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Abstract

Nitrate (NO3™-N) leaching into groundwater as a result of high rates of nitrogen (N) fertilizer
application to annual crops presents human health risks and high costs associated with water
treatment. Leaching tends to be worse on certain soil types, such as sandy soils overlying porous
bedrock, shallow aquifers, or steep hillslopes. Intermediate wheatgrass ([Thinopyrum intermedium
(Host.) Barkw. & D.R. Dewey]; IWG) is a perennial grass that produces a novel grain, Kernza® and
has the potential to reduce NO3™-N leaching on sandy soils compared to common annual row crop
rotations in the Upper Midwest. We compared grain yields, biomass yields, soil solution NO3z™-N
concentration, soil NO3™-N, soil water content, and root biomass under IWG and a conventionally
managed corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] rotation for three years on a
Verndale sandy loam in Central Minnesota. Mean soil solution NO3z™-N was 77 to 96% lower under
IWG than the annual rotation. Total soil water content did not differ among cropping treatments.
Root biomass was 82% lower under soybean than under IWG. IWG grain yields were 854, 434, and
222 kg ha't for Years 1-3 and vegetative biomass averaged 4.65 Mg ha* yr?. Annual crop grain
yields were consistent with local averages. These results confirm that IWG effectively reduces soil
solution NOs™-N concentrations even on sandy soils, supporting its potential for broader adoption on

vulnerable land.

Introduction
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Water quality in the Upper Midwest is threatened by the intensive management practices used
in annual cropping systems, including tillage and fertilizer application that leads to nutrient losses
and water contamination through leaching and runoff (Randall and Mulla, 2001; Dinnes et al., 2002;
Feyereisen et al., 2006; Erisman et al., 2013). While annual commaodity crops like corn provide the
potential for high economic return, nutrient losses cause eutrophication and hypoxia in surface waters
and contamination of groundwater, which poses significant risks to human health (Ward et al., 2018,
2010; Brender et al., 2013). Impacts are often high where shallow aquifers and sandy soils make
drinking water sources vulnerable to contamination. This leads to additional water treatment costs of
over $5 million for some counties (Keeler et al., 2016). In Southeast Minnesota, for example,
conversion of grassland to agriculture is expected to cause a 45% increase in private wells exceeding
10 ppm NOs™-N, resulting in between $0.7 and 12 million in associated costs over a 20-year period
(Keeler and Polasky, 2014). New alternative cropping systems that provide economic returns
comparable to those of annual systems and which effectively reduce nutrient losses will be essential

for protecting drinking water sources in the future.

Replacing annual crops with perennials has the potential to help reduce NO3z™-N leaching to
groundwater and provide other ecosystem services (Asbjornsen et al., 2014; Ferchaud and Mary,
2016). Alternative cropping systems that include perennial grasses for conservation, forage, and
biofuel production have lower NO3z™-N leaching loads than corn-soybean [Glycine max (L.) Merr.]
systems largely because perennial grasses have greater root biomass that extends deeper into the soil,
increasing N recovery and reducing leaching (Culman et al., 2013b; Pugesgaard et al., 2015;
Ferchaud and Mary, 2016). Deep roots may be particularly important in reducing NO3z™-N leaching
since they can expand the total volume of soil from which NO3™-N can be taken up, and because NO3’
-N is highly mobile and more prone to leaching from deep soil horizons (Maeght et al., 2013). The
contrast is striking. NO3™-N losses in the subsurface drainage water for a corn-soybean system were
about 37 times higher than from a Conservation Reserve Program (CRP) planting dominated by
perennial grasses; a reduction that was attributed to the greater season-long evapotranspiration (ET)
that resulted in less drainage and greater uptake and/or immobilization of N. In that study, average
NOs™-N concentrations in the water during the flow period were 24 mg/L for the corn-soybean
rotation and 2 mg/L for the perennial grass CRP (Randall et al., 1997). Although plantings that
include perennial grasses are effective at reducing NOs™-N leaching, a lack of economic return has

prevented their large-scale adoption in Midwestern agricultural landscapes.
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Intermediate wheatgrass (IWG), [Thinopyrum intermedium (Host.) Barkw. & D.R. Dewey] is a
perennial cool-season grass being domesticated to produce a grain referred to as Kernza ®, (DeHaan
et al., 2018) with the first commercial variety, ‘MN-Clearwater’, released in 2020 (Bajgain et al.,
2020). The crop has potential to provide economic return for producers (Hunter et al., 2020a, 2020b)
while reducing NOz™-N leaching compared to corn (Jungers et al., 2019). IWG initiates growth earlier
in the season than warm-season forage and bioenergy grasses and is better able reduce NOs™-N losses
early in the season (Jungers et al., 2019) when they are typically the highest (Randall and Mulla,
2001; Crews and Peoples, 2005). Vegetative regrowth following IWG grain harvest helps reduce
post-harvest nitrate losses and erosion.

One potential mechanism by which IWG can reduce NO3™-N leaching compared to annual crops
is related to water demand. Although total growing season ET and drainage was similar between
IWG and corn, soil water content was lower under IWG compared to corn and switchgrass at 50 and
100 cm depths (Jungers et al., 2019), suggesting that soil moisture may be stored in other regions of
the soil profile. Compared to annual wheat (Triticum aestivum L.), IWG had lower soil moisture up
to a depth of 70-100 cm, which was associated with NO3™-N leaching reductions of up to 86%
(Culman et al., 2013b). The distribution of IWG root biomass and its effects on soil water content

throughout the soil profile are largely unknown.

Reductions in NOs™-N leaching beneath IWG compared to annual crops can also be related to
differences in nitrogen fertilization regimes and associated losses of N in the form of soluble NO3z™-N
in the soil water. Soil solution NO3-N increased from 0.1 to 0.3 mg L when IWG was fertilized
with 120 kg N ha™* compared to an unfertilized control, yet this was still lower than the 24.0 mg L*
measured beneath maize fertilized at 160 kg ha® (Jungers et al., 2019). Integrating legumes such as
soybean into annual crop rotations can limit N fertilizing needs, yet the effects of legume crops in

rotation on NOs™-N leaching compared to IWG are unknown.

Our objective was to assess the potential of IWG grain production to reduce NO3™-N leaching
compared to an annual soybean-corn-soybean rotation on irrigated sandy soil by measuring soil
solution NOs™-N concentration and soil water content. We hypothesized that soil water NOz™-N
concentrations and soil water content would be lower under IWG, and that this would be related to
increased root biomass and rooting depth of IWG compared to corn and soybean. Crop yields and

vegetative biomass were measured to assess potential profitability.
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Methods
Site Description

Field research was conducted from 2018-2020 at the Central Lakes Community College in
Staples, MN, USA (lat. 46.38, long. -94.80). The soil type was a Verndale sandy loam (Typic
Argiudoll). The soil contains 1-1.7% organic matter, is excessively well drained, and is considered
low fertility potential (USGS Web Soil Survey). Climate data is reported in Table 1. Plots had
previously been planted to a corn-soybean rotation followed by barley. From 0-30 cm, mean soil
values were 1.7 mg L' NO3-N, 0.34 mg L™ NH4*-N, 9.13 ppm P, 72.21 ppm K, and 6.73 kg ha™.

Table 1. Air temperature and precipitation in Staples during the growth period

Mean monthly air temperature ("C) Monthly and season total rainfall (cm)
Month 2018 2019 2020  30-yr avg. 2018 2019 2020 30-yr avg.
April 1 5 4 7 NA* 5.2 5.1 5.9

May 17 11 12 13 4.2 8.0 2.0 8.4

June 20 18 20 19 12.9 10.9 11.4 11.3

July 21 21 22 21 10 6.2 13.1 9.2

Aug. 20 18 20 20 6.1 7.6 11.2 7.9

Sept. 15 16 13 15 4.6 15.2 3.8 7.3

Oct. 4 5 3 7 9 9.6 3.2 7.3

46.8* 62.8 49.8 57.3

*Precipitation data not available for April 2018

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

An improved IWG- Kernza selection designated cycle 4 by Land Institute (Salina, KS) was
seeded at a rate of 15 kg ha™. The IWG was seeded in 15-cm rows with 20 rows per plot on 20
August 2017. Intermediate wheatgrass was fertilized with urea at rates of 80, 100, and 100 kg N ha'
in May 2018, 2019, and 2020 respectively. Urea was split-applied to corn at 140 and 80 kg N/ha in
May and June 2019. Soybean was not fertilized. Weed pressure was low and when present, weeds
were manually removed in all plots. Plots received 8.9 cm of irrigation between late June and late
August in 2018 and 2019 and 7.6 cm between mid-June and mid-August in 2020.

Soil Fertility

Soil was sampled at four depth intervals (0-15, 15-30, 30-45, and 45-60 cm) in June 2019 and
October 2020 and analyzed for organic matter, K, P, pH, and available N (NO3-N and NH4*-N).
Samples were taken from eight cores in each plot and aggregated by depth. All soil analyses except
NOs™-N and NH4* were conducted by Agvise Laboratories (Benson, MN; www.agvise.com). The
NOs™-N and NH4" of soil samples were determined by extraction with a 2M KCI solution, where 40
mL solution was added to 10g fresh soil followed by 1 hour shaking (Culman et al., 2013a).
Extractions were performed within 48 hours of field collection. NOs-N and NH4" analyses of the
extractions were performed at the UMN Research Analytical Lab. Method details can be found at

http://ral.cfans.umn.edu/tests-analysis/soil-analysis.

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

Biomass and seed heads were dried at 35°C for 72 hours or until constant mass before being
weighed. Grain was removed from spikes using a Wintersteiger LD 350 laboratory thresher
(Wintersteiger; www.wintersteiger.com/us/Plant-Breeding-and-Research). Grain was separated from
the chaff and other debris by hand-sieving and with a fractionating aspirator (Carter-Day

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

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

mechanically harvested and removed from the plots.

Root Biomass

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

any remaining sand and debris, which was removed before weighing.

Soil solution NO3-N concentration
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Soil solution NOz™-N concentrations were determined by collecting soil solution samples with
suction lysimeters. Lysimeters consisted of a porous ceramic end cap, a PVC tube, and an airtight
rubber stopper (Jungers et al., 2019). Two pairs of 60 and 120 cm lysimeters were installed in each
plot. Samples were collected every 7-10 days from April to October each year and analyzed for NOs'™-
N concentration by Minnesota Department of Agriculture staff in Staples using a HACH DR 6000
spectrophotometer (Hach, https://www.hach.com).

Soil Water Content

Soil water content was measured in 2019 and 2020 at 10, 20, 30, 40, 60, and 100 cm using a
Delta-T Devices PR2/6 Probe (Delta-T Devices 2021). One soil water content probe access tube was
installed in each plot in May 2019. Readings were taken five times throughout the growing season in
2019 and six times during the growing season in 2020. Total water content was calculated for each
plot and date using trapezoidal integration (Hupet et al., 2004).

Statistical Analysis

Analysis of variance (ANOVA) was conducted using mixed effects models to explain
variation in soil water NOs™-N concentration, soil water, soil NO3™-N, root biomass, and crop yields.
Predictor variables for the ANOVA were cropping system, depth (for soil variables), and their
interaction. Years were analyzed separately because the annual crop varied. Cropping system was
treated as a categorical variable; depth was treated as a categorical variable for root biomass and soil
NOs-N. NO3-N concentrations from the 60 and 120 cm depths were not statistically different and
thus were averaged for the analysis. Plot position was included in the model as a covariate to account
for possible lateral movement of N from the adjacent plot treatment. Data were analyzed with
replicate as a random effect. For the lysimeter data, which included two pairs of lysimeters per plot,
plot was nested within replicate in the random effects structure. Mean comparisons using Tukey’s
adjusted P value were used to generate estimated means for effects. Statistical analysis was carried
out using statistical software program R (Version 3.5.2 GUI 1.70) including emmeans and nlme
packages (R Core Team, 2018; Length, 2019; Pinheiro et al., 2019).
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Results
Soil Solution NO3-N Concentration

Soil solution NOz™-N concentration differed by cropping system treatment in all three years
(Table 2, Figure 1), but did not vary by sampling depth or show an interaction effect in any year (p-
values > 0.1). The average soil water NO3z™-N concentration was 77%, 96%, and 96% lower in the
perennial system than the annual system in Years 1-3, respectively. The IWG system averaged 4.3,
0.8, and 0.3 mg L in years 1-3, while the annual rotation averaged 19.0, 22.1, and 7.8 3mg L in
years 1-3. The IWG system means show a downward trend over time, while corn had a higher mean
than either year of soybean. The second year of soybean, in the third year of the rotation, was lower
than the first year, possibly due to drought conditions.

Throughout the seasons, both intra- and inter-annual variation was observed. NO3™-N
concentrations under IWG initially had mean values between 10 and 20 mg L™ in Year 1 but declined
to nearly zero by the end of July 2018 and remained at those levels for all three years except for
occasional deviations. Corn and soybean showed distinct patterns. In 2018, NOs™-N concentrations
under soybean were initially high, declining to near zero in mid-September, but increasing to
previous levels after harvest. In 2019, NOs™-N concentrations under corn were between 10 and 20 mg
L but spiked to levels over twice that between late June and late August. Concentrations slowly
declined over the remainder of the year. In 2020, mean NO3s™-N concentrations under soybean were

consistently around 10 mg L at the 120 cm depth.

Table 2. Mean soil solution NO3-N was higher in annual than perennial treatments in all years.

Different lower-case letters denote statistical significance at P < 0.05.

Year Treatment NOsz-N (mgL?) SE p-value
2018 Perennial 43 13 a
0.0003
2018 Annual 190 13 b
2019 Perennial 08 32 a 0.0036
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2019 Annual 221 25 b

2020 Perennial 03 10 a
0.0025

2020 Annual 78 10 b

Figure 1. Soil solution NO3z-N under annual and perennial treatments showed different patterns
due to crop, depth, and year, with IWG showing consistently low concentrations after full
establishment
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There was an effect of cropping system treatment, depth, and a depth by interaction (p-values
<0.0001) on soil NOs-N measured at the end of the study in 2020 (Figure 2). Perennial system
values were 0.04, 0, 0, and 0 mg L* (+0.027) at 0-15, 15-30, 30-45, and 45-60 cm respectively and
annual system values were 0.64, 0.32, 0.11, and 0.06 mg L™ (+0.027). Soil NOs™-N was greater in the

annual cropping system compared to IWG at 0-15, 15-30, and 30-45 cm depths, and the difference
was greatest at the 0-15 cm depth.

Figure 2. Final soil NOs-N was higher under the annual treatment than the IWG at the first three
depths
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Root Biomass

Root biomass collected at the end of the study in 2020 was affected by treatment, depth, and a
treatment by depth interaction (p-values <0.001), so root biomass was compared separately at each
depth. Root biomass was greater under IWG compared to the annual cropping system at all depths
(Table 3). The magnitude of the difference was greatest at 0-15 cm, and this decreased with depth.
Soybean root biomass was 80%, 85%, 81%, and 83% lower than IWG root biomass at 0-15, 15-30,
30-45, and 45-60 cm respectively. Summed over all the depths, total IWG root biomass was 13.73
Mg ha® while soybean root biomass was 2.54 Mg ha*, 82% lower (p < 0.001).

11



234
235

236

237

238
239
240
241

242
243
244
245
246

247

Table 3. Root biomass was higher under the perennial than the annual system at all measured
depth intervals. Different lower-case letters denote statistical significance at P < 0.05.

Root Mass

Crop Depth (Mgha') SE p-value
IWG  0-15cm 857 106 a

Soybean 0-15cm 169 106 b 0.002
IIWG I15-3Ocm | 2.82I 0.26' a'

Soybean 15-30cm 042 026 b 0.0013
IIWG I3O-45cm | 1.30' 0.16' a'

Soybean 30-45cm 025 0.16 b 0.0058
IIWG I45-600m | 1.03' 0.13' a'

Soybean 45-60cm 0.17 013 b  0.0039

Crop yield

Grain yield was higher for the annual rotation crops than for IWG in all years (p-values <
0.001). IWG grain yields were 0.85, 0.43, and 0.22 Mg ha™* for Years 1, 2, and 3 respectively.
Annual grain yields in Mg ha™* were 3.05 (soybean), 7.33 (corn), and 1.98 (soybean) for Years 1, 2,
and 3 respectively (Figure 3).

Intermediate wheatgrass vegetative biomass yields (Figure 3) were 4.12, 5.41, and 4.41 Mg
ha* for Years 1, 2, and 3 respectively, and annual biomass yields were 2.43 (soybean), 5.85 (corn),
and 2.86 (soybean) Mg ha. Intermediate wheatgrass had higher biomass than soybean in both years
(p-values = 0.001 and 0.009) but biomass yield similar to corn (p = 0.322). Intermediate wheatgrass

grain yields declined over time while vegetative biomass yields increased somewhat.

12
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254  Figure 3. Grain yields were higher for both corn and soybean than IWG, while IWG biomass
255  yields were similar to corn and higher than soybean
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258  Soil Water
259 In 2019, cropping system treatment did not affect total soil water content (p-value = 0.796),

260  but there was an effect of sampling date and an interaction (p-values < 0.001). Soil water content did
261  not differ between treatments on any sampling date, but it did differ between dates within treatments
262  (Figure 4). Average soil water content values were 13.7, 11.9, 11.1, and 14.1 cm for June 17", July
263 19" August 21%, and October 31%, respectively, and the July and August values were lower than the
264  June and October values (p < 0.001). In 2020, neither cropping system treatment (p = 0.753) nor
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265  sampling date (p = 0.965) were significant, and there was no interaction effect (p = 0.206). Mean soil

266  water content for both treatments and all dates was 12.9 cm.
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274 Figure 4. In 2019, soil moisture differed by date, but not by treatment
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Consistent with previous findings, we observed drastically lower concentrations of soil solution
NOz-N beneath IWG compared to an annual cropping system. Concentrations under IWG were
initially between 10 and 20 mg L during June and July of 2018, but by August approached zero and
remained very low for the duration of the experiment. This was likely a result of the time needed for
IWG establishment, during which its ability to take up nitrate would have been more limited due to a

smaller root system.

This is the first study to compare IWG soil water NO3z™-N levels on sandy soils in Minnesota
where NOs™-N leaching is of greatest concern. Here, we show that the potential for IWG to mitigate
NOz-N leaching is similar in this vulnerable landscape compared to regions of Minnesota with silt
and silt-loam soils that have higher water holding capacity. It is meaningful to confirm other
observations of lower NO3z™-N concentration under IWG on a sandy soil where the aquifer is
vulnerable to NOs™-N leaching.

We found three-year average NO3-N concentrations of 1.82 mg L™ for IWG and 16.3 mg L™ for
the corn-soybean rotation, values consistent with those observed in other work, and for IWG, values
comparable to mixtures of perennial grasses and forbs found in Conservation Reserve Program
(CRP) plantings that averaged 2 mg L* (Randall et al., 1997). Comparison plots of corn fertilized at
80 and 160 kg ha* had average nitrate concentrations of 8.38 and 23.97 mg L%, comparable to our

results.

A previous study in Minnesota found that nitrate concentrations beneath IWG averaged 0.09 to
0.3 mg L when fertilized with 80 kg N ha’. Despite only receiving 20 kg N ha™* more fertilizer
annually in this study, nitrate concentrations were more than ten times greater. This is likely related
to the low organic matter and coarse structured soil found in our study (Jungers et al., 2019). In
contrast, a study on sandy soil in Michigan found lysimeter NO3™-N concentrations varying from 10-
20 mg L™t under IWG during the first year but virtually undetectable amounts in the second year,
possibly due to the soil texture as well as slow stand establishment (Culman et al., 2013b). All three
of these studies modeled total NOs™-N leaching, which largely reflected trends in NOs™-N
concentrations. For example, models estimated total leaching of 21.7 kg N ha™t under corn compared
to 0.2 kg N ha™* under IWG (Jungers et al., 2019). This suggests that total leaching would be much
lower under IWG relative to an annual rotation in Central Minnesota as well, given the large

difference in average soil water nitrate concentrations.

15
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This is also among the first studies to compare soil water NOs™-N levels to an unfertilized legume
crop, and these results are even more striking given that only the corn phase of the corn-soybean
rotation was fertilized with N while the IWG was fertilized at a relatively high rate. Despite applying
up to 100 kg N ha* of urea annually to the IWG, lower NO3™-N levels were observed in the IWG
compared to the unfertilized soybean. Biologically fixed N may have been mineralized after
exudation or sloughing of soybean roots, which may have contributed to higher soil water NOs™-N
levels compared to IWG. Significant N demand by IWG may have also contributed to the large
difference in soil water NO3™-N. N removal from a perennial IWG stand can be up to 140 kg N ha in
the second year and 100 kg N ha! in the third (Tautges et al., 2018), indicating that it can take up at
least that much annually. Though it can use that much N, fertilizing at those rates is not typically

recommended due to the tendency to lodge at high N rates (Jungers et al., 2017).

Soil NOs-N

In addition to lower soil water NOs™-N concentration, we also found less NOs™-N in the soil
after three years of IWG production compared to the annual rotation system. This suggests that the
IWG assimilated NOs™-N more thoroughly from the soil than the annual rotation system, especially
because the Year 3 crop was unfertilized soybean. NOs-N remaining in the soil is a major factor
determining the concentration of dissolved NOs™-N in soil water, which in turn determines total
leaching loads (Randall and Mulla, 2001; Culman et al., 2013a; Jungers et al., 2019). The low levels
of NOz-N under IWG also suggest that the plants may have been N-limited, despite being fertilized
at the high end of optimal rates (Jungers et al., 2017).

Root biomass

Root biomass was similar to other reported values for the third year of an IWG stand and for
soybean plots. We found 13.7 Mg ha* root biomass under IWG and 2.5 Mg ha* under soybean,
including mass sampled from 0 — 60 cm. Previous work has found IWG belowground biomass to be
3.28 Mg ha ! in the first 10 cm, on average, in plots fertilized at 90 and 134 kg ha* in Minnesota and
Wisconsin (Sakiroglu et al., 2020). In treatments harvested once annually and fertilized at 72-81 kg N

hal, observed total root biomass from 0-20 cm peaked between 3.5 and 4 Mg ha* in June and July,
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declining to 1 Mg ha at the end of the growing season (Pugliese et al., 2019). IWG fertilized at 80
kg N ha! had root biomass of 4.10, 7.32, and 9.51 Mg ha* (0-60 cm depth) in Years 1-3 of a three-
year study, while a soybean-corn-soybean rotation had root biomass of 2.22, 2.93, and 2.30 Mg ha
in Years 1-3 (Bergquist, 2019). This indicates that while IWG root biomass accumulates over time,
annual root biomass does not. Our findings also indicate that IWG increases root biomass effectively
on this soil type, enabling its efficient N uptake even on sandy soil.

Soil Water

While we did not observe a difference in average total soil moisture between treatments,
others have. In a similar comparison of perennial and annual systems, soil under Miscanthus and
switchgrass had less soil water than a corn-soybean system earlier in the season, but later in the
season switchgrass had higher soil water and Miscanthus had less (Mclsaac et al., 2010). Other
studies have shown decreases in soil moisture under IWG compared to annual wheat (Culman et al.,
2013b) and corn (Jungers et al., 2019). It has also been observed that soil water content tended to be
higher under annuals than semi-perennials, and that there was less drainage from semi-perennials and
perennials than annuals (Ferchaud and Mary, 2016). Lower soil water content suggests higher plant
water use and translates to reduced drainage, one of the factors impacting nitrate leaching. Since soil
water did not differ in this experiment, reduced nitrate concentration rather than drainage volume

may be of particular importance on sandy soils.

It is also established that increased root biomass increases water and nutrient uptake and
could lead to lower soil water, supporting previous findings (Ehdaie et al., 2010; Matsunami et al.,
2012; Carvalho et al., 2014). In our study, the similar soil moisture contents observed in the perennial
and annual treatments may have been a function of the low water holding capacity of the sandy soil,

which may have promoted drainage regardless of root biomass.

Grain and Biomass Yields

Intermediate wheatgrass grain yields at our sandy site were comparable to previous reports
from sites with higher soil fertility levels. Under similar fertilizer treatments, reported first year

values range from 763 kg ha* (Zimbric et al., 2020) to 1089 kg ha™ at sites in Wisconsin (Favre et
17
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al., 2019) and from 893 kg ha* (Jungers et al., 2017) to 1150 kg ha* (Fernandez et al., 2020) in
Minnesota. Second and third-year yields tend to be much lower, typically ranging from 150 kg ha*
(Fernandez et al., 2020) to 630 kg ha* (Sakiroglu et al., 2020) in Year 2 and from 153 kg ha™
(Jungers et al., 2017) to 371 kg hal (Zimbric et al., 2020) in Year 3. Our yields suggest that this soil
type and climate is appropriate for IWG grain and biomass production with irrigation.

Forage production is important for profitable IWG systems, since a major challenge of IWG
grain production is the substantial yield declines in years 2 and 3 (Jungers et al., 2017; Pugliese et al.,
2019; Hunter et al., 2020a). Intermediate wheatgrass biomass yields in this study are similar to those
of other reports in Minnesota, though they are at the lower end of the range. Reported summer
aboveground biomass values include 5130 kg ha™ in the second year and 5850 kg ha™ in the third
year for IWG fertilized at 90 and 134 kg ha! in Wisconsin and 10600 kg ha™* for third year stands in
Minnesota (Sakiroglu et al., 2020). Similarly, summer yields of approximately 6200 kg ha™* were
reported for first year monocultures fertilized at 100 and 68 kg N ha* as urea (Favre et al., 2019).
Biomass yields averaged 13400 to 14320 kg ha™* for control treatments in a management study
fertilized at 56 kg ha* the previous year (Pinto et al., 2021). First and second year biomass yields of
8000 to 9000 kg ha* have also been reported for IWG fertilized at 80 kg N ha’. Third-year yields

were lower, closer to 7000 kg ha (Fernandez et al., 2020).

The relatively low biomass yields at this site relative to some other sites suggests that
strategies to increase biomass without reducing grain production would be beneficial, especially since
grain yield declined over time as is generally the case. This might entail fertilizing at higher rates to

increase biomass production or intercropping with a legume to increase forage quality.

Conclusion

We found that soil solution NO3z™-N concentrations were 77-96% lower under IWG than the
annual corn-soybean rotation, but soil water content was the same. This indicates that the IWG used
more N, which is also demonstrated by very low residual soil N levels at the end of the experiment
relative to the annual. The lower N concentrations in soil solution would be expected to translate to
reductions in total leaching load of a similar magnitude. The increased uptake of N by IWG was
likely facilitated by its greater root biomass, which was 5.4 times higher than that under the annual

system. Despite the challenges associated with production of IWG on low-fertility sandy soils, grain
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397 yields were comparable to other locations and the system would likely be profitable in the first year
398  for grain alone. Biomass yields would support additional revenue streams in subsequent years to

399  improve economic viability.
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