in each of the NRCS
important farmland classifications.

Farmland Study area Hedgerow/ Cover crops
type windbreaks

Prime 59.4 44.8 44.7
farmland

Statewide 149 12.4 18.1
importance

Grazing land 10.4 12.1 12.2
Unique 8.5 16.8 16.2
farmland

Other land 4.6 13.0 7.5
Local 2.2 1.0 14
importance

We also explored a related hypothesis, which speaks to the
complexity of social and ecological relationships in this agricultural
region. Growers on high-value farmland, we hypothesized, not
only faced pressures to maximize land in production; these same
financial pressures pushed these growers to scale their operations
into the hundreds of acres, which in turn forced them to work with
wholesale buyers. These wholesale buyers imposed stringent food
safety requirements, discouraging farmers from planting any non-
crop vegetation, and in some cases asking them to remove existing
hedgerows. At the same time, the rigid harvesting schedules required
by these buyers discouraged growers from planting cover crops, as
they were unwilling to take any risk of getting delayed with spring
planting. Buyers at this scale could also penalize growers for having
any “foreign material” in the field at the time of harvesting, with
cover crop residue counting as one such source of “foreign material.”
This hypothesis was also widely confirmed in our interviews, with
7 of 20 growers and all 8 technical assistance providers citing
discouragement from large scale buyers as a factor in decisions to
avoid cover crops and hedgerows/windbreaks (Table 4).

Additionally, two other patterns of adoption emerged
from our interviews, even though we did not design our
questions to deliberately explore these hypotheses. For one, a
number of farmers (n=6, Table 4) reported that they prioritize
adoption of cover crops and hedgerows/windbreaks in hillier
areas prone to erosion, as well as other marginal lands. In
explaining why they did this, farmers typically cited their own
stewardship values, although we suspect some farmers may
also be motivated to avoid county penalties when sediment
accumulates on roads. Additionally, some remnant native vegetation
in hillier regions may be counted as hedgerows/windbreaks
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TABLE 4 Key themes and quotes helping to explain patterns of adoption of cover crops and hedgerow/windbreaks from interviews with 20 growers and 8

technical assistance providers in California’s Central Coast.

# of
farmers

# of TA
providers
discussing

discussing

Illustrative quotes

(N = 20)

(N=28)

Farmers prioritize adoption of cover crops 6 0
and hedgerow/windbreaks in hillier and
more marginal areas

“Erosion control is another thing. If we have steep slopes, then we'll intentionally plant
those with cover crops in the wintertime.” “A lot of the cover cropping does happen
on some of the poorer soils.” “The flat land is mostly in crop production, and then
anything that is more on a sloping portion of the land is mostly in native oak
woodland ... and we have put in hedgerows along the borders of the fields .... So
hedgerows, I think, play a really important role to kind of buffer those zones off and
protect the native habitat that we really like.” “When we first arrived, the low spot on
the property which receives most of the drainage from the front half of the farm had
been badly eroded .... We took that out of production and planted cuttings from
different riparian plants.”

Higher land rents on prime farmland 11 8
discourage adoption of
hedgerow/windbreaks and cover crops

“We do some cover cropping, but it’s challenging with our rent structure. Can I tell the
landlord, hey, don’t charge me this year because I'm going to grow a cover crop?”
“One of the tough things to balance with cover crops is because our rent is so high
here, that it’s hard to take the land out of production.” “The rental costs along the
coasts are high and people don’t think they can afford to cover crop as much as they
should or rotate as much as they should.”

The marketing relationships tied to prime 7 8
farmland discourage hedgerow/windbreaks
and cover crops due to stringent food safety
protocols and rigid supply chain

“I know from my time talking to bigger farmers ... that cover crops have the potential
to delay planting, and the big firms are on really tight planting schedules, right? So
that’s why they don’t do that.” “We have to be very careful. Like I said, we've never
experimented with hedgerows and stuff like that .... we don’t have any type of

hedgerow/windbreaks provide models for
neighbors who learn about the practices and
observe benefits

requirements hedgerows or anything like [smaller scale neighboring farmer with direct markets] has
out there ... That is tough because, in the eyes of fresh produce, food safety
sometimes trumps some of the ecosystem, right? Do this, or don’t grow this stuff for
us anymore. What do you do? Itss super challenging.”

Early adopters of cover crops and 5 4 “I think what becomes common practice does so by sort of personal diffusion of

information and experiences, whether that’s from technical assistance advisors or their
peers. So another barrier then would be if you're in a region where people aren’t using
those kinds of practices, then you don’t necessarily have what you need in order to
make the changes.” “For farmers to be able to go to places and see and hear from
others and to be able to see the results, I mean that’s probably the single most
important thing that could persuade a farmer to try something out. So however that
happens, whether it be demonstration farms or farmer-to-farmer learning networks,
things like that can be super helpful.” “I've definitely seen farmers that, oh, they saw
this thing at their neighbor’s place or on this field day that they managed to get to and
they want to try it. That can be huge.” “Over the years, there’s been a few people that
T've really valued their thinking on and have been able to interact with and share ideas
and I've gotten ideas. Whenever I go to somebody else’s farm, it doesn’t really matter
what they’re doing or what their specific crops are, something can pique your interest
that you can think about, “Yeah. Something like that might work on our farm.”

when in proximity to cropped areas-and several of the farmers
we spoke to mentioned deliberately maintaining this native
vegetation as part of their approach to farming adjacent
to wildlands.

Secondly, a of farmers (n = 5, Table4)
mentioned learning about practices like cover cropping and
hedgerows/windbreaks from watching fellow farmers, often their
neighbors. Half of the technical assistance providers we spoke to
mentioned this form of peer learning as a key factor in adoption
of these practices. This may partially explain the observed spatial
autocorrelation (and existence of hotspots) in hedgerow/cover
crop adoption.

In contrast, conventional growers (n = 5) discussed a trend of
moving away from cover cropping and hedgerows, practices that
were more widely used in the past. For these growers, like the large-
scale, wholesale organic growers, the quick turnover necessitated by
intensive planting schedules made cover cropping prohibitive. One
grower stated he plants cover crops only on 1% of winter acres
because of the non-stop planting of new crops. For conventional
farms, cover crops are used in special circumstances where they can

number
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help solve a problem in the field. For example, one conventional
farmer uses cover cropping on fields next to a river that is prone to
flooding. In this case, cover crops can help dry the area and prevent
flooding, which reduces the delay in accessing the field for planting.
Additionally, farmers who produce both organic and conventional
produce (split operations) reported using cover crops only on their
organic land.

Discussion

Our study shows that adoption of two key diversification
practices, hedgerows/windbreaks and winter cover crops, is low
and patchily distributed throughout the Central Coast agricultural
region of California. This remote sensing analysis provides the
first spatially-detailed information on the extent and pattern of
hedgerow/windbreak and cover crop presence in California. While
most ranches did not have any hedgerows/windbreaks (78%), the
identification of several hotspots of adoption suggests that particular
landscape and/or social factors and policies may encourage use of
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hedgerows. For winter cover crops, our finding of 5.9% are consistent
with literature estimates of about 5% of Central Coast total farmland
area cover cropped (Brennan, 2017), and also similar to the statewide
average of 4.8% of “available” farmland cover cropped (USDA
United States Department of Agriculture, 2019). While this figure
does not account for winter cash crops, some of which provide similar
ecosystem services as cover crops, ~60% of farmland in the Central
Coast was mapped as having bare soil between mid-December and
the end of February (Supplementary Table S4). Despite their many
benefits, adoption of non-crop vegetation like cover crops and
hedgerows/windbreaks is limited in California’s Central Coast due to
persistent structural and technical barriers.

Remote sensing of non-crop vegetation in
complex agricultural landscapes

Our study successfully identified hedgerows/windbreaks in a
heterogeneous agricultural landscape using easily accessible NAIP
imagery with 90.0% accuracy. Other studies have also used OBIA to
identify hedgerows and related vegetation in agricultural settings with
varying levels of accuracy (Vannier and Hubert-Moy, 2008; Sheeren
et al., 2009; Ghimire et al., 2014; O’Connell et al., 2015). The high
accuracy of our model is likely due to the high resolution of recent
NAIP imagery. Given that some hedgerows are quite narrow, fine-
scale imagery is necessary to distinguish hedgerows from other linear
elements in heterogeneous agricultural landscapes.

Our study also successfully mapped cover crops in a highly
complex agricultural landscape with dozens of cash crop types—
including overwintering crops like broccoli-as well as irregular
field sizes and the presence of different land uses (e.g., rangeland
and riparian areas) with 87% accuracy. Previous studies that have
leveraged the increasing availability of satellite data (e.g., Landsat and
Sentinel) alongside cloud computing resources (e.g., Google Earth
Engine) to map cover crops in agricultural landscapes have been
conducted in much more simplified agricultural landscapes (Howard
et al., 2012; Ok et al., 2012; Shelestov et al., 2017; Phan et al., 2020).
Higher accuracy has been reported when remote detection of winter
cover crops is based solely on vegetation presence (Seifert et al., 2018)
rather than needing to distinguish between cover crops and other
overwintering cash crops as in our study area.

There were several limitations to our study. Other papers
reported similar difficulties to those we encountered; most noticeably,
model confusion between hedgerows/windbreaks and other small
farm elements such as drainage ditches and shrubs. In our case,
this led to the over classification of other linear elements as
hedgerows, as noted by the lower user’s accuracy of the model,
which had to be manually checked, reducing some of the time
saving benefits of remote sensing. Additional ground-truth data
of hedgerows/windbreaks and other linear elements would likely
improve model accuracy in the future. Additional data for the cover
crop classification model would also be useful as certain crops like
carrots and fennel were not found in enough fields to generate the
recommended 40-120 training points needed per class (Mather and
Koch, 2011). Due to the limited number of ground truth points
for many of the cash crops, winter cash crops were grouped into
a single class with a high variation of spectral properties. This
made distinguishing the cash crop class from the cover crop class
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more difficult, though some cash crops grown over winter provide
similar ecosystem services as cover crops. For example, broccoli,
cauliflower, cabbage scavenge high amounts of nitrogen during
the winter that could reduce nitrate leaching (Smith et al., 2013).
Broccoli also leaves a significant amount of high-quality residue as
a nitrogen source for the subsequent crop, whereas other common
crops in rotation, like lettuce and spinach, have shallower root
systems and produce much less biomass and fewer residues. We
estimated annual cash crops (other than strawberries) covered 16%
of farmland (Supplementary Table 54), vs. 60% with bare soil, but we
could not distinguish crop species or varieties. Remote sensing that
could distinguish cash crops and map their cover would allow for a
more complete assessment of risks and opportunities for at least some
important services of winter plant cover.

In addition, typical crop classification distinguishes crops based
on unique NDVI values (Foerster et al., 2012; Howard et al., 2012).
Many cover crops found in the region were a mixture rather than
a sole crop, often comprised of species also grown as cash crops
(e.g., brassicas), which makes distinguishing by NDVI values more
difficult. Finally, since cover crop classifications have pixel noise,
field-based or OBIA classification could provide higher classification
accuracy (Ok et al,, 2012; Li et al., 2015), but a dataset with accurate
field boundaries is not available for this region where fields often
contain several different crops planted in blocks or are managed in
distinct sections.

Patterns of adoption

Integrating qualitative interviews with remote sensing allowed
for interpreting patterns of adoption and provided insight into
biophysical and socio-economic drivers of adoption patterns. Our
remote sensing of hedgerows/windbreaks found significant clustering
of the practice, with strong hotspots of use in the hillier, less
intensively farmed areas of San Benito and Santa Cruz counties.
Similar patterns were found for cover crops with a hotspot in the
more marginal farmland of Monterey County. A study of farms
across 20 counties in Indiana found that cover cropped fields were
significantly steeper than non-cover cropped fields, likely for erosion
control, and that farms that cover cropped were often smaller (Lira
and Tyner, 2018), much like the mid-sized farms in our region that
have reported using similar diversification practices (Esquivel et al.,
2021). This was also supported in our interviews where many farmers
reported maintaining hedgerows/windbreaks and cover crops in hilly
or less prime farmland to prevent erosion. The paucity of cover
crops and hedgerows/windbreaks in areas like the prime flatland
area of Monterey County likely also stems from high rents and
pressures growers in intensively managed farms face to keep as much
land in production as possible as well as maintain “clean” fields for
buyers. While Prime Farmland made up about 60% of our study area,
<45% of both cover crops and hedgerows/windbreaks were found
on Prime Farmland. Conversely, both practices were overrepresented
in Unique Farmland and “Other” farmland, which can be marginal
land. Landscape elements (hedgerows, tree clusters, riparian buffers)
have been found to be inversely correlated with the presence of
intensively farmed land (often with livestock) (Klimek et al., 2014).
We also noted many hedgerows/windbreaks and windbreaks in
vineyards during our windshield survey. Vineyards are commonly
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found on land classified as Unique Farmland, especially in the south
of Monterey County, which could explain the hedgerow/windbreak
hotspot in this area. Moreover, farmers we interviewed who were
raising crops on “Unique Farmland” tended to be small or mid-sized
and more likely to sell their produce through regional grocery stores,
community supported agriculture, farmers markets, or regional
aggregators—alternative agri-food networks that could help offset the
costs of using these practices while also imposing less pressure to meet
supply chain requirements (Esquivel et al., 2021).

Social mechanisms can influence the formation of hotspots. Early
adopters could provide models for neighbors who learn about the
practices and observe benefits. Peer influence and localized farming
norms may also support diffusion. In California’s Sacramento Valley,
farmers reported that other farmers were the most important source
of knowledge regarding edge plantings on their farms (Garbach and
Long, 2017), while several farmers in our interviews also mentioned
learning about such practices from their neighbors.

In general, organic farmers are more likely to wuse
hedgerows/windbreaks and cover crops than conventional growers,
given their greater reliance on the ecosystem services, rather than
synthetic inputs, as well as organic certification guidelines, which
encourage these practices. In this region, these practices are more
common among smaller to mid-scale organic farms (Esquivel et al.,
2021). Santa Cruz County had the highest percentage of cover
cropped fields, has a high percentage of organic production (12%
of acres), and it also has the smallest average farm size (102 acres;
USDA United States Department of Agriculture, 2019) compared
to San Benito County and Monterey County (853 and 1,214 acres,
respectively). This indicates a greater prevalence of large-scale
agricultural production in the latter counties, which may explain
the lower levels of cover cropping. This is consistent with our
interviews that large-scale farms working with wholesale buyers
are disincentivized to plant cover crops and hedgerows. Cold spots
in the counties may represent large areas of intensive, commercial

conventional farming.

Conclusions: Remote sensing of agricultural
practices to track and support policy goals

A number of federal and state policies depend on adoption of
agricultural practices like hedgerows/windbreaks and cover cropping
to help meet goals related to climate change mitigation, water
quality, pollination, and more. For instance, California’s Healthy Soils
Program pays farmers and ranchers to adopt agricultural practices,
including cover crops and hedgerows, known to reduce greenhouse
gas emissions or increase soil carbon. It also funds demonstration
projects meant to enhance adoption through regionally specific
practice implementation. Yet the state currently has no means
of tracking the efficacy of the Healthy Soils Program, especially
whether adoption is maintained following the three-year grants or
if demonstration projects spur adoption beyond direct grantees. At
the state and national level, there is also no mechanism in place to
track impacts of federal programs like the Environmental Quality
Incentives Program and the Conservation Stewardship Program,
both of which provide support for farmers to adopt these and
other practices and have been recently expanded with passage of the
Inflation Reduction Act (Inflation Reduction Act, 2022).
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Our regional analysis reveals that aerial and satellite imagery
can be used to map adoption of hedgerows/windbreaks and cover
crops with a high degree of accuracy even in complex agricultural
landscapes. The overall percentage of cover crops (~5%) matches
past expert estimates for the study region and statewide adoption
rates. Future work should distinguish and map winter cash crops
that could provide similar services. We also provide new data on
hedgerow/windbreak crop adoption in the Central Coast. Relative
to other methods of tracking adoption like surveys, this approach is
also able to identify spatial patterns, including the existence of hot
and coldspots of adoption. Coupling remote sensing with qualitative
interviews provided insights into the drivers behind these patterns,
including interrelated factors related to topography, land values, and
farming model that either enabled or hindered adoption. In turn, this
understanding could inform creation of enabling policies while using
remote sensing tools to evaluate progress.
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Silvopasture has gained attention as an agroecological practice that may
simultaneously meet farmer goals and provide environmental benefits, including
climate change mitigation. At the same time there are significant concerns about
the potential for livestock to damage trees and forest soils. Like other innovative
agroecological systems, silvopasture combines management complexity with limited
research knowledge. Unlike annual crops, the effects of silvopasture management
can take decades to assess and require forestry as well as agronomic expertise.
We conducted mixed-methods research on silvopasture attitudes and knowledge
among farmers, agricultural advisors, and foresters in Wisconsin between 2014 and
2019. We asked: (1) How do farmers who practice grazing, agricultural advisors, and
foresters perceive silvopasture? and (2) How did coverage of silvopasture change
between 2009 and 2019 in a popular grazing publication? Perceptions of silvopasture
were influenced by recent weather history, markets for forest and agricultural
products, existing land uses, and other contextual factors. Some farmers and
agricultural advisors were committed to silvopasture despite significant obstacles to
implementing the practice. Over the course of the study period agricultural advisors
increased their willingness to provide silvopasture advice to farmers and professional
colleagues, and coverage of silvopasture increased in a popular grazing publication.
Finally, a multi-county supportive community of practice was associated with greater
enthusiasm for the practice. The greater acceptance of silvopasture among resource
professionals follows an increase in silvopasture research and outreach in the region.
This interest in silvopasture suggests both a need for, and openness to, greater
collaboration among forestry and agricultural professionals and farmers to develop
sustainable silvopasture standards.

KEYWORDS

adoption, agroforestry, Midwest, human dimensions, silvopasture, agroecology

1. Introduction

The predominant agricultural model of annual row crop monocultures and bare ground
seasonal fallow pollutes surface and groundwaters and causes a host of other environmental
and social problems (Porter and Voskuil, 2022). In contrast, strategies for providing
continuous living cover aim to significantly improve water quality, habitat, aesthetics, and
other environmental and social outcomes, while continuing to provide the food, fiber, and fuel
society demands (Green Lands Blue Waters, n.d.). One such continuous living cover strategy is
silvopasture, an agroforestry practice that intentionally integrates livestock, forage production,
and trees.
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Shifting annual row crop systems to continuous living cover
first requires people to change their ideas about, and goals for,
agriculture. Some continuous living cover strategies, like growing
cover crops to replace the seasonal fallow, require relatively modest
changes to existing annual cropping systems and keep the principal
crops, equipment, and planning timelines in place. Even modest
agricultural system changes are challenging, though, and as a result
the acreage managed by farmers who have shown interest in cover
crops far outstrips the amount of land actually planted in cover
crops. At the other end of the spectrum of continuous living cover
strategies, agroforestry practices such as silvopasture involve major
systems changes, including very different crop types (trees and
shrubs) and planning timelines of decades. Making these major
changes calls for a profound shift in thinking and action on the
part of farmers, resource professionals, and policy-makers. This
study examined perceptions of silvopasture in Wisconsin from 2014
to 2019.

Within the US, silvopasture systems integrating beef cattle with
fast-growing southern pine plantations have been most widely
adopted and most studied (Clason, 1998; Ares et al., 2003; Grado and
Husak, 2004; Shrestha et al., 2004; Nair et al., 2007; Cubbage et al.,
2012). Garrett et al. (2004) proposed silvopasture as a practice that
can improve water quality and other environmental outcomes and
profits compared to the widespread practice of unmanaged grazing
of woodlands in the upper Midwest, while maintaining or increasing
meat or milk production (see also Ford et al., 2019). Silvopasture is
also seen as an approach to increase carbon storage and reduce the net
climate change impacts of agriculture, as well as increase resilience to
weather extremes (Montagnini and Nair, 2004; Howlett et al., 2011;
Baah-Acheamfour et al., 2014, 2016; Hawken, 2017; Patel-Weynand
etal., 2017).

At the same time, there is a long history of natural resource
professionals opposing the integration of livestock with trees,
especially in western Europe and the US (Dambach, 1944; Ahlgren
et al., 1946; Guise, 19505 Abbott, 1954). This opposition stems in part
from situations where livestock damage forests, but it also coincided
with the professionalization of forest management and the associated
assumption that the best use of a forest is to produce timber (Dana
and Fairfax, 1980; Rubino, 1996). Forestry professionals continue to
be more skeptical of and less knowledgeable about silvopasture than
agricultural advisors and farmers. The latter two groups are more
likely to support silvopasture, while acknowledging that livestock can
compact soil and create erosion (Arbuckle, 2009; Mayerfeld et al,
2016; Stutzman et al., 2019).

Most of the social science research on silvopasture in temperate
regions has focused on economic analysis, silvopasture knowledge
of resource professionals, and stakeholder perceptions of benefits
and costs (Shrestha et al., 2004; Frey et al., 2012; Mayerfeld et al.,
2016; Orefice et al., 2017a; Blanco et al., 2019; Wilkens et al.,
2022). Stakeholders usually perceive shade and shelter for livestock
as key benefits of including trees in the grazing system. Increased
income is another widely cited benefit, although in some cases the
income benefits are expressed indirectly, for example as “increased
utilization of farm woodland” (Orefice et al., 2017a). Reports of
silvopasture challenges or disadvantages are less consistent, but
problems with maintaining fences and lack of knowledge about
silvopasture management are key concerns. Frey et al. (2012)
addressed changes in perceptions over time; they reported that
farmers in Argentina perceived more benefits and had fewer concerns
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about silvopasture after they had several years of experience than
when they were first considering the practice.

Following the suggestion of Garrett et al. (2004) that silvopasture
may improve environmental and economic outcomes in woodlands
degraded by poor management, researchers in the Midwest and
Northeastern US began to study silvopasture establishment in
existing woodlands (Demchik et al., 2005; Orefice et al., 2017b, 2019;
Ford et al,, 2019). Many of the farm woodlands in these regions are
or were grazed, and much of the existing pasture is in woodlands.

Agroforestry proponents distinguish silvopasture (in which trees,
forages and livestock are actively managed for economic and
environmental outcomes) from woodland grazing by noting that
the latter involves little or no deliberate management of the forage
layer, the trees, or the timing and intensity of livestock use (Brantly,
2014). The limited information available indicates that management
of pastured woodland (the term used by the Agricultural Census)
varies, but that in most cases it is not managed intensively enough to
be characterized as silvopasture. In Wisconsin and most surrounding
states, the number of farms with pastured woodland exceeds
the number of farms practicing rotational grazing, and greatly
exceeds the number of farms using agroforestry practices including
silvopasture as well as forest farming, windbreaks, alley cropping,
and riparian buffers (Figure 1). Across the US, 326,279 farms had
pastured woodland, 265,162 farms practiced rotational grazing, and
only 30,853 farms practiced agroforestry in 2017 (USDA-NASS,
2019a,b).

Although some farmers practice silvopasture without knowing
the technical term, farmers and natural resource professionals in
Wisconsin report that most cases of woodland grazing do not include
active management of the forage or trees (Kecley, 2014; Mayerfeld
et al., 2016; Galleguillos et al., 2018). Only 23% of Wisconsin farms
with pasture practice rotational stocking, a necessary component of
silvopasture management in this region, and likely only a subset of
those farms manage their rotation intensively (USDA-NASS, 2019b;
Whitt and Wallander, 2022).

In this context of complexity, controversy, emerging research,
and extensive woodland grazing where silvopasture could potentially
be practiced, we examined attitudes toward and knowledge about
silvopasture during the 6 years following the initiation of silvopasture
research and outreach in and around Wisconsin. Specifically, we
asked two research questions:

1. How do farmers who practice grazing, agricultural advisors, and
foresters perceive silvopasture?

2. How did the amount and type of coverage of silvopasture
change between 2009 and 2019 in a popular grazing publication?

2. Methods

This is a descriptive, exploratory mixed-methods study (Byrne
and Ragin, 2009; Yin, 2009). To assemble our case, we used (1) focus
group and individual interviews clustered in two regions, (2) end
of program evaluations, (3) content analysis of a popular grazing
publication, and (4) participatory observation. This approach allowed
us to examine silvopasture attitudes and knowledge in context,
examine interactions among factors, and in some cases observe
changes over time. Research with human subjects was approved by
the UW-Madison Institutional Review Board (# 2015-1521).
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limited to silvopasture), and pastured woodland (which may also include some silvopasture) (USDA-NASS, 2019a,b).
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The subjects of our study were three categories of silvopasture
stakeholders in Wisconsin: farmers, agricultural advisors, and
foresters, with the latter two categories referred to collectively as
resource professionals. We focused our study on southwestern and
northwestern Wisconsin, but also included stakeholders throughout
the state.

In 2014, we began interviewing farmers, agriculture advisors,
and foresters about their views on integrating livestock grazing
with trees. In their capacities as educators, two of the authors (one
with University of Wisconsin Extension and one with the Savanna
Institute, an NGO focused on agroforestry research and education)
also began conducting educational outreach about silvopasture in
2014. In 2015, we initiated two silvopasture research trials: one on
a university research station and the other on two commercial farms.
Our work occurred in the context of other agroforestry outreach and
research in the region and nationwide. For most farmers and resource
professionals in Wisconsin, the workshops, conference presentations,
and pasture walks we helped organize were a major source of
silvopasture exposure.

2.1. Interviews

We conducted 12 focus group interviews with farmers,
agricultural advisors, and foresters between 2014 and 2019 (Table 1).
We also conducted individual interviews with two agricultural
advisors, a forester, and five farmers who could not participate in
the focus groups but were interested in contributing to the project.
The focus group interviews form the foundation for our case study.
The individual interviews supplemented the focus group interviews
and provided a check that there were not issues and questions that
participants hesitated to bring up in a group setting.
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To some extent, the results of the six focus group interviews in
2014, 2016, and September 2017 serve as a baseline of silvopasture
knowledge and attitudes early in the study period. In these initial
interviews we asked the participants for their thoughts about
integrating grazing livestock with trees and about silvopasture.
Although the September 2017 interview took place more than 3 years
after the start of the project, the participants were all foresters with
whom we had no previous interactions, and for whom our questions
about silvopasture were novel.

The four focus group interviews conducted in 2018 and 2019
included 12 individuals who had participated in earlier interviews,
as well as at least six individuals who had participated in one or more
silvopasture events, such as a pasture walk or presentation. In these
later interviews we added prompts asking participants where they had
first heard about silvopasture and asking them to reflect on changes
in silvopasture knowledge, attitudes, and practices in the past 5 years.

The focus group interviews conducted in January and March
2017 were intermediate in nature. We had not interviewed the
participants before, but they were aware of our work, and some had
attended a silvopasture event before the interview. Like the individual
interviews, they supported the findings of the early focus groups.

Our interviews were clustered in two regions, northwestern and
southwestern Wisconsin. The northwestern region is a relatively level
landscape shaped by glaciation, with agricultural systems limited by
a short growing season and low natural soil fertility. In contrast,
southwestern Wisconsin is located in the unglaciated Driftless Area,
which has steep topography, making it marginal for large-scale
row crop production. Both areas contain substantial woodland,
primarily mixed hardwoods and a few small red or white pine
plantations. In southwestern and northwestern Wisconsin counties
woodland accounts for 15-36% of total farmland (USDA-NASS,
2019a). Roughly 30% of farms have beef cattle, and 6-21% of farms
have dairy cows.
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TABLE 1 Focus groups dates and participants.

10.3389/fsufs.2023.983376

Year Month # people* Male Female Farmer Ag. advisor Forester Other
2014 Feb 8 4 4 2 2 5 1
2014 March 2 1 1 2

2014 May 7 7 0 7

2016 March 12 8 4 12 1

2016 Oct 5 3 2 5

2017 Jan 3 2 1 3

2017 March 2 2 0 1 1 1
2017 Sept 9 9 0 1 9

2018 Sept 8 8 0 g+

2018 Nov 12 9 3 12 2
2019 Jan 7 5 2 2 4 2 1
2019 Feb 6 6 0 5 2

*The sum of farmers, foresters, and agricultural advisors exceeds the total number of interviewees because several of the natural resource professionals also farm.

**This focus group took place outdoors after a pasture walk, and participants did not fill out a demographic form, but all described themselves as farmers in introductions.

2.1.1. Interviewees

Participants in the five focus groups conducted in 2014 and 2019
were invited based on their experience operating grass-based farms
or as resource professionals. The other seven focus groups took place
in the context of conferences or pasture walks and were open to any
event attendees who chose to participate.

Participant ages ranged from under 30 to over 70, and length of
time in their current position (including farming) ranged from <2
years to more than 50 years. The amount of land farmers had in
woodland was highly variable, from no woods on the farm to the
majority of land in woods, with many respondents having between 10
and 50% of their land in woods. Thirty-three participants managed
beef or dairy cattle; five managed sheep, goats, poultry, bison, or
pigs. We recruited farmer participants through grazing networks, so
the farmers we spoke with practiced rotational stocking (also known
as rotational grazing, managed grazing, or adaptive multi-paddock
grazing). Because rotational stocking is a requirement for silvopasture
management in this region, farmers who practice grazing are the most
likely group to try silvopasture. Education levels ranged from high
school (10th grade) to graduate degrees in the farmer focus groups.

The farmers participating in the focus groups had a range of
experience with and attitudes toward silvopasture. Each farmer focus
group had at least one farmer who had no trees in their pastures, as
well as at least one farmer who was managing pasture with trees.

Agricultural advisors included university extension, public
agency [e.g., Natural Resources Conservation Service (NRCS)], and
non-governmental organization (NGO) staff, and grazing consultants
or technical service providers (TSPs). Foresters included university
extension and Wisconsin Department of Natural Resources staff and
private foresters. All resource professional respondents had a 4-year
college degree or higher.

2.1.2. Interview structure and analysis

For the interviews, we used guiding questions but also allowed
the conversation to flow naturally and encouraged respondents to
interact with each other as well as the interviewer(s). All focus
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group interviewees consented to having the session recorded, but the
recorder malfunctioned at one focus group.

Transcripts from the 2014 to 2017 focus groups were coded
manually using a grounded theory approach (Morgan et al., 2008).
Focus groups in 2018 and 2019 were coded manually according
to the categories that emerged from the initial coding, as well as
their responses to a new prompt about changes in knowledge and
attitude. Our interview analysis focused on qualitative identification
of issues, attitudes, and connections rather than attempting to assess
the relative importance of themes through number of mentions or
other quantitative measures.

2.2. Evaluation

During the study period we conducted numerous educational
programs on silvopasture in Wisconsin, including seven statewide
conference presentations, four pasture walks in southwestern
Wisconsin, and three 2-day workshops (one in northwestern and
two in southwestern Wisconsin and southeastern Minnesota), as well
as media interviews and other events. We used end of program
evaluation forms at all the workshops, three pasture walks, and
two conferences to collect information from participants about
their perceptions of silvopasture, as well as their silvopasture
information sources and needs. These evaluation results supplement
the interview findings.

2.3. Content analysis

Graze magazine focuses on grazing advice, and both farmers
and agricultural professionals use it as an information source. The
magazine is headquartered in Wisconsin and has been reaching an
audience of farmers using managed grazing since 2000. It has ~2,000
paid subscribers across the US, Canada, and overseas, with high
concentrations of readers in the Upper Midwest and Northeast states.
We conducted a summative content analysis of Graze from January
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2009 to May 2019 for several terms that we thought would appear
in any discussion of silvopasture or integration of livestock with
trees (Hsieh and Shannon, 2005). The search terms we used were
“shade.” “silv’!, “tree)” “wood,” “heat.” “brush,” “forest,” and “shrub.”
We only counted instances of the term that related to the integration
of livestock with trees. In addition to noting when and how often
the topic of trees in grazing systems came up, we assessed how trees
were discussed. This analysis provided an additional window on
attitudes toward silvopasture, as well as the availability of silvopasture
information in the farming community. In contrast to the interview
analysis, this content analysis includes a quantitative component.

2.4. Note on author engagement

During the study period authors DM and KK also conducted
silvopasture field trials in southwestern Wisconsin, and we organized
and presented at a variety of silvopasture outreach events. Thus,
we were actively engaged in discussions around silvopasture in the
state at the same time that we were conducting this study. Our roles
as researchers and educators likely influenced who was willing to
be interviewed and may have affected what interviewees said. Our
active participation in silvopasture research and outreach allowed
us to observe conversation around silvopasture beyond the formal
methods of interviews and written evaluation responses.

3. Results

3.1. How do farmers who practice grazing,
agricultural advisors, and foresters perceive
silvopasture?

3.1.1. Farmer perceptions and knowledge

Throughout the study period farmers expressed a range
of attitudes toward silvopasture, from uncertainty about its
environmental and economic sustainability on their farms to strong
enthusiasm for the practice. We did not observe an overall shift
to more positive or more negative perceptions among farmers, but
we did see differences in how farmers discussed silvopasture at
different times, depending on individual farm experience and wider
contextual factors.

In all the focus groups, farmers who had been managing
silvopasture on their land demonstrated their knowledge by talking
about specific management practices and observations based on their
experience. In the group interview setting, farmers who did not have
personal silvopasture experience did not portray themselves as having
silvopasture knowledge, even though some of them mentioned
having read or heard about the practice. Often farmers in the
focus groups avoided using technical language, including the term
silvopasture, even when they were familiar with the terminology.

Several topics appeared in all the interviews: the potential impact
of silvopasture on animal welfare, farm profitability, soil and water
quality, biodiversity, and the presence of shrubs. However, at the
later focus groups there were some shifts in emphasis that reflected
changes in the broader farm economy and recent weather patterns

1 We used "silv" to capture alternative spellings, e.g., silvapasture or silvo-

pasture or silvopasturing or silvipasture.
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TABLE 2 Overview of silvopasture knowledge and attitudes in Wisconsin
USA and surrounding states from 2014 to 2019 interviews with farmers,
agricultural advisors, and foresters; evaluations following educational
events; and content analysis of a popular grazing publication.

Finding

Attitude: A relatively small but
dedicated set of farmers is interested in
exploring silvopasture (3.11, 3.12)

Patterns and trends

e Farmers’ confidence with silvopasture
management depended on their goals
and own farm experience.

Farmers’ and resource professionals’
attitudes toward silvopasture were
influenced by local context, such as
timber markets and recent weather,
and by participation in communities
of practice.

Attitude: The taboo around silvopasture
is weakening, and some agricultural
advisors began to provide silvopasture
advice (3.12, 3.2)

Early in the study period resource
professionals ~ did not address
silvopasture in their work. Late
in the study period some agricultural

advisors gave silvopasture advice,
and some foresters were open to
considering silvopasture applications.
Coverage of the benefits of trees in
pasture systems increased during the
study period in a popular

grazing publication.

Knowledge: Silvopasture management is
more complex, and site- and
goal-specific than the dominant grain
and livestock systems in the region
(3.11,3.13)

Throughout the study period
silvopasture variability and
uncertainty continued to challenge
resource professionals.

Farmers and agricultural advisors are
experimenting with silvopasture to
meet goals such as shade and shelter
for livestock, brush management, and
increased forage.

There is demand for locally-relevant
information about silvopasture
management, economics, and
environmental impacts.

and increased knowledge about silvopasture on the part of both
farmers and resource professionals. Key research findings from
interviews, as well as from written evaluations following educational
events and content analysis of a popular grazing publication, are
summarized in Table 2.
Most  of the
centered  on

discussion in our farmer interviews
farm  woodlands
of the

in their pastures.

conversion  of
although at
interviewed had planted trees

existing

to silvopasture, least three farmers

None of
the focus group participants

to silvopasture.

expressed direct opposition

3.1.1.1. Farmer perceptions of benefits and concerns
with silvopasture

Key benefits interviewees associated with silvopasture were shade
and shelter for livestock; the potential for increased income because
of additional pasture, harvest of forest products, and/or lower
property taxes associated with converting woodland to silvopasture?;
and reduction of brush (i.e, understory shrubs that obstruct
herbaceous forage growth, passage and visibility). Concerns included
the potential for damage to trees and soils, as well as increased

2 Unlike most states, Wisconsin property tax law assigns the lowest tax rate

to "wooded pasture” (Wisconsin Department of Revenue, 2022).
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labor to maintain fences and manage the forage layer when trees
are present.

These benefits and concerns reveal interactions and some
tensions among shared norms and individual values, constraints, and
experience. Take these comments from a farmer in a focus group in
2016. Early in the focus group we asked all the farmers to comment
on whether they were currently integrating their grazing with trees or
considering it. One farmer explained

I have pigs and am interested in feeding the pigs acorns. I've
been bringing the pigs acorns because I know that the pigs can
really tear up an environment. I have a lot of closed woods with
really nice trees and wouldn’t dare let the pigs go there. But this
little segment that was logged. It has some nice scattered oaks,
... but what’s filling in between them is popple, little tiny popple
[Populus sp.]. Four inches apart — you can’t even walk through it.
... I suppose if you're a woodcock it’s wonderful. If I were going
to move a hog under an oak tree it would be on that piece right
there. And then with the hopes that ... I could turn this stand
into silvopasture with these sparse oaks if I can get rid of the
popple, which 'm sure a hog can do. ... It seems like a good idea,
but 'm not sure. ... Most people would say you’re not ruining a
great field or anything. But there could be something wonderful
in there - I don’t know.

After an hour of discussion among the 11 farmers in the group,
ranging from the animal welfare and tax benefits of silvopasture to
its potential impacts on forest soils and trees, this same farmer was
still struggling to reconcile the norms and values of providing animal
welfare, running a profitable farm, and caring for the environment:

You're rich in direct proportion to the things you can afford
to leave alone. And I'm very cautious. When I talk about doing
this with hogs - soil science guy says watch out for damage — well
leaf cover looks like soil cover to me-things look pretty healthy
[as they are now] ... should I even mess with it? That [good
woods] is off limits to me; I only toy with the idea of the popple

growth. But then woodcock would love that popple.

Hogs embody the conflicting norms around silvopasture
particularly strongly because they are highly sensitive to heat stress
and thus can benefit from shade, but are also very likely to cause
severe soil disturbance because of their rooting behavior. Farmers
in all the focus groups spoke about the differences between livestock
types, as well as other factors that could affect silvopasture success on
a specific farm:

“Question for those using trees at the edge [of fields]:
are those trees dying? Ours haven’t. Oak, maple, little bit of
silver popple.”

“Where my trees are, they’re tamarack, and [the livestock]
rubbed the bark all off, and they’re dying.”

“If you don’t have enough trees and you leave them [the
livestock] in long enough, yes, they will [kill trees]. The trick
is don’t leave them in there very long.... I notice my oak
trees grow really fast now that there are animals in there.

. Less competition, more sunlight. Clover, meadow fescue,
orchardgrass, some red clover in the open areas. Its my best
pasture in the summertime, during the drought.”
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3.1.1.2. Knowledge-exchange networks, farmer experience,
and perceptions of silvopasture in socio-ecological context

The practice of silvopasture is of potential interest to livestock
farmers who use grazing as a management practice, and the farmers
we interviewed were active in networks that promote rotational
stocking. We did not collect information on the details of their
grazing management, such as frequency of moves, stocking density,
and length of rest periods. In Wisconsin a typical rotation schedule
for most grass-based lactating dairy cows involves daily moves over
an approximately 30 day rotation. For rotationally grazed beef cows,
dairy heifers, dry cows, and small ruminants time in a paddock varies
depending on a variety of factors, but is often determined by forage
residual height goals. Farmers are advised to size paddocks so the
animals will be moved every few days and at least weekly to avoid
overgrazing (Cavadini, 2022).

In all the focus groups, farmers emphasized careful management
of grazing timing, intensity, and duration as important to mitigating
negative impacts on the soil and plants, as well as maintaining the
performance of their livestock. Because the timing and duration
of grazing is a critical component of silvopasture management,
farmers who practice rotational or adaptive multi-paddock grazing
are well-positioned to implement silvopasture. Within this group
of potential adopters, a subgroup is actively interested in learning
about and implementing silvopasture. Although the practice remains
poorly understood and adds significant management complexity, that
subgroup of interested farmers remained engaged with silvopasture
throughout the study period, as evidenced by participation in
silvopasture events and by comments in our interviews.

Some farmers showed increasing confidence in silvopasture
over the study period, while others expressed more concern about
the labor and management needed. For example, in northwestern
Wisconsin in 2015 a farmer who had recently converted some woods
to silvopasture spoke primarily about the challenges of converting
and expressed concerns about how the trees would hold up to
livestock impact. In the focus group conducted 32 months later, that
farmer was confident about his ability to manage silvopasture (which
he often referred to as savanna) and enthusiastic about its benefits for
his livestock:

...my [open] pastures always go into dormancy July and
August, pretty much. And the savanna pastures do not because
of the trees. And while it’s not great tonnage, it’s of great value
because they still have grass when they normally wouldn’t....
And now that I’ve done that, what I value even more is it creates
a tremendous amount of diversity in the animal’s diet. And
I'm absolutely convinced my animals do better than others, not
because of genetics, but because of that diversity in their diet. And
I really value my savannas because of that. The trees grow faster.
We have a lot more game than you normally would, if you’re into
hunting and that kind of thing.... And if I had to sell land, I'd sell
my pastures before I'd sell my savannas.

The grazing network in northwestern Wisconsin included two
agricultural advisors who actively supported silvopasture, one of
whom had worked with this farmer throughout the process of
establishing his silvopasture. In 2014 this network included two
presentations and a panel discussion about silvopasture in its spring
conference. Farmers learned they could talk about silvopasture with
their grazing consultant, and during our study period several of
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the pasture walks hosted by the network featured silvopasture.
In November 2018 the network’s conference again featured a
silvopasture presentation.

In contrast, in southwestern Wisconsin agricultural advisors who
helped coordinate the grazing networks did not promote silvopasture.
Farmers in the initial southwestern focus group identified brush
management as a major benefit of silvopasture. While they continued
to express interest in managing brush, the 2019 farmer focus group
in southwestern Wisconsin placed greater emphasis on the limits of
using livestock as a site management tool and on the limits of current
silvopasture knowledge. For example, one farmer in the 2019 focus
group had cleared an area of woodland for silvopasture. He spoke
about how nice it was to regain access to the old oak savanna that had
become impassable due to dense understory growth during the years
when livestock were excluded. But later in the conversation he added:

We have problems with black locust, and seeing all those
runners pop up, it’s just a carpet. ... I think [the cattle] get some
of those initial sprouts, but it's more of a supplement. With the
kind of management system [we use], they’re not going wild on
it. I do notice they’ll get those young, tender sprouts. But if it gets
beyond that maybe they’ll take a nip of a couple leaves. That’s

typically what I observe with cattle.

This statement reflected a broader discussion about the challenge
of getting sufficient livestock browsing and physical impact to control
weedy shrubs and trees without damaging soils or desirable trees. In
this same focus group, the farmers discussed the superior ability of
goats to browse shrubs but also noted that, like all livestock, goats
do not spare the species that a land manager might want to keep.
The group also discussed the additional labor required to manage
and market multiple livestock species. Similarly, farmers in the 2014
focus group in southwestern Wisconsin spoke of silvopasture as a
tool to restore savanna habitat, while farmers in the 2019 focus group
in the same region discussed the difficulties and limitations of using
livestock for ecological site management such as savanna restoration.

Still, although there was much discussion of the challenges of
using grazing to manage the shrub understory, most of the focus
group participants felt that livestock could help in some situations.
The site with black locust referenced above was part of a silvopasture
establishment trial, and in areas planted with improved forages, it
was noted that black locust resprouting was much less of a problem
compared both to areas that weren’t planted and areas that were
planted but not grazed. Another farmer, who was quite skeptical of
silvopasture, commented.

We had a watershed meeting here last month and one of the
members ... fenced off his woods. ... Now it’s five years [later] and
it’s grown up with all this stuff he doesn’t want. So he’s kind of,
‘what do you do, how do you win, or do you have to just be patient
and you have to wait fifty, a hundred years for nature to kindly kill

this stuff off on its own’ or what.

As another respondent said of silvopasture as a strategy to
manage brush, “It’s not a silver bullet by any means, but it’s certainly
I think moving in the right direction.”

One concern mentioned in a 2018 northwestern focus group was
the worry that the growing acceptance of silvopasture could be set
back by one bad example:
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And then also 'm beginning to wonder about we can make
all this progress and ... we're bound to find somebody who’s going
to do this all wrong. And it’s going to be on a major highway and
everybody’s going to see it where there are 5,000 animals on 10
acres and the hillside comes down and all the trees die. So we need
some research to say, “Well, based upon the research, you should
never have been doing that or been allowed to do it. And that’s
why this all happened.” It’s not the concept. It’s the execution of

it that was wrong.

This quote illustrates the sense that this loose group of farmers
and resource professionals is making progress by working together,
as well as their awareness that the approach of integrating grazing
with trees still needs to develop clearer guidance, and that research
will play an important role in developing that guidance.

3.1.1.3. Contextual factors and economic viability
of silvopasture

Farmer comments indicated some regional differences in
the economics of converting woodland to silvopasture between
the southwestern and northwestern focus groups. In Wisconsin,
property tax assessment categories result in lower tax levies
on wooded pasture than on ungrazed forest land (not enrolled
in state forestry tax incentive programs), and in both regions
property taxes were cited as an economic incentive to let
livestock graze woodlands. Farmers in both regions saw silvopasture
as a way to access those tax benefits without causing the
environmental damage associated with unmanaged livestock access
to woodlands.

However, in northwestern Wisconsin, where paper mills provide
a market for trees that are not timber quality, several farmers
mentioned income from commercial thinnings of their woodlands
to establish silvopasture. In southwestern Wisconsin the market for
wood is limited to high quality sawtimber, and none of the farmers
in that area spoke about income from thinning their woods to
establish silvopasture.

3.1.2. Resource professionals’ perceptions and
knowledge

Among resource professionals (i.e., agricultural advisors
and foresters) we observed some individuals whose support for
silvopasture increased over the course of the study period; we
did not observe any individuals who decreased their support.
In earlier interviews the agricultural advisors were all open
to the idea that silvopasture could play a positive role in
Wisconsin grazing farms, and several mentioned examples of
farmers who were already experimenting with silvopasture.
However, except for one professional in northwestern Wisconsin,
they did not talk about providing silvopasture advice in the
course of their work. In contrast, in the later interviews several
agricultural advisors spoke about incorporating management
of paddocks with trees in grazing plans or other advice

to farmers:
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I usually look at the trees and the cover, see if it’s a heavy
cover, that might be something we maybe stay out of or just go
‘ into during the hot periods for just shade. And if it's a mixed cover
with quite a bit of open area, then that might be a separate area
for late summer grazing when it’s hot.

In 2014, that advisor had said “We were asked to do a
presentation on grazing in the woods .... And we denied it.
We didn’t want to get into that” (Mayerfeld et al, 2016). In
2019, when asked if incorporating areas with trees was standard
practice for grazing specialists, the advisor said, “Right now
we're working on that because they usually just see woods,
and they just line them out [of the grazing plan].” While this
statement shows that many agricultural advisors still were not
comfortable providing silvopasture advice, it also indicates that it
had become acceptable to promote silvopasture as an agricultural
practice to professional colleagues, which was not the case 5
years earlier.

Foresters did not report giving silvopasture management advice
but indicated that the opposition to any integration of livestock
with trees was softening over time. In a 2019 interview a forester
commented that forestry guidance to farmers with woodlands used
to be “Don’t burn, don’t graze and just let it go.” He went on to say

And now what do we do? We tell people, ‘Burning’s not so
bad. And actually it’s fantastic; and, ‘Oh, you might want to think
about grazing.” So it’s like, okay. We've come a long ways on that.

We also found that foresters in our focus groups varied
widely in their attitudes toward silvopasture. At the beginning
of this project, we were warned that most foresters were likely
to strongly oppose any integration of livestock and trees. In
indeed
strongly critical of poorly managed woodland grazing, but most

our direct interactions we found that foresters were

were open to considering how silvopasture management might
improve environmental outcomes, at least in some settings. As one
forester commented,

Certain agricultural producers out there are going to graze
the woodlands, and that’s just economics. It's going to happen.
So, we should look for those opportunities that we can decrease
the environmental impact based on that.

Tentative acceptance of silvopasture was evident both in mixed
focus groups that included agricultural advisors as well as foresters,
and in a focus group with all foresters. Several expressed particular
interest in the potential for goats to manage invasive species.

Like the interviews, workshop, pasture walk, and conference
evaluation results suggest that foresters’ attitudes toward silvopasture
are variable (Figure 2). Nearly half of respondents did not know
what their local foresters’ attitudes were, but the other respondents
reported that forester attitudes toward silvopasture were roughly
evenly split between supportive and unsupportive, with many
perceived as neutral. Evaluation respondents were primarily farmers
but also included a few resource professionals.

Resource professionals’ comments about silvopasture were
influenced by changes in broader contexts impacting farms and
surrounding communities. Two years before our initial focus
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group the region had experienced severe drought and extreme
heat, while the summers of 2017 and 2018 were relatively
cool and wet, and 2018 included extreme precipitation events
and flooding. The later focus groups placed less emphasis on
the value of trees for shade and woodlands for emergency
source of forage, and more emphasis on how silvopasture
might handle extreme precipitation. Similarly, shifts in the
farm economy were reflected in the discussion. In 2014, when
commodity crop prices were high, resource professionals thought
silvopasture management might improve environmental outcomes
when conversion of pasture to row crop cultivation led to
more woodland being converted to pasture. In 2019 resource
professionals discussed the increased interest in alternative crops
and land management systems such as silvopasture, given depressed
crop prices.

The agriculture economy right now, it’s especially bad for
dairy farmers, but nobody is making very much money right
now. This is the first time I've ever heard discussion among
dairy farmers about diversifying. ... They’re thinking they need
to reduce their risk by adding other crops and other sources of
income, and trees might be [one of those alternatives].

Although the specific issues changed over time, the discussion
among farmers, as well as resource professionals, often highlighted
how attitudes toward silvopasture interacted with regional resource
and socio-economic issues.

3.1.3. Complexity and uncertainty in perceptions of
silvopasture
3.1.3.1. Knowledge limitations

Even though the taboo around discussing the integration of
livestock and trees has weakened in our study area, the nature of
silvopasture raises challenges for resource professionals who want
to offer clear, research-based, financially-sound advice. Silvopasture
entails a complex set of principles and practices drawn from
both forestry and agricultural science, with context-dependent
applications, making universal management prescriptions difficult
to develop and deliver. As one forester commented when a focus
group was discussing the potential for silvopasture to help with
oak regeneration,

I think there are so many variances that could go about this.

The type of cattle. If it’s beef, dairy cattle, sheep, goats, whatever.

‘ There’s so many variances in that. The tree species you’re wanting

to regenerate. The time of year. It seems like a whirlwind of a
headache that you’re trying to put together.

Furthermore, there are substantial limitations in the fundamental
knowledge base, including a lack of regional research. Both natural
resource professionals and farmers questioned the applicability of
silvopasture research on southern pine plantations to the mixed
hardwoods of the upper Midwest:

I’d like to see some controlled experiments in the northern
forest rather than just from the southern United States where we
could show an impact on the accumulation of forest product.
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This comment was followed by a discussion of the differences
between southern pine plantations and diverse northern hardwoods,
including slower growth of northern trees, and concluded with the
observation that “it might take two generations of scientists to get
an answer.”

3.1.3.2. Uncertainty about silvopasture policies and
financial support

In the early focus groups, there was only one mention of the
possibility of financial support from public agencies for silvopasture.
Most of the later interviews, however, included discussion of
the possibility of Natural Resources Conservation Service (NRCS)
support for silvopasture. This type of financial assistance (provided
through NRCS from the US Department of Agriculture) can be
an important aspect of silvopasture economics since establishment
costs can be substantial, but the interviews reflected considerable
uncertainty. NRCS provides financial assistance for rotational grazing
but traditionally has strongly discouraged grazing of woodlands.
There were some efforts to have NRCS in Wisconsin and some
surrounding states provide financial assistance for silvopasture
establishment by planting trees, but the reimbursement rates were
low, farmers often did not realize they could ask for this assistance,
and most agricultural advisors were uncertain about the current
policies for silvopasture assistance, as this exchange among resource
professionals illustrates:

Frontiers in Sustainable Food Systems

“And, if we start thinking about silvopasture agroforestry, is
that a cost share practice at all? For NRCS?”

“Not right now.”

“So now it would be 100% on the landowner to, again, how
long before they start generating revenue or income from that?”

“Well, wait a minute - for planting we don’t call it
silvopasture, we call it tree planting. So if you want to plant trees
in the pasture, we do cost share that.... Theres also biological
brush management... So theres other practices. We don’t call

them silvopasture.”

Another agricultural advisor (and farmer) in a different 2019
interview commented:

And then, with the new EQIP which I work with for cost-
sharing with fence or for fencing and watering [for managed
grazing], it’s like they are more into promoting converting tillable
ground or work ground that can be pasture. When I first started,
if you could prove or show there was history of grazing at one
time then they would cost share to put the fencing in. But now,
if it’s got trees on it, they won’t cost share at all. So that’s actually
going to probably blow up your silvopasture part of it to some

extent, too.

Over the past 2 years Wisconsin’s NRCS has been working
with the Savanna Institute to add financial and technical assistance
for planting trees to establish silvopasture, but most farmers and
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agricultural professionals, including county NRCS staff, are still
uncertain about these policies.

In 2014, resource professionals spoke in general terms about the
need for more information on the economics of silvopasture. In the
2019 interview, resource professionals in the southwestern part of the
state devoted considerable discussion to the need for better markets
for a variety of tree products, from lower quality wood to nuts, in
order to increase the economic viability of silvopasture. This focus on
markets and financial assistance in later interviews reflects a shift to
thinking about silvopasture implementation and advice in concrete
rather than abstract terms.

Finally, throughout the study period, farmers and resource
professionals stressed that Wisconsin property tax policy is
an important economic consideration for silvopasture. Resource
professionals were frustrated by the fact that the current law
provides a tax break for any pastured woodland, regardless of
management and environmental outcomes, and farmers spoke about
considerable variation in how local tax assessors interpret the rules.
In the November 2018 focus group, one farmer described discussing
silvopasture with the assessor:

“We pay much more real-estate taxes on woodland than on
cropland, and so last spring, I invited our assessor to come out to
the farm. And he was knowledgeable of silvopasture but hadn’t
seen any of it, and he didn’t want to go out with me. We sat down
and looked at our maps, and he wanted me to show him where
I had hardwire.... He lowered our valuation-I don’t remember
how much-quite a bit on those acres.”

“So he accepted your explanation?”

“Yup.”

“And seemed to be knowledgeable enough to adjust
for that?”

“Yup. He’s heard about it, but he just...”

“You were the first person he'd talked to specifically about it.”

“Yeah, well, we're probably the only rotational grazers in
our area.”

3.2. How did coverage of silvopasture
change between 2009 and 2019 in a popular
grazing publication?

To supplement the interviews we searched all issues of a long-
established grazing periodical to understand how perceptions of
silvopasture were evolving over time. This analysis revealed an
increase in attention to silvopasture over the past decade, as well
as a growing appreciation generally of trees as assets to pasture-
based livestock systems. Figure 3 summarizes the number of times
our search terms appeared in Graze in a grazing management context
in articles and announcements.

From 2009 until late in 2013 the term “silv[opasture]” was
never used in the publication. In November 2013 the term appeared
for the first time in an announcement of a combined silvopasture
and grazing conference. Then in 2014 Graze featured three articles
about silvopasture by farmer and writer Tracy Frisch, and the word
appeared more than 60 times. In 2015 and 2016 there were no
silvopasture articles, and the word only appeared once each year, but
in 2017 the word appeared 31 times. In 2018 the word silvopasture
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appeared 86 times, with articles about silvopasture by forester and
farmer Bret Chedzoy and agroforestry researcher Joe Orefice in five
different issues. In the first 6 months of 2019 the word appeared
eight times - four times in articles that were not explicitly about
silvopasture and the other four times in an article about living barns
by Brett Chedzoy, a silvopasture advocate from New York state.
However, although the word “silvopasture” does not appear until
2013, many articles both before and after that date refer to the use
of trees in pasture systems.

In 2009, 2013, and 2017, Graze included a feature where five
experienced graziers from different states responded to the question
“How do you manage heat stress?” In each of those years use of
shade from trees was one of the most common strategies cited in
the answers, but there is a progression over that time from barely
mentioning shade to discussing shade management in some detail.

For example, in the 2009 Graze feature on managing heat stress
only one of the farmer columnists listed use of shade as a main
strategy, and all mentions of shade were quite brief, like this quote
from a Minnesota farmer:

If the heat gets real bad, we use our few shaded paddocks,
putting the cows there for a few hours in the middle of the day.
We try to use these paddocks sparingly to avoid creating mud pits
(Mroczenski et al., 2009).

In 2013, when Graze next ran the heat stress feature, three of the
five farmers discussed shade management as a primary strategy for
dealing with heat stress in their columns, and two of those responses
devoted several paragraphs to describing how they manage the use
of their shaded paddocks. Here is the final paragraph from one of
those responses:

We re-fenced a few of the milk cow areas last year to get
more trees in some paddocks. We use those paddocks in the day
and then go to the shadeless paddocks at night. There are times
when if we see a hot spell being forecast, we'll alter the rotation
if we can to make sure the cows have the shade paddocks in the
day. If the timing for that doesn’t work and it’s too hot for the
cows, we'll bring them in the barn in the afternoon until they can
go back out. We have been thinking of planting some trees in all
the paddocks so that in the future everyone can just stay in their
paddocks (O'Neill et al., 2013).

In the 2017 Graze heat stress feature, all five farmer columnists
discussed using shaded paddocks to manage heat stress, and four of
those responses listed access to tree shade as a primary strategy. Those
four farmer-advisors each devoted several paragraphs to describing
how they manage the use of their shade paddocks, including reserving
shaded paddocks for hot weather, timing access to shade for daytime
and access to unshaded pastures at night, and need for frequent
rotation (Sheffer et al., 2017).

After using trees for shade, the most common positive mention
of trees in grazing systems was to provide shelter in winter. Often,
articles also mentioned trees and/or shrubs as causing problems (e.g.,
excess manure accumulation, shelter for predators, or damage to
fences) or as something to remove in order to create new pasture.
Figure 4 groups search term appearances from 2009 to 2013 and from
2014 to mid-2019, not including the articles about managing heat
stress or the articles about silvopasture. Even excluding the articles
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on silvopasture, trees are more often characterized as an asset to the
grazing system after 2013 than before. The reporting on silvopasture
and the role of trees in grazing systems reflects increased interest in
the practice at the same time that it transmits knowledge.

4. Discussion

The resource professionals interviewed for this study agreed that
conversion of grazed woodlands and some annual row crop fields to
silvopasture would likely improve environmental outcomes for those
sites (see also Brantly, 2014). One important barrier to adoption of
silvopasture is that the majority of livestock farms do not practice
rotational stocking, a necessary management tool for silvopasture
in the Midwest. As Figure 1 shows, in 2017 only 6,786 farms (20%
of the 34,400 farms with pasture) reported practicing rotational
grazing in Wisconsin, and only 1,120 farms reported practicing any
kind of agroforestry (including but not limited to silvopasture).
Nationally 265,162 farms (21% of the 1,236,980 farms with pasture)
reported practicing rotational grazing, and only 30,853 practiced
any kind of agroforestry. Both in Wisconsin and regionally, farms
that already practice rotational stocking constitute the likely pool
of potential silvopasture adopters in the near term. Our findings
describe how silvopasture is perceived by these potential adopters and
identify some of the contexts fostering and limiting the application of
silvopasture in this region.

In the absence of a robust history of silvopasture research in
this region, those farmers who want to implement silvopasture must
act simultaneously as managers and informal researchers, observing
conditions on the farm and results of previous management
and adjusting their actions accordingly. To support farmers in
silvopasture adoption, agricultural researchers and advisors can
facilitate farmer-to-farmer knowledge exchange and help identify
underlying agroecological principles that guide, but do not dictate,
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management (Roling and Jiggins, 1998; Poncet et al.,, 2010; Lyon
et al., 2011). In northwestern Wisconsin, where several agricultural
advisors embraced that role and explicitly invited knowledge
exchange about silvopasture, we observed good communication
among farmers about their experience and a clear increase in
support for the practice in the grazing community. In southwestern
Wisconsin, which also had an active grazing network but lacked an
embedded facilitator of silvopasture knowledge exchange, farmers
remained interested in silvopasture but cautious about its challenges
and feasibility.

Our interviews reflect the inherent complexity of practicing
silvopasture, as well as a dearth of regional research. Many researchers
have observed that complex agroecological innovations require a
shift from a technology-transfer paradigm of advisors delivering
prescriptive direction to a systems-based paradigm of advisors
facilitating farmer-led innovation and knowledge exchange (Roling,
2009; Lyon et al., 2011; Provenza et al., 2013; Blesh and Wolf, 2014;
Ingram, 2015). When farmers and resource professionals in our study
emphasized the need for local research and demonstration, they were
implicitly recognizing limits to geographic scalability and the reality
that a practice that is sustainable in one location may have different
impacts when transferred to other biophysical and socioeconomic
settings (Wigboldus et al., 2016).

Individual knowledge and social support (e.g., an active
community of practice) are important, but contextual factors (e.g.,
a local market for pulp-grade wood) also factor crucially into the
viability of the innovation (Loorbach et al., 2017). This dynamic,
wherein grassroots-level actors’ knowledge, agency, and coordination
are constrained or supported by contextual factors, is often analyzed
in sustainability literature with what is called a multilevel perspective
(Geels, 2002, 2011; Klerkx et al., 2010; Elzen et al., 2011; Ingram,
2015; Wigboldus et al., 2016). In our case, a multilevel perspective
offers a heuristic for how contextual factors (including markets,
research and extension practices, tax policy and agency support,
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cost and availability of labor, and other land uses), interact with
individual knowledge and social support to influence the viability of
silvopasture. For instance, in northwestern Wisconsin, the grazing
network and its embedded facilitators of silvopasture knowledge-
exchange, as well as the pulp market, were important factors
in how the viability of silvopasture was perceived compared to
southwestern Wisconsin.

Silvopasture, like all agroforestry practices, brings an added
temporal challenge. Farmers managing forages and livestock on a 1
to 3-year basis for short term revenue must simultaneously manage
for trees with a growth period from multiple decades to over a
century. The uncertainty of long-term outcomes in silvopasture poses
challenges for farmers and researchers (Arbuckle, 2009). We suspect
that this uncertainty helps explain why most agricultural advisors
still do not promote silvopasture, even though the taboo around
integrating livestock with trees weakened over the course of the
study. Methodologies to manage under conditions of uncertainty in
long-lived complex systems, such as adaptive resource management,
are well developed in forestry, grazing, and conservation literatures
(Gregory et al, 2006; Teague et al,, 2013). Despite its limitations
(Gregory et al., 2006; Doremus, 2011; Rissman and Wardropper,
2021), adaptive management may offer a useful framework for
resource professionals and farmers to develop working silvopasture
systems in novel environments such as the mixed hardwoods of
Wisconsin. Particpatory research approaches offer additional models
for combining place-based and long-term farmer insights with
academic research to address complex agroecosystem management
challenges (Hoffmann et al., 2007; Cerf, 2011; Snapp et al., 2019).
Grazing networks, with their history of peer-to-peer knowledge
exchange and their promotion of adaptive rather than prescriptive
management, offer an appropriate starting point for co-creation of
silvopasture knowledge in this context of complexity and limited local
research (Paine et al., 2000; Lyon et al., 2011; Nelson et al., 2014;
DeDecker et al., 2022).

Confusion around financial assistance and property tax policy
added another barrier to silvopasture adoption during our study. At
the end of our study period, the Natural Resources Conservation
Service in both Wisconsin and Minnesota began working on
clarifying state standards for financial assistance for silvopasture
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establishment and management, and this work continues as of this
writing (Hart, 2019; Braun, 2022). These policy efforts represent a
significant step forward in making silvopasture accessible for farmers,
and also reflect the change in attitudes toward silvopasture that has
occurred in the region.

5. Conclusion

Silvopasture in the US Midwest remains an uncertain proposition
for most farmers and natural resource professionals, due in part to the
history of woodland degradation by poor livestock management, and
in part to the inherent complexity of the practice. Whereas, prior to
2014 there was little research and education about silvopasture in the
Midwest, more marked interest in silvopasture emerged and persisted
in and around Wisconsin from 2014 to 2019. Of the two regions
we studied, the enthusiasm, knowledge, and practice of silvopasture
grew in northwest Wisconsin, which coincided with the development
of a community of practice that included farmers and agricultural
advisors cooperating in a favorable set of landscape and market
circumstances. In contrast, farmers remained more cautious about
the practicality of silvopasture in southwest Wisconsin where markets
were less favorable and farmer adopters and professional advocates
did not coalesce into a silvopasture community of practice.

We also observed changes in attitudes among agricultural
advisors and foresters: early in the study period most of these
resource professionals did not discuss silvopasture in public, but
later in the study period some agricultural advisors gave silvopasture
advice, and some foresters’ attitudes reflected increasing openness
to silvopasture in certain situations. Overall, the findings from this
study suggest that (1) contextual factors such as climate, landscape
attributes, markets, and existing land uses influence stakeholders’
attitudes about silvopasture, and (2) positive attitudes and knowledge
about silvopasture can be cultivated in local communities of
practice that exchange information about management strategies
appropriate to the complex, long-term, and context-dependent
nature of the practice.

The diversity of potential silvopasture composition and
design options in this region coupled with the time required
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to study trees means that standard agricultural research and
extension approaches are insufficient to support farmers practicing
silvopasture. Rather, farmers, resource professionals, and researchers
need to collaborate over the long term. This process of collaboration
can begin using general principles derived from silvopasture,
forestry, and grazing research and experience, but it must adaptively
adjust those principles based both on formal measurements
and on farmer observations. Because other continuous living
cover systems also add temporal and species complexity,
similar collaborative and adaptive approaches may be needed
across the board to transform our agricultural monocultures to

sustainable agroecosystems.
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Perennial grasslands, including prairie and pasture, have declined with tremendous
environmental and social costs. This decline reflects unequal policy support for
grasslands and managed grazing compared to row crops. To create a resource
for community partners and decision-makers, we reviewed and analyzed the
policy tools and implementation capacity that supports and constrains grasslands
and managed grazing in the U.S. Upper Midwest. Risk reduction subsidies
for corn and soybeans far outpace the support for pasture. Some states lost
their statewide grazing specialist when the federal Grazing Lands Conservation
Initiative lapsed. The United States Department of Agriculture, Natural Resources
Conservation Service support for lands with prescribed grazing practices declined
after 2005 but remained relatively steady 2010-2020. These results reveal the
policy disadvantage for grasslands and managed grazing in comparison with row
crop agriculture for milk and meat production. Grassland and grazing policies have
an important nexus with water quality, biodiversity, carbon and outdoor recreation
policy. Socially just transitions to well-managed, grazed grasslands require
equity-oriented interventions that support community needs. We synthesized
recommendations for national and state policy that farmers and other grazing
professionals assert would support perennial grasslands and grazing, including
changes in insurance, conservation programs, supply chains, land access, and fair
labor. These policies would provide critical support for grass-based agriculture
and prairies that we hope will help build soil, retain nutrients, reduce flooding and
enhance biodiversity while providing healthy food, jobs, and communities.

KEYWORDS

managed grazing, continuous living cover, perennial cover, policy and governance,
systems change, grasslands, prairies, pasture

Introduction

Perennial grasslands have declined precipitously worldwide because they are planted
to row-crops or converted to other land uses that degrade ecosystems and human
cultural and economic relationships (Kwon et al, 2016; Lark et al, 2020; Winkler
et al, 2021). Government, corporate, and non-governmental policies have contributed to
grassland degradation, yet other policies aim to protect and restore grasslands. Policies
are important aspects of grassland and agricultural governance because they provide
incentives, regulations, market structures and standards, and assistance that shape farmer
and land manager decisions about grasslands. Managed well, grasslands can enhance farmer
profitability and quality of life, rural communities, food sovereignty, water quality and
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flood reduction, wildlife, pollinator and plant habitat, and soil
carbon (Rui et al., 2022; Sanford et al., 2022; Wepking et al., 2022).
Focusing on the Upper Midwest of the United States, this policy
review describes recent trends in policies, programs, and capacities
that impact grasslands and provides recommendations for policy
change to enhance grasslands and managed grazing. We include
pasture, prairie, and savanna within the scope of this review.

Across North America, grasslands emerged as glaciers retreated
(Stromberg, 2002). Indigenous communities actively managed
grasslands with fire to increase food supply, manage grazing
game (Fuhlendorf and Engle, 2004) and increase the visibility
of enemies, promoting higher grassland productivity and more
input of carbon and nutrients to soils (Frank and McNaughton,
1993). In the 1800s, the U.S. government’s genocidal campaign
against Indigenous communities included the destruction of bison
(Hubbard, 2014), a keystone species for grassland ecosystems
and Indigenous food systems and culture (Isenberg, 2000). Euro-
American settlers replaced bison with cattle and row crops,
parcelizing land into small and often insufficient homesteads.
Overgrazing and plowing caused the degradation of grasslands
(Holleman, 2017). Agricultural intensification during the Green
Revolution drove more conversion from pastures to row crops.
Meat and dairy markets have become highly consolidated through
the increasing market share of international corporations which
continues today (Lark et al., 2020), part of a major shift in global
agricultural markets (Bell et al., 2014). These transitions track
different ideas of production, reflecting different understandings of
the value of intensive and extensive agriculture and the political
economy of maximizing agricultural yields. Grassland succession
into shrubs and forests along with urban and exurban housing
developments have also reduced grassland area (Rajib et al,
2016).

In the Upper Midwest in particular, policies have caused
grasslands to decline (Figure 1). Less than 1% of tallgrass
prairie dominated by warm-season grasses remains (Samson and
Knopf, 1994). While livestock were primarily raised on grass
early in the 20th Century, policies in the latter half of the
century incentivized farmers to transition the land to intensive
production of corn and soybeans. The proliferation of subsidized
corn and soybeans for animal feed in turn encouraged farmers
to move cattle from pastures to confined barns and feedlots,
accelerating the conversion of pasture to row crop agriculture
(Gillon et al, 2016). Controls on crop supply were removed
and farmers were encouraged to plant “fencerow-to-fencerow”
and consolidate their operations. Corn and soybean subsidies
and crop insurance expanded through U.S. Farm Bills (Imhoff
and Badaracco, 2019), although subsidies were removed after
international challenges through the World Trade Organization,
crop insurance expanded (Schnepf, 2021). In an effort to improve
domestic energy supply and provide governmental support for
corn, a federal ethanol mandate required gasoline to include a
percentage of renewable fuel including cellulosic ethanol from
corn stover, incentivizing conversions of grassland to corn (Lark,
2020).

Rowcrops without livestock draw upon soil resources without
making organic deposits sufficient to replenish reserves. However,
overapplication of livestock nutrients from manure and urine
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results in high soil nutrient levels and runoff that pollutes ground
and surface waters. In contrast, well-managed grazed perennial
grasslands can produce human food while making continuous
but not excessive nutrient deposits into soil (Jackson, 2020).
When well-managed, grazing has the capacity to regenerate soil
organic matter, provide milk and meat, improve water quality,
help stabilize climate, reduce flooding, and enhance biodiversity
(Franzluebbers et al., 2012; Bengtsson et al., 2019). The grassland
plants in these systems shunt much of the carbon they fix from
the atmosphere into belowground tissues, creating a reserve of
carbohydrates and nutrients that increases over-winter survival
and regrowth after defoliation. Grassland roots and symbiotic
fungi are continuously turning over and exuding carbon into
the soil, which contributes to soil organic matter accumulation
(Liang et al., 2016; Zhu et al, 2020), enhancing soil health.
Carbon storage in grassland soils has the potential to contribute to
climate mitigation, although the estimates from carbon accounting
and life cycle analysis vary (Garnett et al, 2017; Mayerfeld,
2023).

Grassland loss has significantly degraded biodiversity and water
quality. Grassland birds, pollinators, and monarch butterflies have
declined dramatically with the loss of habitat and use of pesticides
on row crops (Cox, 1991; Herkert et al., 1996; Ribic and Sample,
2001; Goulson et al., 2015; Boyle et al., 2019). Grazing and other
grassland management approaches can help maintain grassland
and savanna habitat, along with timber harvests, prescribed
fire, mowing, and herbicide applications (Wisconsin Department
of Natural Resources, 2016). Managed grazing can promote
biodiversity and wildlife habitat, depending on the timing and
intensity of grazing (Hardy et al., 2020). The Upper Midwest
contributes significantly to the runoff of sediment containing
nitrogen and phosphorus that expand the dead zone in the Gulf
of Mexico (Rabalais et al., 2002). Climate change impacts include
an increase in extreme storm events which have caused an increase
in flooding (Bendorf et al,, 2021), exacerbated by greater row
crop production.

Grazing and grasslands can support farmer wellbeing,
livelihoods, and vibrant rural communities with new and
diverse farmers and grassland enterprises (Bardgett et al., 2021).
Consolidation in agriculture has led many farmers and ranchers
to lose their farms and increased rural depopulation. Grazing
livestock on grassland offers a relatively profitable and low-cost
opportunity for farmers whose access to high quality forage reduces
their feed and manure management costs (Hanson et al., 1998;
Soriano et al., 2001; Foltz and Lang, 2005). Demand for grass-fed
products is increasing, creating new market opportunities. While
beef and dairy receive most of the focus for managed grazing,
smaller animals such as sheep, goats, and poultry, can offer an
easier entry-point for new farmers because they require less
up-front capital and infrastructure, reproduce more quickly, and
are easier to manage. Additionally, these animals are culturally
important for many immigrant communities and new farmers
(on goats: Lu and Miller, 2019; on chickens: Haslett-Marroquin
and Andreassen, 2017). Socially just transitions to well-managed
grazed perennial grasslands require equity-oriented interventions
that support the needs of all communities (Lowe and Fochesatto,
2023).
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Non-woodland pasture declined across the Upper Midwest between 1997 and 2017. Data source: Agricultural Census 1997 and 2017 (USDA

The loss of grasslands has taken with it many cultural practices
and social benefits that communities across the region are now
working to recover. Tribal nations are actively re-establishing bison
herds on the land and reconnecting tribal members with this
ancestral practice and food source (Zontek, 2007). For example,
the Intertribal Buffalo Council coordinates the transfer of surplus
bison from national parks to tribal lands saying “to reestablish
healthy buffalo populations on tribal lands is to reestablish hope
for the Indian people” (InterTribal Buffalo Council, 2019). These
initiatives contribute to seeing food as medicine, not just caloric
content, through reaffirming ways of life and food sovereignty.

Land governance involves a multilayered system of policies
and markets created and run by governments, private sector firms,
and non-profit civil society organizations that influence the land
management choices of individuals, families, and communities.
Policies establish the rules of the game for agroecosystem
management. Grassland policy is underdeveloped, especially
outside of arid rangelands. Grassland and managed grazing are
in need of a policy framework and policy advocacy coalition to
increase grassland abundance and biodiversity and prevent further
conversion to row crops and housing. As one indicator of this
need, a Google Scholar search from 2022 reveals the number
of records for “agricultural policy” (591,000) and “forest policy”
(161,000) in comparison with grazing policy (1,800, with most
focused on arid public land, not mesic private land), “grassland
policy” (367), “pasture policy” (101), “prairie policy” (20), and
“savanna policy” (3).

Given the need for greater attention to policies that support
and constrain grassland and managed grazing, we synthesize
programmatic information to review the policy landscape and
draw on interview quotes for context. We then synthesize
recommendations for policy change based on a literature
review and extensive conversations with partners, interviewees,
and workshop participants. The two objectives for this policy
review are:

1) Review the policy tools and implementation capacity that
supports and constrains grasslands, managed grazing, and
prairies in the U.S. Upper Midwest.
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2) Provide recommendations for enhancing policy support for
grasslands and improved grassland governance.

Policy assessment

Policy review methods

We examined the grassland policy context in six Corn Belt
and Great Lakes states of the tall grass prairie region: Illinois
(IL), Iowa (IA), Michigan (MI), Minnesota (MN), Missouri (MO),
and Wisconsin (WI), USA. Three of these states intersect with
the United States Department of Agriculture (USDA) “Northern
Crescent” region (MI, MN, WI) and four with the “Heartland”
region (IA, IL, MN, MO). Iowa, Illinois, Missouri and Minnesota
had substantial tallgrass prairie before European settlement
(Transeau, 1935), while Wisconsin and Michigan had smaller
patches of tallgrass prairie interspersed with oak savanna and
hardwood forests (Cochrane and Iltis, 2000). Indigenous burning
and grazing management likely expanded grassland area, reducing
the size and density of forest cover (Changnon et al., 2003). This
region’s land cover is dominated by agriculture, predominantly
corn and soybean row crops. In 2022, corn covered 4.3 million
hectaresin IL, 5.1 in [A, 0.9 in MI, 3.4 in MN, 1.5 in MO, and 1.6 in
WI (NASS, 2022). The central portions of MI, W1, and MN contain
a grass-forest ecotone.

We identified policies relevant to grasslands and managed
grazing and developed recommendations through a literature
review and consultation with grazing farmers, advisors, and staff
of civil society organizations, agricultural industry, and local,
state, and federal government agencies as part of a larger project
to promote grassland agriculture called Grassland 2.0. Policies
were identified and discussed through multiple venues including
Grassland 2.0 meta stakeholder meetings (regular meetings 2018-
2023), Grassland 2.0 policy team (regular meetings 2019-2023),
perennial policy leaders meeting (February 2021), three Just
Transitions to Managed Grazing workshops (January, February,
and March 2022, Lowe and Fochesatto, 2023), and a Farm Bill
workshop (April 2022). We synthesized these conversations and
prior literature to develop the policy categories in this manuscript.
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The policies are not listed in order of priority; rather we focus first
on the most common policy choices discussed by participants and
end with the deeper structural drivers of land, capital, and labor.
For programs expected to impact grasslands and managed grazing,
we summarized publicly available data on trends in enrollment.

Programmatic information is supplemented with illustrative
quotes about policies from a series of 130 semi-structured
interviews (Lowe, 2022). Of the interviewees, 54% were from WI,
15% from IL, 14% from MN, 6% from MI, 5% from IA, and 2% from
MO. An additional 4% of non-Midwesterners were interviewed
to fill in specific gaps in expertise. All of these peoples’ work
intersected with agriculture in some capacity, and most worked
specifically with animal agriculture. Interviews were conducted by
Zoom or in-person, audio recorded and transcribed, with consent
under IRB 2020-1687. Quotes from farmers and other professionals
engaged in grasslands and managed grazing were selected to
illustrate common perspectives on each policy tool. Job titles are
accurate at the time of the interview.

We synthesized recommendation from these diverse sources.
We also circulated a Wisconsin policy report and received feedback
that we integrated into this manuscript’s recommendations.
Given the format of this policy piece, we present aggregated
recommendations and not detailed coding of themes from
interviews and workshops. Recommendations are not necessarily
consensus perspectives, and ideas that faced the greatest criticism
from participants are not included here. Drafts of this policy review
and recommendations were circulated with community partners in
advance of publication.

Federal subsidies, insurance, and
renewable fuel standard

“Crop insurance...sucked the life out of grazing here in
Illinois, because it puts a floor under what you’re going to make
or props prices up.”—Clift Schuette, Beef Grazier, IL

“More and more farmers are not being profitable in farming
grains [but] whenever grain prices go up, we see land taken out of
pasture [and] planted to corn...There really isn’t...an economic
motivation on transitioning away from corn and beans when
we still have federal crop subsidies and crop insurance...There
are no other government safety nets for grazing - nothing that
compares to the subsidies given to grain farmers.”—Meghan
Filbert, Livestock Program Manager, Practical Farmers of Iowa
& Diversified Grazier

Commodity subsidies and crop insurance
Commodity subsidies and crop insurance buffer price and
yield losses for corn and soybeans, while support provided for
pasture is scant. This incentivizes planting corn and soybeans
despite market signals that might otherwise encourage farmers to
grow different crops or pasture (Houser et al., 2020; Burchfield
etal,, 2022). Together, corn and soybeans have made up nearly half
of this spending nationally (Schnepf, 2017). The amount of money
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allocated to these programs amounts to 16% of Farm Bill spending,
more than twice the amount (7%) allocated to all the other
Farm Bill conservation programs discussed in this paper (USDA
Economic Research Service, 2021). Because commodity subsidies
and crop insurance reduce feed costs, they incentivize raising
animals in confinement rather than on pasture or rangeland.
Direct subsidies have been transitioned out (Figure 2). At the state
level in 2016, the corn and soybean commodity and crop insurance
subsidies were $984M in IA, $1,244M in IL, $211M in MI, $668M
in MN, $381M in MO, and $327M in WI, compared with amount
of the USDA Natural Resources Conservation Services (NRCS)
conservation program financial and technical assistance [including:
Conservation Reserve Program (CRP), Conservation Stewardship
Program (CSP), Wildlife Habitat Incentive Program (WHIP),
Grassland Reserve Program (GRP), Regional Conservation
Partnership Program (RCPP), Conservation Technical Assistance
(CTA), and Environmental Quality Incentives Program (EQIP)] of
$0.1M in IA, $0.08M in IL, $0.04M in MI, $0.14M in MN, $0.09M
in MO, and $0.06M in WI (USDA Natural Resources Conservation
Service, 2021; CSRA Science, 2022; USDA Risk Management
Agency, 2022).

Pasture insurance could be provided through two programs,
however adoption is very low and producers tend to find the
programs unsupportive. The Pasture, Range, and Forage Program
is designed to “cover replacement feed costs when a loss of forage
for grazing or harvested for hay is experienced due to lack of
precipitation” (United States Department of Agriculture, 2021).
However, it insures only for loss of precipitation, not for heat
or wind, all droughts, or other natural causes of livestock or
feed loss, and it does not provide replacement costs for livestock
lost. It also requires farmers to anticipate the months of likely
loss of precipitation. Whole-Farm Revenue Protection (WFRP),
a crop-neutral revenue insurance policy, was created in the 2014
Farm Bill and can support diversified farmers including graziers,
but program rules, low payouts, farmer lack of familiarity, and
paperwork requirements have hindered adoption. WFRP requires
5 years of farm tax records so can be limited for beginning farmers
unless they took over an existing operation.

The lack of support for pasture relative to corn and soybeans
makes it difficult for many farmers to justify growing anything
other than row crops. Annual average insurance payments for corn
and soybeans from 2005 to 2021 in the Midwest states were $382M
in IA, $364M in IL, $72M in MI, $316M in MN, $226M in MO,
and $122M in WI, compared with the amount for pasture of $0.5M
in TA, $0.4M in IL, $0.6M in MI, $2M in MN, $3M in MO, and,
$5M in WI (USDA Risk Management Agency, 2022). Furthermore,
commodity subsidies were: $580M in IA, $484M in IL, $83M in
MI, $204M in MN, $111M in MO, and $133M in WI compared
with the amount for pasture of $0 for all 6 states from 2005 to 2018
(Environmental Working Group, 2020a,b).

Federal spending on crop insurance and commodity programs
is variable but increasing. Because they cover both price and
yield loss, the cost of these programs increases as production
increases and prices drop: between 1991 and 2017, taxpayer
subsidies for crop insurance have increased from $300 million
to $6.1 billion (National Sustainable Agriculture Coalition, 2017).
Commodity subsidies and crop insurance are expected to increase
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(A) Annual average commodity and insurance subsidies per year in lowa, Illinois, Michigan, Minnesota, Missouri, and Wisconsin ($). Annual average is
between 2005 and 2021 for insurance (17 years) or 2005-2018 for subsidies (14 years). (B) Subsidies by USDA commodity and insurance programs in
lowa, Illinois, Michigan, Minnesota, Missouri, and Wisconsin ($). Data source:
(Environmental Working Group, 2020a,b), including Direct Payments (DP) and Production Flexibility Contract (PFC) (1996-2013), Average Crop
Revenue Election (ACRE) (2009-2013), Agricultural Risk Coverage (ARC) (authorized by 2014 Farm Bill, payments began in 2015), Price Loss
Coverage (PLC) (authorized by 2014 Farm Bill, payments began in 2015), Price Support [Loan Deficiency Payments (LDP), Marketing Loan Gain (MLG),
Commodity Certificates, and Counter-Cyclical Payments (CCPs)] (introduced in the 1996 Farm Bill). Insurance subsidy data is from the USDA Risk
Management Agency (2022). Pasture insurance subsidies include forage production, forage seeding, and pasture, rangeland, forage.

2015 2020

Commodity subsidy data is from Environmental Working Group

greater than initially projected in coming years due to COVID-
19, climate change impacts, crop price fluctuations, and trade wars
(Taxpayers for Common Sense, 2022). A recent report estimates
that eliminating crop insurance premium subsidies to farms with
an adjusted gross income of >$250,000 would save taxpayers $20.2
billion over 10 years (National Sustainable Agriculture Coalition,
2022). Iowa farmers recognized as environmental leaders primarily
supported incremental rather than transformative Farm Bill policy
changes, though the majority supported conservation compliance
on all lands receiving crop insurance, not just Highly Erodible
Lands (Medina et al., 2020).
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