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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 e�ects 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−1 and 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). In the second year, grain yield decreased 84%on average.Overall,

the profitability of the IWG legume intercropping was high, encouraging the

adoption of dual-purpose perennial crops.

KEYWORDS

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

[i.e., up to ∼1,660 kg ha−1 in experimental fields (Franco et al.,

2021) and averaging 460 kg ha−1 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 R©

to restaurants, bakeries, and other food-related businesses in

the United States for use in value-added products (Lubofsky,

2016; 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., 2021b), increasing soil organic matter

(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; Mårtensson 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; Mårtensson 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 R© 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 863mm (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 11.2 kg ha−1 in a field previously harvested for

soybean grain. At the beginning of the experiment, thirty-two

composite soil samples taken at 0–15 cm 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 3m

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 646mm, respectively, in the spring planting

and, 534 GDD and 114mm in the fall planting. Precipitation

during the growing season until harvest (April to July) was

512mm in 2018 and 560mm in 2019, higher than normal

(University of Wisconsin, Division of Extension, 2022). Data

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 inMarch 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 (38 cm) spacing. The seeding rate (11.2 kg ha−1) 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 90 kg ha−1], 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 m2 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.

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

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 × 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 × % acid

detergent fiber); Dry Matter Intake (% of body weight) = 120

/ (% neutral detergent fiber); Relative Feed Value = (Digestible

Dry Matter× 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−1 (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−1, $0.18 kg−1, $0.13 kg−1, and

$ 0.12 kg−1, 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 inWisconsin 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, 2022c), Kura clover seed

price was 26.50 kg−1 (Welter Seed Honey Co., 2022). Licensing

and fees were $12.4 ha−1 and 3% of the income. Fixed costs

included IWG seed ($123 ha−1), crop establishment (seeding

including labor, $137 ha−1), Kernza grain harvest ($64 ha−1),

and forage harvest ($54 ha−1) (Tessa Peters, 2022, pers comm).

The land cost rent was $329 ha−1 (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

of a 3-years-old Alfalfa pasture as $319 ha−1 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, ADF, 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−1 year−1) 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 R©

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 onDemand, SAS Institute, Cary,

North Carolina, USA). Means were compared using the Tukey-

Kramer honest significant difference test at α = 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−1, 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−1,

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 cmwhere

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 planting season and the legume species

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

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−1) or Kura clover

(652 kg ha−1) 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

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−1

at wide vs. 256 kg ha−1 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 IWG forage yield (422 kg ha−1) than the

monoculture and the rest of intercrops (1,300 kg ha−1 on

average, Figure 4A). In the first grain production year (2018),

the IWG-legume intercrops had similar IWG summer forage

yield to the IWG monoculture planted in the fall (3,730 kg ha−1

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−1, respectively) than

the IWG monoculture or the rest of the intercrops (4,610 kg

ha−1 on average). Only red clover and alfalfa had differences on

IWG 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−1 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−1, 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, NDF, 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 IWG 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 di�erences 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, ADF, 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

IWGmonoculture. 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

changes on the hay quality designation. On the other hand, the

IWG 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−1 year−1 (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−1 whereas incomes

varied between $682 and $976 ha−1 among cropping systems.
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FIGURE 3

Grain yields (kg ha−1) 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 di�erences 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−1 year−1 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−1 year−1 in the IWG intercropped with

Kura clover planted in the spring and $961 ha−1 year−1 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−1 year−1, Table 3). The sensitivity analysis indicated that a

change in the price of Kernza grain has a little impact in which

cropping systems aremost 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

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 ± 73 kg ha−1 in the first

grain production year and decreased to 147 ± 10 kg ha−1

(p < 0.01) in the second year. The IWG summer forage

(straw) yields were 4,370 ± 308 kg ha−1 in the first grain

production year, and 3,490 ± 235 kg ha−1 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−1 on average and 91 kg ha−1,
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FIGURE 4

IWG and legume forage (kg ha−1) 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

di�erences 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−1 on average, and

2,750 kg ha−1, respectively, Supplementary Table 3). In contrast

to the first year, the management practices affected the IWG

forage yield (Supplementary Table 3): the IWG fertilized with

urea at 45 kg ha−1 had higher IWG forage than IWGunfertilized

hand weeded (4,280 kg ha−1 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) bcdef 31.2 (3.6) abcde 131 (24) abcde

Kura clover - 47.2 (3.3) bcde 32.9 (2.1) bc 127 (14) bcde

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) bc 27.5 (0.5) bcd 125 (4) d

Alfalfa 23.6 (1.0) a 33.5 (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) bcde 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 24.4 (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 (1,310 kg ha−1, mean of both, Figure 6). In the second

year, summer weed biomass was lower at narrow row spacing

(1,010 kg ha−1) than at wide row spacing (1,760 kg ha−1) in both

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 1,400 kg ha−1 in the first year to

851 kg ha−1 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−1, 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−1 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

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−1 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 di�erences 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

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−1year−1) of five di�erent cropping systems planted in spring or fall 2017, at both narrow and wide row spacing: IWGmonoculture 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−1 year−1)

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−1 year−1)

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) ab 401 (147) ab 961 (175) a 260 (53) b 520 (162) ab

75% of Kernza price 630 (131) ab 472 (123) ab 623 (128) ab 456 (123) ab 783 (184) a 507 (166) ab 381 (135) ab 811 (156) a 224 (43) b 387 (135) ab

50% of Kernza price 418 (97) abc 300 (89) abc 421 (97) abc 286 (96) abc 667 (152) ab 351 (125) abc 361 (123) abc 660 (137) a 188 (37) c 254 (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−1) 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

di�erences at alpha = 0.05.

Kernza grain yields were highly variable in the first year with

differences found only when IWG 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 IWGplanted 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

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

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);

(F) IWG-red clover intercropping, spring 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

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−1, Wisconsin Agricultural
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Statistics., 2022), soybean ($421 ha−1, Economic Research

Service., 2022a) or corn ($637 ha−1, 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 R© 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 R© grainmarkets 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 current ecosystem services value to growers,

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

(Culman et al., 2013; Jungers et al., 2019) and improving

soil health (Culman et al., 2010; de Oliveira et al., 2020)

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. Thismeans that the effect of stand age andweather

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

et al. (2020b) (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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