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ARTICLE INFO ABSTRACT

Keywords: Context: Intermediate wheatgrass (Thinopyrum intermedium; IWG) is a perennial, cool-season grass undergoing
Perennial grains domestication as a grain and forage crop. Intercropping perennial legumes with ING could reduce synthetic N
Alfalfa fertilizer inputs, improve forage quality, and provide pollinator resources. However, legumes may also compete
Iéf;:z: with IWG for resources, the extent to which may depend on traits associated with legume species identity and

IWG planting density.

Objective: Our objectives were to determine the effects of IWG planting density and legume species identity on
IWG grain and vegetative biomass yield in an intercropping system.

Methods: A field trial with IWG planted at two densities, each as monocultures and bicultures with four inter-
cropped legume species, was conducted two sites in Minnesota, USA for two years. Grain and vegetative biomass
were measured from the IWG, and vegetative biomass was measured from the legumes. The legume species
tested were alfalfa (Medicago sativa), Canada milkvetch (Astralagus canadensis), Illinois bundleflower (Desmanthus
illinoensis), and white clover (Trifolium repens).

Results: High planting density increased IWG grain and biomass at most site-year combinations. Legume biomass
in the intercrop was highly variable among species, sites, and years, yet rarely did it reduce IWG grain and
biomass yields below that of the unfertilized IWG monoculture. There was no consistent negative effect of
intercropping legumes on total biomass productivity, and when we used the relative yield metric to quantify the
land-use efficiency of growing IWG in an intercrop with legumes, we found that for most site-years there was a
neutral or positive effect of intercropping legumes. Alfalfa was the most productive legume, with a maximum
yield of 5993 kg ha™! at one site-year, and across all treatments higher legume biomass was associated with
lower grain yields.

Significance: This study demonstrates that legumes can be intercropped with IWG to generate both grain and
forage while possibly limiting synthetic nitrogen inputs. Although vigorously growing legumes may impose
competitive effects causing a decline in IWG grain production, competition may not reduce IWG vegetative
biomass or overall biomass productivity.

Land equivalent ratio

1. Introduction

In natural ecosystems, increases in species richness and functional
diversity generally increase productivity and resource-use efficiency
(RUE) (Tilman et al., 2012). In contrast, conventional agroecosystems
are dominated by monocultures of annual crops whose shallow roots
and high fertilizer inputs contribute to low RUE and lead to environ-
mental issues (Isbell et al., 2017). As a primary resource for crop pro-
duction, synthetic fertilizer accounts for approximately two thirds
(~120 Tg N yr 1) of annual anthropogenic nitrogen inputs to terrestrial
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ecosystems, the majority of which is lost as nitrate (NO3) pollution into
waterways or as the potent greenhouse gas nitrous oxide (N2O) (Fowler
et al., 2013). The ‘leakiness’ of nutrients in conventional cropping sys-
tems has substantial negative human health and climate impacts.
Increasing plant diversity in agriculture by intercropping biologically N
fixing (BNF) legumes alongside other crops, a practice referred to as
intercropping, can reduce the use of synthetic fertilizers (Li et al., 2023),
as well as provide pollinator resources (Boetzl et al., 2023), reduce
disease impacts (Zhang et al., 2019), and increase weed suppression
(Hauggaard-Nielsen et al., 2001).
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Perennial grain-legume cropping systems may be well-suited for
intercropping because their multi-year lifespan allows for opportunities
to synchronize nitrogen supply and demand between the legume and
non-legume crop (Crews and Peoples, 2005; Duchene et al., 2017).
Perennial grains are currently under development in several research
and breeding programs around the world because they can reduce
erosion and nutrient runoff relative to annual crops. Continuous cover
by perennials physically protects soil from wind and water erosion while
extensive root systems increase nutrient and water uptake thus limiting
leaching and volatilization of unused N (Cox et al., 2002; Glover and
Reganold, 2010). Intermediate wheatgrass (IWG) [Thinopyrum interme-
dium (Host.) Barkw. & D.R. Dewey], a cool-season, sod-forming grass, is
one such perennial grain crop, and the first to be approved for sale as a
food-grade grain crop in the United States (Bajgain et al., 2020).
Although N fertility requirements have been investigated for IWG grain
production (Jungers et al., 2017; Dobbratz et al., 2023), few studies have
determined the impact of legume intercropping for sustainable N pro-
visioning. There remain major gaps in our understanding of the mech-
anisms by which N is transferred between the legume and perennial
grain crop, or agronomic management strategies that facilitate the up-
take of biologically-fixed N by the perennial grain crop.

Much of what is known about the nutrient cycling and plant pro-
ductivity of legume-grass intercrops has been learned from studying
forage systems, and to a lesser extent grain systems (Ofori and Stern,
1987; Thilakarathna et al., 2016). Belowground N transfer from legumes
to non-legumes happens primarily through three pathways: the
decomposition of roots and nodules (Fustec et al., 2010), the exudation
of soluble N-containing compounds from legume roots (Paynel and
Cliquet, 2003), and mycorrhizal-mediated transfer of N between plants
(He et al. 2009). A meta-analysis of 29 field-scales studies of
legume-cereal grain intercrops in temperate agroecosystems found that
intercropping increased Ny fixation by legumes by on average 14 % and
as a consequence, N acquisition in cereals by 25 % (Rodriguez et al.,
2020). When protein output is a primary goal, legume-cereal inter-
cropping tends to increase yield relative to monocultures (Li et al.,
2023).

Intercropping perennial legumes with perennial cereal grain crops
can provide many of the benefits observed in annual legume-cereal in-
tercrops, such as reduced N limitation and dependence on synthetic
fertilizers (Ryan et al., 2018). Specifically, perennial legume-cereal in-
tercrops maintain deep roots over years which can enhance soil N uptake
and soil organic N accumulation (Crews et al., 2022). Additionally,
perennial forage legumes like alfalfa have been found to fix more N, or
fix more consistently, than annual legumes (Schipanski and Drinkwater,
2012), and the perennial nature of the system may allow for greater
synchrony between the N fixation of the legume and the uptake of the
accompanying grass crop (Bybee-Finley and Ryan, 2018). The addition
of a legume intercrop can also improve overall forage nutritive value,
increasing the likelihood that the cropping system can be managed to
produce both grain and forage (Law et al., 2022).

In perennial legume-cereal intercrops, the quantity of N transfer
from the legume to non-legume depends on numerous factors which are
not well-understood. These factors may vary by legume species identity
and include traits such as productivity (Reilly et al., 2022), phenology,
tissue chemistry, adaptability, and stand persistence (Crews et al.,
2022). To develop economically viable perennial grain-legume in-
tercrops, more research is needed on the performance of different
legume species and planting and management strategies including plant
density. Therefore, the objective of this study was to evaluate the effects
of intercropping four legume species, each paired with intermediate
wheatgrass (IWG) and grown in two plant density treatments, on
biomass, grain yield, and overall aboveground productivity (IWG and
legume biomass). Two species that are commonly grown as forages in
the region were selected: alfalfa (Medicago sativa) and white clover
(Trifolium repens). Additionally, two species that are native to the upper
midwestern United States were selected - Canada milkvetch (Astralagus
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canadensis) and Illinois bundleflower (Desmanthus illinoensis) - as native
plant species may particularly be important for supporting native
pollinator communities. Trials were conducted at two sites over two
years using an additive intercrop design, where legumes were seeded
into a plot of IWG that had been planted the previous fall. We tested the
following hypotheses: 1) the introduction of a legume intercrop in-
creases IWG growth and reproduction, and decreases grain C:N ratio,
relative to an unfertilized monoculture control; 2) increased IWG den-
sity increases competition within and between the IWG and legume
species and causes a reduction in grain yield and overall biomass; 3)
greater competitive interactions between IWG and legume species in-
duces stem elongation as part of a shade avoidance strategy and thus
increases IWG plant height.

2. Methods
2.1. Site description

The experiment was conducted under non-irrigated conditions at
two sites: in Swift, MN (48.874925° N, 95.157180°W), and Roseau, MN
(48.877867° N, 95.848230° W). Soils in Roseau are a Zippel very fine
sandy loam (coarse-silty, mixed, superactive, calcareous, frigid Typic
Endoaquolls) with an average organic matter of 2.8 % and a nitrate N,
Olsen P, and soil test K of 67, 4, 95 ppm in the top 15 cm. The soils in
Swift are a Percy loam (coarse-loamy, mixed, superactive, frigid Typic
Calciaquolls) with an average organic matter of 3.8 % and a nitrate N,
Olsen P, and soil test K of 24, 15, and 92 ppm in the top 15 cm. 30-year
monthly average low temperature is —15.7C in January and average
monthly high temperature is 19.0C in July. 30-year average cumulative
precipitation is 649 mm (Table 1).

2.2. Experimental design and establishment

The experiment was a randomized complete split-plot design, with
four replicates at each site. Legume intercrop treatment was the whole-
plot factor with five levels: no intercrop (monoculture), alfalfa (Medi-
cago sativa; ALF), Canada milkvetch (Astralagus canadensis; CMV), Illi-
nois bundleflower (Desmanthus illinoensis; IBF), and white clover
(Trifolium repens; WC). Plant density of the intermediate wheatgrass at
establishment was applied as either 15 cm row spacing (hereafter
referred to as ‘high density’) or 61 cm row spacing (hereafter referred to
as ‘low density’) as the split-plot factor (Fig. 1). This experimental design
was chosen to test the effects both of spacing and intercrop type and
their interaction on productivity. Row spacing was selected as the split-
plot factor because it was easier to apply in a small area and less likely to
be affected by inherent field variability than application of legume type.
Each experimental unit (split-plot) was 1.5 m x 6.1 m and separated by a
1.5 m alley between plot rows and no space between plot columns. The
seedbed was prepared in mid-August using a disc followed by a field
cultivator and then a cultipacker. Intermediate wheatgrass was seeded
at 9 kg pure live seed (PLS) ha™! for both plant density treatments on 28
August 2014 using a cone seeder to sow seeds at an approximate depth
of 20 mm with 15 cm spacing between rows. Rows were thinned to
achieve the approximate 61 cm spacing in the wide-row treatments on
18 September 2014. Intermediate wheatgrass seed was from the fourth
breeding cycle for increased grain yield from the Land Institute in Salina,
KS (for full description of breeding program see DeHaan et al. (2018)).
Legume seed was pre-weighed for each plot to achieve a target seeding
rate of alfalfa (16.8 kg PLS ha’l, white clover (6.7 kg PLS ha’l), Mlinois
bundleflower (11.2 kg PLS ha’l), and Canada milkvetch (13.5 kg PLS
ha™1). Alfalfa and white clover were seeded on 15 September 2014 and
Illinois bundleflower and Canada milkvetch were frost-seeded by hand
into the plots on 1 April 2015. Seed of the native legume species was
expected to have more dormancy, thus a frost seeding approach was
used to impose cold stratification to improve germination. An additive
design was used for two reasons. First, IWG is the primary crop of
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Table 1
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Monthly and 30-year averages for both temperature and cumulative precipitation in Roseau, MN, USA during the duration of the experiment. Data from the North

Dakota Agricultural Weather Network (NDAWN).

Month
1 2 3 4 5 6 7 8 9 10 11 12
Average Temperature (C)
2014 NA NA NA NA NA NA NA 18.8 13.8 7.3 -7.5 -8.0
2015 -13.6 -18.0 -1.9 6.0 11.2 17.3 20.3 18.4 16.2 8.1 0.4 —6.3
2016 —-13.6 -10.0 -0.3 3.8 13.8 17.7 20.1 19.5 15.0 7.8 4.2 —-12.1
30-year Average -15.7 -13.1 -5.2 3.4 11.2 16.8 19.0 18.0 13.1 5.3 -3.6 -11.6
Cumulative Precipitation (mm)
2014 NA NA NA NA NA NA NA 25 54 17 0 0
2015 0 0 0 6 81 63 129 30 39 32 0 0
2016 0 0 0 26 49 127 98 85 108 15 0 0
30-year Average 19 15 23 36 80 107 95 91 73 59 29 23

Wide (61cm)
Low IWG Density

Narrow (15 cm)
High IWG Density

douoiayu|

24N)|N20UOI\

Fig. 1. The intercrop treatment was established with an additive design, where legumes were seeded on top of IWG rows, and the total plant density is thus higher in
the intercrop than the monoculture. 15 cm IWG rows were thinned to achieve a low IWG density (shown on left) of 61 cm. Because seeding rate per ING row was
constant, overall ING plant density is higher in the 15 cm row spacing. The green circles in the diagram represent the intercropped legumes and the yellow lines

represent rows of IWG. Items in this figure are not to scale.

interest and legumes alone have low economic value in the study region;
thus, an additive design was appropriate for focusing on the effects of
intercropping on IWG grain production. Monocultures of the legume
species were omitted because of space constraints and the lack of eco-
nomic viability for these as a stand-alone crop. Second, broadcast
seeding legumes over the top of an established IWG stand is more
agronomically feasible and a realistic approach to intercropping
compared to sowing both species together in alternating rows, which
can require specialized seeding equipment. The combination of drilling
seeds of the grain species and broadcasting seeds of the legume species is
best tested with an additive design.

2.3. Aboveground biomass, grain yield, and plant height
IWG grain and biomass yields were measured annually on 17 August

2015 and 15 August 2016 when the plants reached physiological
maturity. At the same dates as harvest in 2016, 5 randomly selected

stems with spikes were measured from the soil surface to the top of the
spike in each plot. At harvest, a 91 x 46 cm quadrat was placed at three
locations within each plot and all grain and biomass was harvested
within the quadrat. All spikes were clipped off and weighed. The
remaining IWG biomass was cut within the quadrat leaving a stubble of
7.5 cm, bagged, and weighed wet in-field. Legume biomass was cut
within each quadrat leaving a 7.5 cm stubble and weighed wet in-field.
All seed head samples were dried at 45C for a minimum of three days
before processing. The grain was threshed from the dry IWG seed heads,
cleaned of chaff and weighed. A subset of biomass samples was dried at
60C for a minimum of three days before being weighed to determine
moisture content. The average moisture content was determined and
subtracted from the biomass wet weights to determine yield on a dry
matter basis. Grain carbon (C) and N were determined via combustion
analysis at a commercial lab. All remaining biomass left in the plots after
hand-sampling for yield was cut to a height of 7.6 cm and raked out of
the research plots. No other defoliation events occurred.
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2.4. Relative yield/partial land equivalency ratio

In all analyses, the partial land equivalent ratio (PLER), also known
as ‘relative yield’ (RY), was calculated and used as response variable.
PLER is the relative yield of an intercropped species compared to its
yield when grown in monoculture (Ofori and Stern, 1987). PLER/rela-
tive yield (RY) is defined as:

RY = i

where P and M represent yield of the species in intercrop and sole crop
respectively. While the land equivalent ratio (LER) is commonly used
metric to assess the efficiency of land use of an intercrop, PLER can be
interpreted as a measure for the contribution of each species to the ef-
ficiency of land use by the cropping system as a whole. Since the
experimental design of this study did not include growing the legume in
monoculture, we only calculate PLER for IWG biomass and IWG grain
yield.

2.5. Statistical analysis

Analysis of variance was conducted using mixed effects models to
explain variation in IWG grain yield, IWG vegetative biomass yield,
legume biomass yield, harvest index (grain mass/total aboveground dry
mass), IWG stem height, and relative yield. Predictor variables were
year, site, plant density, and legume intercrop treatment. For all ana-
lyses, replicate was included as a random effect along with legume
treatment nested within replicate to account for the split-plot design.
Three-way and two-way interactions were significant for most response
variables. Grain yield was affected by a three-way interaction of inter-
crop treatment, plant density, and year, as well as plant density, year,
and site. Legume yield was affected by a three-way interaction between
legume, year, and site (Supplementary Table 1). Therefore, all further
analyses were conducted separately for each site and year. Assumptions
of the homogeneity of variance were assessed separately for each site-
year with Levene’s test and visual inspection of residuals plots. These
assumptions were violated for legume biomass in all site-years. There-
fore, we performed a square root transformation on legume biomass and
performed further analyses using the transformed variable, and results
were back transformed for presentation. A square root transformation
was chosen because visual inspection of the residuals indicated that the
variance was proportional to the mean. Other distributions were tested
but the square root resulted in a distribution of the residuals that best
met the model assumptions. Mixed model analyses and post-hoc pair-
wise comparison tests were carried out using the statistical software
program R (Version 4.1.2) including nlme and emmeans packages. One-
sample t-tests were conducted on relative yields (RY) to test if the esti-
mates were significantly different than 1.

Analysis of variance to explain variation in relative grain yield
decline (calculated as the difference in grain yields between the first and
second year divided by grain yields in the first year) was also conducted
with mixed effect models with plant density and intercrop treatment as
fixed effects. The effects of legume intercrop treatment on IWG grain C:N
ratio at all sites and years were also tested using a linear mixed effect
model with replicate as a random effect, to test whether the legume
intercrop influenced the N status of the IWG plant. Analysis of variance
was conducted using mixed effect models to explain variation in IWG
grain yield and IWG biomass in 2015 with legume biomass and legume
species as fixed effects, and replicate as a random effect, and analyses
were separated by site. Analysis of variance was conducted using mixed
effect models to explain variation in IWG grain yield and IWG biomass in
2016 with legume biomass in 2015 and legume biomass in 2016 as fixed
effects, and analyses were separated by site.
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3. Results
3.1. Intermediate wheatgrass grain yield

There was substantial variability in grain yield between years and
there was a strong effect of both year and site on grain yield
(Supplementary Table 1). Both years had comparable monthly average
temperatures to the 30-year averages, but 2015 was a particularly dry
year, with cumulative precipitation substantially lower than in 2016 and
the 30-year average in June, August, September, and October (Table 1).

Yields decreased between year 1 and year 2, on average, by 87 % in
Roseau and 77 % in Swift (Tables 2-5). There was no effect of intercrop
treatment in Roseau in 2015 (Table 2), but there was in Roseau in 2016,
where the IWG grain yield in the alfalfa biculture had 67 % lower yield
than in the monoculture (Table 3). In Swift 2015, the IWG in the alfalfa
intercrop had a 64 % lower grain yield than the monoculture and was
significantly lower than all other treatments (Table 4), but there was no
effect in Swift 2016 (Table 5). IWG plant density also did not have a
significant effect on grain yield at most site years, except at Roseau in
2015, where the high plant density had a significantly higher grain yield
(Table 2). There were no interactions between intercrop treatment and
plant density in any site-year. At both Roseau (F(4,26) = 2.86, p = 0.04)
and Swift (F4,26) = 2.86, p = 0.03), the presence of a legume intercrop
had little effect on relative grain yield decline (calculated as the differ-
ence in grain yields between the first and second year divided by grain
yields in the first year) when compared to the monoculture control.
When compared pairwise to the monoculture control, there were no
significant differences (Sidak post-hoc tests, p < 0.05) in either Roseau
or Swift.

3.2. Intermediate wheatgrass biomass

The effect of intercrop treatment on IWG biomass varied between the
two sites. There was no effect of intercrop treatment at Roseau in both
years. There was a strong effect of intercrop treatment on IWG biomass
at the Swift site in both years, although the magnitude and direction of
this effect varied between years. In 2015, IWG biomass in the alfalfa
treatment was 48 % lower than the IWG biomass in the monoculture,
and there was no significant difference between the monoculture and all
other intercrop treatments. In contrast, in 2016, the IWG biomass in the
alfalfa treatment was 77 % higher than in the monoculture, and the
other three intercrop treatments had significantly higher IWG biomass
than the monoculture, as well (Tables 3, 4).

At both Roseau and Swift, there was no effect of plant density in 2015
but there was a strong effect of plant density on IWG biomass in the
second year of both sites, with 3.6 times higher IWG biomass in the high
plant density compared to the wide spacing at Swift and 3.1 times higher
IWG biomass in the high plant density at Roseau. There was no inter-
action between plant density and intercrop treatment in the Roseau site,
but in the Swift site, there was an interaction between intercrop treat-
ment and plant density in 2016, where the increase in IWG biomass in
the intercrops compared to the monoculture was greater in the high
plant density than the low plant density (Fig. 2). In the high plant
density, IWG biomass was greater when intercropped with alfalfa
compared to Canada milkvetch.

3.3. Legume biomass

Across both sites and years, there was significant variation in legume
biomass among legume species in the intercrop (Tables 1-4). The alfalfa
intercrop was the most productive, with on average nine-times greater
biomass than the other legume species in 2015 and two-times greater
biomass than the other legume species in 2016 (Fig. 3). There was no
effect of plant density on legume biomass across intercrop treatments.
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Table 2

ANOVA analyses for Roseau in 2015 with predictor variables of legume intercrop and plant density treatments. One-sample t-tests were conducted on relative yields
(RY) to test if the estimates were significantly different than 1. RY < 1 indicates intercrop competition while RY < 1 indicates facilitation. Pairwise Tukey means
comparisons tests were conducted for all other variables, and treatments that share a letter are not significantly different from one another. * indicates p < .05, **
indicates p < .005, ns is non-significant p > 0.05.

Grain Yield (kg ha™1) IWG Veg. (kg ha™1) Legume Veg. (kg ha™!) Harvest Index NPP (kg ha™!) RY Grain RY Biomass
ANOVA
Legume (L) ns ns * ns ns ns ns
IWG density (D) e ns ns e ns ns ns
LxD ns ns ns ns ns ns ns
Legume®
NONE 754 a 14360 a NA 0.049 a 15115 a NA NA
ALF 619 a 12358 a 2327 a 0.045 a 15305 a 0.901 ns 0.900 ns
CMV 915a 16284 a 355 ab 0.054 a 17554 a 1.396 ns 1.252 ns
IBF 872 a 16785 a 262 b 0.050 a 17919 a 1.287 ns 1.266 ns
WC 832 a 13953 a 86 b 0.056 a 14872 a 1.166 ns 1.067 ns
IWG Density
High 968 14985 495 0.060 16449 1.132 ns 1.148 ns
Low 614 14418 736 0.040 15768 1.155 ns 1.035 ns

? None = IWG monocultures, no legume intercrops; ALF = alfalfa (Medicago sativa); CMV = Canada milkvetch (Astragalus canadensis); IBF = Illinois bundleflower
(Desmanthus illinoensis); WC = white clover (Trifolium repens)

Table 3

ANOVA analyses for Roseau in 2016 with predictor variables of legume intercrop and plant density treatments. One-sample t-tests were conducted on relative yields
(RY) to test if the estimates were significantly different than 1. RY < 1 indicates intercrop competition while RY < 1 indicates facilitation. Pairwise Tukey means
comparisons tests were conducted for all other variables, and treatments that share a letter are not significantly different from one another. * indicates p < .05, **
indicates p < .005, ns is non-significant p > 0.05.

Grain Yield (kg ha™ 1) IWG Veg. (kg ha 1) Legume Veg. (kg ha 1) Harvest Index NPP IWG Height (cm) RY Grain RY Biomass
(kg ha™ 1)

ANOVA
Legume (L) * ns * * ns * * ns
IWG density (D) ns wx ns i o * ns ns
LxD ns ns ns ns ns ns ns ns
Legume”
NONE 130 a 5271 a NA 0.031 ab 5401 a 90.3 ab NA NA
ALF 43b 4093 a 3147 a 0.016 b 7283 a 97.7 b 0.371 ** 0.780 **
CMV 64 ab 4414 a 2345 a 0.023 ab 6823 a 829a 0.636 ** 0.826 **
IBF 117 ab 4295 a 1128 a 0.034 a 5540 a 84.2a 1.165 ns 0.836 ns
wC 109 ab 4579 a 1339a 0.032 ab 6026 a 91.7 ab 1.232 ns 0.956 ns
IWG Density
High 87 6919 1513 0.012 8520 82.3 0.879 ns 0.922 *
Low 98 2142 1670 0.042 3909 96.4 0.879 ns 0.839 ns

@ None = IWG monocultures, no legume intercrops; ALF = alfalfa (Medicago sativa); CMV = Canada milkvetch (Astragalus canadensis); IBF = Illinois bundleflower
(Desmanthus illinoensis); WC = white clover (Trifolium repens)

Table 4

ANOVA analyses for Swift in 2015 with predictor variables of legume intercrop and plant density treatments. One-sample t-tests were conducted on relative yields (RY)
to test if the estimates were significantly different than 1. RY < 1 indicates intercrop competition while RY < 1 indicates facilitation. Pairwise Tukey means com-
parisons tests were conducted for all other variables, and treatments that share a letter are not significantly different from one another. * indicates p < .05, ** indicates
p < .005, ns is non-significant p > 0.05.

Grain Yield (kg ha™1) IWG Veg. (kg ha™1) Legume Veg. (kg ha 1) Harvest Index NPP (kg ha™!) RY Grain RY Biomass
ANOVA
Legume (L) wx * ns *
IWG density (D) ns ns ns ns ns ns *
LxD ns ns ns ns ns ns ns
Legume
NONE 638 a 10843 a NA 0.058 ab 11676 a NA NA
ALF 232b 5734 b 5993 b 0.039 b 11959 a 0.389 ** 0.567 **
CMV 678 a 11030 a 696 a 0.058 ab 12405 a 1.229 ns 1.207 ns
IBF 685 a 9966 a 584 a 0.065 a 11235 a 1.177 ns 1.050 ns
wC 668 a 9524 ab 467 a 0.069 a 10659 a 1.100 ns 0.961 ns
IWG Density
High 624 10080 1615 0.058 12356 * 0.908 ns 0.870 ns
Low 536 8759 1481 0.057 10817 * 1.049 ns 1.044 ns

# None = IWG monocultures, no legume intercrops; ALF = alfalfa (Medicago sativa); CMV = Canada milkvetch (Astragalus canadensis); IBF = Illinois bundleflower
(Desmanthus illinoensis); WC = white clover (Trifolium repens)
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Table 5
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ANOVA analyses for Swift in 2016 with predictor variables of legume intercrop and plant density treatments. One-sample t-tests were conducted on relative yields (RY)
to test if the estimates were significantly different than 1. RY < 1 indicates intercrop competition while RY < 1 indicates facilitation. Pairwise Tukey means com-
parisons tests were conducted for all other variables, and treatments that share a letter are not significantly different from one another. * indicates p < .05, ** indicates

p < .005, ns is non-significant p > 0.05.

Grain Yield (kg IWG Veg. (kg Legume Veg. (kg Harvest Index NPP (kg IWG Height (cm) RY Grain RY Biomass
ha 1) ha™ 1) ha 1) ha™ 1)
ANOVA
Legume (L) ns wx * * ok wx ns *
IWG density (D) ns ok ns o o ns
LxD ns o ns ns 0.065 ns ns ns
Legume®
NONE 31 2675 a NA 0.017 ab 2706 a 79 a NA NA
ALF 111 4709 b 3196 a 0.029 a 8015 ¢ 91b 5.327 ns 1.726 **
CMV 75 3763 b 1831 ab 0.018 ab 5669 b 83 ab 3.890 ns 1.433 **
IBF 23 3821 b 1305 b 0.008 b 5148 b 76 a 1.239 ns 1.355 **
wC 46 3860 b 1285b 0.015 ab 5190 b 83 ab 3.124 ns 1.423 **
IWG Density
High 71 5905 1400 0.011 7376 77.5 4.570 ** 1.475 **
Low 43 1626 1646 0.024 3315 87.8 1.262 ns 1.299 **

# None = IWG monocultures, no legume intercrops; ALF = alfalfa (Medicago sativa); CMV = Canada milkvetch (Astragalus canadensis); IBF = Illinois bundleflower

(Desmanthus illinoensis); WC = white clover (Trifolium repens)
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Fig. 2. At the Swift site in 2016 only, there was an interaction between plant
density and intercrop treatment for IWG biomass, where the difference between
the monoculture and all other intercrop treatments was greater in the high
plant density than the low (p < .005). Shared letters indicate no significant
difference between treatments within a given site-year (to the level of
p > 0.05). Intercrop treatment abbreviations: NONE = IWG monocultures, no
legume intercrop; ALF = alfalfa (Medicago sativa); CMV = Canada milkvetch
(Astragalus canadensis); IBF = Illinois bundleflower (Desmanthus illinoensis); WC
= white clover (Trifolium repens).

3.4. Harvest index

Harvest index is the ratio of grain mass to total aboveground dry
mass. At all site-years except Roseau 2015, there was an effect of
intercrop treatment on the harvest index of IWG, where the alfalfa
treatment had a significantly lower harvest index than the Illinois
bundleflower and white clover treatments (Tables 1-4). At both Roseau
and Swift, there was a strong effect of plant density in only the second
year, in which the low plant density had a significantly higher harvest
index.

3.5. Net primary productivity

Net primary productivity (NPP) is the sum of the aboveground
biomass of both the legume intercrop and IWG. In both years at Roseau,
there was not an effect of intercrop treatment on NPP. At Swift, there
was not an effect of intercrop treatment on NPP in 2015 (Table 4), but
there was in 2016, where the alfalfa-IWG biculture had three times
greater NPP than the monoculture, and significantly higher NPP than all
other legume intercrops (Table 5). At Roseau in 2015, there was no ef-
fect of plant density on NPP (Table 2), but at Roseau in 2016, the high
plant density had 2.2 times the NPP of the low plant density (Table 3). A
similar effect of plant density on NPP was observed at Swift, where there
was no effect in 2015 (Table 4) but in 2016 the high plant density had on
average 2.2 times the NPP of the low plant density (Table 5).

3.6. Relative yield (RY)/partial land equivalency ratio

The effects of plant density and intercrop treatment on RY varied
between sites. In Roseau in 2015, there was no effect of plant density or
intercrop treatment on the relative yield of IWG grain or biomass, and
none of the treatments differed significantly from 1, meaning that there
was no evidence that the intercrop represented a positive or negative
change in the land use efficiency of IWG production (Fig. 4 Table 2). In
Roseau in 2016, there was no effect of plant density on any measure of
RY. There was no effect of intercrop treatment on the RY of vegetative
biomass, but there was an effect on RY grain, in which the alfalfa
intercrop has a significantly lower relative yield than the white clover or
Illinois bundleflower treatments. Both the alfalfa and Canada milkvetch
treatments had relative yields of biomass and grain that were signifi-
cantly less than 1 (Table 3).

In Swift, the effect of plant density on RY of grain varied between
years. In 2015, the low-density treatment had a higher relative yield of
biomass than the high-density treatment (Fig. 4Table 4). In 2016, the
high plant density had a higher RY of grain than the low plant density
(Table 5). The relative yield of both grain and biomass in the alfalfa
treatment increased dramatically between 2015 and 2016. In 2015, al-
falfa had on average the lowest relative yield in terms of both grain and
biomass, significantly lower than the Illinois bundleflower and white
clover treatments in terms of grain and Illinois bundleflower and Canada
milkvetch in terms of biomass production (Table 4). In 2016, in contrast,
the alfalfa treatment had on average the highest relative yields of all the
legume treatments. In 2016, all intercrop treatments had relative yields
of biomass significantly higher than 1 (Table 5).
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Fig. 3. The alfalfa intercrop produced the greatest overall biomass of all the legume species. Total biomass production varied between both years and sites. Weights
are averaged across replicates and separated by plant density, site, and year. Intercrop treatment abbreviations: NONE = IWG monocultures, no legume intercrop;
ALF = alfalfa (Medicago sativa); CMV = Canada milkvetch (Astragalus canadensis); IBF = Illinois bundleflower (Desmanthus illinoensis); WC = white clover (Trifo-

lium repens).

3.7. Traits associated with grain-legume interactions: IWG height, grain
C:N ratio, and legume biomass

i. Intermediate wheatgrass stem height

Intermediate wheatgrass stem height was measured at both sites in
2016 only. At both sites, plant height differed between intercrop treat-
ments, and the IWG in the alfalfa intercrop was on average the tallest
intercrop and significantly taller than the IWG in the Illinois bundle-
flower treatment in both Swift and Roseau (Tables 2, 4). The presence of
an intercrop did not affect IWG height compared to the monoculture
control, except for the IWG in the alfalfa treatment in Roseau, which was
on average taller by 12 cm than the monoculture control (Table 3). In
both Roseau and Swift, the IWG plants in the low-density treatment were
significantly taller, by 10 and 14 cm, respectively, than in the high-
density treatment.

ii. Grain C:N ratio

To determine if the presence of a legume intercrop would influence
the nitrogen status of IWG, we assessed the C:N ratio of the IWG grain in
the wide spacing at both sites in 2015 and 2016. The IWG monoculture
was not included. We found that the C:N ratio did not differ significantly
between intercrop treatments (F3 44 = 0.586, p = 0.646).

iii. Legume biomass

In addition to analyzing legume biomass as a response variable (see
Section 3.3 above), which may be affected by both plant density and
legume species, here we analyzed legume biomass as an explanatory
variable to test the hypothesis that increased legume biomass causes
heightened competition with IWG and thus a decline in IWG grain yield
and biomass. In 2015, there was a negative effect of legume biomass on
both IWG grain yield and biomass at both sites (Fig. 5 Table 6). The lack
of significant interaction between legume species and biomass in this
model indicates that this relationship was consistent for all four legume
species.

In 2016, fewer relationships were observed between legume biomass
and IWG grain and biomass compared to 2015. There was no effect of
legume biomass on IWG vegetative biomass in either site. At Swift, there
was also no effect of legume biomass on grain yield, but at Roseau,
higher legume biomass in both the prior year and current year was
inversely correlated with IWG grain yield (Fig. 5 Table 7). This inverse
linear relationship was significant even when two points with high
leverage, where the legume yield was zero, were removed from the
analysis (F1,13 = 18.899, p < 0.005).
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Canada milkvetch (Atragalus canadensis); IBF = Illinois bundleflower (Desmanthus illinoensis); WC = white clover (Trifolium repens).

4. Discussion
4.1. Effect of Legume Intercrop on IWG

For most of the legume species, intercropping did not impose
competitive effects on IWG in ways that decreased IWG biomass and/or
grain yield compared to monocultures. However, the results suggest that
these relationships can be highly variable among legume species, sites,
and years. We found that two of the four intercrop species - Illinois
bundleflower and white clover - can be intercropped with IWG without a
negative effect on IWG biomass. For these two intercropped treatments,
the IWG biomass did not differ significantly from the monoculture in any
site-year combination. This was largely true for grain yield, as well,
except for Roseau in 2016, where the presence of the intercrop was
linked to lower grain yields for all intercrop treatments. These results
support the findings of Reilly et al. (2022) and Dick et al. (2018) who
found a similar lack of change in IWG grain yield when clover was
intercropped.

In contrast to Illinois bundleflower and white clover, the alfalfa
intercrop more often had negative impacts on both IWG grain and
biomass, and it was also the legume with the greatest biomass. Alfalfa
was more productive than the other legume species in this study, with
nine times greater biomass than other legume species in the first year
and two times greater biomass in the second year (Fig. 3). Productive
growth, especially in the first year, may have allowed the alfalfa to
compete for light, soil water, and/or soil nutrients more efficiently than
IWG, thus leading to net competitive effects on IWG. At Swift, the
dominance of alfalfa relative to IWG decreased in the second year, which
resulted in IWG biomass yields being greater than those in the mono-
culture. This competitive dominance of alfalfa in an IWG intercrop has

been observed by Dick et al. (2018) in the third year of an intercrop
study compared to white clover, although they did not observe any
negative effects on IWG grain and biomass yield compared to the
monoculture.

In this study, other legume intercrops likely imposed some compet-
itive effects, but to a lesser extent than alfalfa. We found that across all
legume intercropping treatments, legume biomass was negatively
correlated with IWG grain yield and biomass in the first year (Fig. 5).
Legumes with greater biomass in the first year may have competed for
light or other soil resources without providing facilitative benefits. The
legumes may also have allocated more resource to rapid growth than to
N fixation, which can be costly. However, the ability to model the
relationship between legume biomass and IWG grain in this study is
limited. In the first year, there was poor legume establishment in several
plots, which may have increased variation within treatments. In the
second year, IWG grain yield across all treatments was greatly reduced,
which may have masked other treatment effects. Reilly et al. (2022) also
found an inverse relationship between IWG grain yield and legume
intercrop biomass. Additionally, in their study, legume biomass in the
first year was positively correlated with grain yield and N transfer in the
third year, which they speculate may have been because plots with high
legume biomass in the first year allowed for greater root growth and
tissue inputs following senescence, facilitating N transfer and higher
grain yields in subsequent years. This finding suggests that had the
present study continued into a third or fourth year, we may have seen
evidence of facilitation in treatments with high first-year legume
biomass. Delayed facilitative effects of alfalfa on IWG have been
observed in other studies (Crews et al., 2022).

The land use efficiency of growing IWG in an intercrop with legumes
was quantified using the relative yield (RY) metric, also known as partial



A.J. Griffin and J.M. Jungers

Field Crops Research 330 (2025) 109954

Roseau

Swift

1500

1000

)
a
o
=

o

S10¢

15004

Grain Yield (kg ha™

1000

500+

0_-\5:1.5.,____

910¢

A °

*.:o. LI

0 25 50 75

100 0 25 50 75 100

Legume Biomass (kg ha™)

Legume ¢ ALF 4 CMV = IBF + WC
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Table 6

Statistical significance (*= p < 0.05, ** = p < 0.005, ns is non-significant) of
legume biomass as influenced by legume species on IWG grain and biomass yield
at Swift and Roseau in 2015.

Table 7

Statistical significance (*= p < 0.05, ** = p < 0.005, ns is non-significant) of
legume biomass in 2015 and 2016 on IWG grain and biomass yield at Swift and
Roseau in 2016.

Fixed Effects Grain Yield IWG Biomass

Swift 2015 legume biomass
legume species ns ns
legume species: biomass ns ns
Roseau 2015 legume biomass i il
legume species ns ns
legume species: biomass ns ns

land use equivalency, in which 1 represents no improvement in land use
equivalency in the intercrop compared to the monocrop. Relative yield
did not vary among the monocrop and intercrop treatments in the first
year at Roseau, which may be due in part to the relatively slow estab-
lishment of all legume species compared to the IWG (Fig. 3). In contrast,
in the first year at Swift, there was evidence that competition with alfalfa
caused a decline in both IWG grain and biomass in the intercrop. The
change in relative yield of IWG grain production between years was
largest for the alfalfa intercrop in Swift, which increased an average of
0.389-5.327 between the first and second years (Fig. 4). These findings
support the hypothesis that benefits of intercropping legumes into grains
may take multiple years to come to fruition. Crews et al. (2022) observed

Fixed Effects Grain IWG
Yield Biomass
Swift 2016 2015 legume biomass ns ns
2016 legume biomass ns ns
2015 legume biomass: 2016 legume * ns
biomass
Roseau 2015 legume biomass e ns
2016
2016 legume biomass i ns
2015 legume biomass: 2016 legume 0.065 ns
biomass

RY increase from 0.8 to 3.4 in IWG-alfalfa intercrop over 5 years. They
found no significant difference in the influence of above- and
below-ground alfalfa inputs to IWG productivity but speculate that de-
lays in facilitative effects may be due to the fact that legume N-fixation
and root turnover into bioavailable forms of N often takes multiple
years.

In the second year at Swift, where all the intercropped treatments
had higher NPP than the monoculture treatment, it is likely that the
legume was still imposing some competition for light, water, or
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nutrients. For example, we found that IWG plant height was greater
when intercropped with alfalfa compared to the monoculture, which
could have been a response to light limitation in the presence of a pro-
ductive legume. However, that may have been offset by an increase in
soil available N made possible by the biological N fixation of the legume,
leading to an increase in total productivity. A limitation of this study is
that we did not measure traits such as biological N fixation or N transfer
between the legumes and grass, and thus we cannot identify mechanisms
to explain why in Swift in the second year the presence of a legume
increased overall productivity. However, Li et al. (2021), Reilly et al.
(2022), and Crews et al. (2022) have detected transfers of N between
legumes and IWG using '°N natural abundance methods.

4.2. Effect of plant density on the IWG intercrop

Few studies have investigated the effect of plant density on IWG
grain yield managed as a monoculture or intercrop. Averaged over
intercropping treatments, plant density effects on IWG grain and
biomass productivity were variable. It is important to note that the
within-row plant density was the same for both treatments, so the high
plant density had four times the number of plants per hectare than the
low plant density (Fig. 1). However, we did not find four times the grain
or biomass yield in the high plant density at all site-years as might be
expected. As a tillering grass species, IWG has a propensity to spread and
occupy open space, which likely occurred in this study. The high plant
density treatment had greater biomass in the second year at both sites —
3.2 times higher in Roseau and 3.6 times higher in Swift.

There was an interaction between plant density and intercrop
treatment at Swift on IWG biomass, where the difference between the
monoculture and all other intercrop treatments was greater in the high
plant density than the low plant density (Fig. 2). The addition of alfalfa
into narrow rows increased IWG biomass relative to the ING mono-
culture, but alfalfa intercropping did not affect ING when managed with
the wider rows (Fig. 2). It is possible that the high plant density
decreased the distance between the species’ root systems, facilitating
greater transfer of N from the legume to the grass. Legume-grass N
transfer has been shown to be greatest when roots are in closer proximity
or in direct contact (Xiao et al., 2004; Meng et al., 2015), as close
proximity reduces the distance rhizodeposits and other N compounds
must travel through soil via mass flow. There was no interaction be-
tween plant density and legume intercrop for IWG grain, however.
Taken together, these results suggest that optimal planting densities may
be applicable to different intercropped legume species, and that higher
density plantings may increase overall biomass for alfalfa intercrops,
without a negative impact on grain yield.

4.3. Effect of intercrop on IWG plant height

We also hypothesized that higher plant density, taller plants, and
more productive legume intercrops would increase competition for light
and induce the IWG plant to grow taller to better compete for light. Stem
elongation is a typical shade-avoidance response to crowding in dense
stands that has been characterized in other plant species (Smith, 1982;
Maliakal et al., 1999; Postma et al., 2021). Averaged across plant density
treatments, alfalfa, which produced the greatest biomass, coexisted with
IWG plants that were taller than in some of the other treatments
(Tables 2, 4). High variability in legume abundance between sites and
treatments prevented us from drawing the conclusion that competition
with neighboring plants induced IWG to grow taller, but these findings
suggest more perennial grass-legume intercrop studies should explore
the effects of legume intercrop on stem height and leaf length.

We hypothesized that denser planting would be associated with
increased plant height, as grasses are known to adopt a shade-avoidance
strategy in which stems elongate to reach for light. Surprisingly, we
found the opposite relationship between plant density and IWG plant
height of what we expected. The low plant density treatment had taller
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IWG plants, by 10 cm and 14 cm at Swift and Roseau, respectively.
These taller shoots may be a result of competition among tillers within a
plant instead of between individual plants. Studies in other grasses have
found that higher within-row tiller density can increase shoot and leaf
length as a result of lower light levels in the canopy (Simic et al., 2009;
Casal et al., 1985). Although seeding rate per row was the same in both
the low and high plant density, it is possible that plants in the
low-density treatment produced more aboveground biomass because of
reduced intra-specific crowding from neighboring IWG rows. However,
we did not measure within-row tiller density so we cannot test this hy-
pothesis here. Although the effects of planting density on biomass
allocation are highly variable between taxa and poorly understood
(Poorter et al., 2012), reduced crowding may also reduce root:shoot
ratio and encourage greater aboveground biomass production (Rehling
et al. 2021). If this is true for IWG, then the low plant density treatment
may have produced more tillers such that by the middle of the second
growing season the stems were induced to grow taller to compete for
light. Further studies could assess tiller production as well as total
biomass to better characterize the plant’s allocation response to density.

4.4. Agronomic performance

Overall, variability in legume biomass, IWG biomass, and IWG grain
yield was high among all years and sites, which could have been related
to management challenges associated with intercropping. Previous
research has quantified the effect of delaying the date of seeding in the
fall on IWG establishment and yield in northern Minnesota (Jungers
et al., 2022), but little is known about the effect of fall seeding date on
legume establishment. The seeding date of 15 September was considered
late for forage legumes in northern Minnesota (Sheaffer et al., 2023), but
the alfalfa established well based on first year biomass yield. The
fall-seeded white clover yielded substantially less biomass than the al-
falfa in the first year possibly because of poor establishment from late
seeding. It is recommended that white clover be seeded about 40 days
prior to a killing frost (Sheaffer et al., 2023; SARE), but this occurred
only 25 days after seeding at the research sites used for this study. Native
legumes like the Illinois bundleflower and Canada milkvetch used in this
study exhibit seed dormancy and it is possible that temperature and
moisture conditions may not have been suitable for breaking this
dormancy.

Intercropping monocot and dicot species as we did in this study
substantially limits the ability to rely on chemical herbicides for weed
control as many herbicides have modes of action that target one of these
groups of plants. We observed substantial weed pressure the second
year, in which we also observed steep decline in grain yield across all
sites and treatment. Future research should quantify the weed sup-
pression capabilities of certain legume species when intercropped with
IWG. Other agronomic practices such as early spring mowing and fall
burning could suppress weeds and should be tested in IWG/legume
intercropping systems.

All the treatments had substantially lower yields in the second year,
and low overall yields in the second year may have masked treatment
effects. Interannual yield decline in both intercropped and monoculture
IWG is a well-documented issue (Zhen et al., 2023), which may be due to
both N limitation (Fernandez et al., 2020) and competition between
tillers in dense stands (Law et al., 2021), as well as other unknown
factors. If competition for resources or light quality in the canopy was a
driving factor in yield decline in this study, of which mixed evidence has
been found in IWG and other cool season grasses (Pinto et al., 2021;
Chastain et al., 1997), we might expect to see a strong effect of plant
density on grain yield. The fact that decreased plant density was not
correlated with a decline in grain yield suggests that nitrogen limitation
may be the driving factor. Tautges et al. (2018) found that intercropping
IWG with alfalfa reduced yield decline relative to the monoculture. It’s
possible that legumes did not prevent a yield decline in this study
because N limitation was greater in these northern MN sites compared
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with locations in the Tautges et al. (2018) study.

Our findings that intercropping legumes, especially alfalfa, had an
either positive or neutral impact on IWG biomass supports the viability
of growing IWG with legumes for harvest as a dual-use grain and forage
crop. Other studies have found additional benefits of intercropping
clover and alfalfa with IWG for forage, including higher crude protein
content and greater fiber digestibility (Favre et al., 2019; Pinto et al.,
2021). The ability to harvest for forage could provide farmers with an
additional source of revenue, especially on years that grain yields are
low (Culman et al., 2023).

4.5. Future research directions

Longer-term studies that also measure N fixation and transfer, using
I5N natural abundance methods, are needed to better characterize
interannual changes in facilitation between perennial grain intercrops
and uncover their underlying mechanisms. The relative performance of
the intercrops in this study was highly variable between the first and
second years, and if the study had continued for 3-5 years, we would
have likely observed further interannual variability. Similar studies of
IWG-perennial legumes intercrop saw facilitation effects only on or after
the third year (Tautges et al., 2018; Crews et al., 2022). This delay may
be because N transfer to IWG happens in part through root turnover and
mineralization, and it likely takes more than two years for the legumes
to build a substantial root system that can lead to N inputs into the soil
(Burity et al., 1989; Dubach and Russelle, 1994).

Management of crop residues may have influenced N dynamics and
agronomic outcomes in this study. We removed all biomass from the
plots after grain harvest as recommended for ING monoculture grain
production. The removal of aboveground biomass may have reduced the
amount of N transfer from the legumes in this study. Because IWG-
legume intercrops can be mulched and left in place for weed control
and nitrogen addition, more research that examines the effect of cutting
or mulching timing on IWG productivity would be useful. Herbage
removal can affect nodule senescence and root turnover in legumes. For
example, Butler et al. (1959) and Wilson (1942) found in greenhouse
studies that shading and defoliation is linked to higher root and nodule
turnover in white clover, red clover, and lotus. In this study, cutting and
greater shading in the high plant density may have stimulated root
turnover in the second year and contributed to N transfer between the
legume and IWG.

Of the four legume species grown in this study, white clover and
alfalfa are the most commonly grown as forages in Upper Midwest
cropping systems. Thus, these species may be more accessible for
farmers to grow in an intercrop with IWG, as Canada milkvetch and II-
linois bundleflower seeds are substantially more expensive. Although
prices for native seeds are highly variable, as of 2023 Minnesota seed
companies were selling Canada milkvetch for approximately US
$133 kg‘1 (Prairie Moon Nursery, 2025) while white clover seed was
sold for around US$10 kg’1 (Albert Lea Seed Company, 2025). How-
ever, Canada milkvetch and Illinois bundleflower are both native to the
Great Plains and Great Lakes regions of North America, and thus may
provide particular benefits for native pollinators and other wildlife.
Integrating native perennial species into row-crop systems has been
found to increase native pollinator and bird abundance (Asbjornsen
et al., 2014; Schulte et al., 2016; 2017). This research suggests that it
may be possible to integrate native legumes through intercropping, as
well, with neutral to positive impacts on grass seed and biomass
production.

5. Conclusions

High IWG density had few negative effects on productivity and
would be recommended for ensuring ground cover and the probability
of maximizing grain and biomass yields. We also found that although the
performance of the intercrop was highly variable between sites, species,
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and years, rarely did the presence of an intercrop reduce grain and
biomass yields below that of the unfertilized ING monoculture. The fact
that there was no consistent negative effect of intercropping legumes on
net primary productivity is a benefit for dual-use grain and forage IWG
producers, as legumes have higher nutritive value and digestibility than
IWG biomass. Higher legume biomass was linked to lower grain yields
across treatments, and alfalfa was the most productive intercrop, sug-
gesting that vigorously growing legume intercrops can exert negative
competitive effects on IWG, leading to reduced grain yield but not
necessarily reduced biomass productivity. An economic assessment
based on the current prices of forage and IWG grain (which vary by
region and season) can be conducted to evaluate the tradeoffs of legume
biomass and grain yield and inform producer decision making. At one
site, relative yield increased from year 1 to 2, a shift which was largest
for the alfalfa intercrop. This finding indicates that facilitation by le-
gumes may require more than one year of growth to realize potential N
benefits to IWG production, as mechanisms of nitrogen transfer such as
root production, N fixation, and turnover may not be realized until at
least the second year.
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