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Several newly released crop varieties, including the perennial intermediate

wheatgrass (grain marketed as Kernza®), and the winter hardy oilseed crop

camelina, have been developed to provide both economic return for farmers and

reduced nutrient losses from agricultural fields. Though studies have indicated

that these crops could reduce nitrate-nitrogen (N) leaching, little research has

been done to determine their effectiveness in reducing nitrate-N loading to

surface waters at a watershed scale, or in comparing their performance to more

traditional perennial crops, such as alfalfa. In this study, nitrate-N losses were

predicted using the Soil andWater Assessment Tool (SWAT) model for the Rogers

Creek watershed located in south-central Minnesota, USA. Predicted looses of

nitrate-N under three perennialized cropping systems were compared to losses

given current cropping practices in a corn (Zea mays L.)-soybean (Glycine max L.

Merr.) rotation. The perennialized systems included three separate crop

rotations: intermediate wheatgrass (IWG) in rotation with soybean, alfalfa in

rotation with corn, and winter camelina in rotation with soybean and winter

rye. Model simulation of these rotations required creation of new crop files for

IWG and winter camelina within SWAT. These new crop files were validated using

measured yield, biomass, and nitrate-N data. Model results show that the IWG

and alfalfa rotations were particularly effective at reducing nutrient and sediment

losses from agricultural areas in the watershed, but smaller reductions were also

achieved with the winter camelina rotation. From model predictions, achieving

regional water-quality goals of a 30% reduction in nitrate-N load from fields in

the watershed required converting approximately 25, 34, or 57% of current corn-

soybean area to the alfalfa, IWG, or camelina rotations, respectively. Results of

this study indicate that adoption of these crops could achieve regional water

quality goals.
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1 Introduction

Nutrients originating from intensively managed annual

cropping systems in the United States Upper Midwest have been

implicated in the impairment of both fresh and marine waters.

Nitrate-nitrogen (N) from fertilizer applied to these systems can

have detrimental effects to fresh water ecosystems (Camargo &

Alonso, 2006), and has resulted in hypoxic environments in coastal

marine systems (Committee on Environment and Natural

Resources, 2010; David et al., 2010) and contamination of

drinking water resources (Nolan & Hitt, 2006). Management

practices which incorporate perennial rotations—or annual

rotations that mimic a perennial system, such as those

incorporating overwintering crops—have been shown to reduce

losses of nutrients from agricultural fields (Asbjornsen et al., 2014;

Randall et al., 1997; Strock et al., 2004; Wilson et al., 2014).

Alfalfa (Medicago sativa L.), is often grown as feed for livestock,

and is a perennial crop that can provide economic return for growers

(Russelle et al., 2007). Novel perennial crops, such as intermediate

wheatgrass (IWG; Thinopyrum intermedium [Host] Barkworth &

D.R. Dewey) have also been developed which have the potential to

provide economic return for farmers (Law et al., 2022). Intermediate

wheatgrass is a perennial cool-season grass that can be used both as a

forage crop (Wagoner 1995) as well as a grain crop marketed as

Kernza® (DeHaan et al., 2018). The first commercial variety of

Kernza®, “MN-Clearwater,” was released in 2020 (Bajgain et al.,

2020). Growing IWG specifically for use as a perennial grain crop has

the potential to produce economically viable, food-grade grain while

providing environmental benefits such as reductions in nitrate-N

losses from fields to waters (Jungers et al., 2019). Winter camelina

(Camelina sativa L) is a winter annual oilseed crop, shown to have

good survival rates in Minnesota and whose seed can be harvested

early enough during the growing season to allow production of a

second grain crop (Gesch and Archer, 2013). Winter camelina

produces an oil-and protein-rich grain and also provides certain

benefits of winter cover crops, such as protection of soil from erosion,

reductions in nutrient losses, and provision of habitat for wildlife.

Unlike IWG, it is not perennial itself, but can be grown over winter

and can help “perennialize” an annual cropping system. Though

winter camelina is not a new crop, its potential as an oilseed crop that

could be used to perennialize cropping systems has renewed interest

in developing and releasing new varieties with improved seed and oil

yield (Vollmann et al., 2007).

Alfalfa grown in rotation with corn has been shown to reduce

nutrient losses from fields compared to corn (Zea mays L.) -soybean

(Glycine max L. Merr.) rotations (Randall et al., 1997; Entz et al.,

2001; Russelle et al., 2001). Likewise, studies have shown fields

planted in IWG have reduced nitrate-N leaching compared to

annual crop rotations (Culman et al., 2013; Jungers et al., 2019;

Reilly et al., 2022). Results regarding the effectiveness of winter

camelina in reducing nitrate-N losses are not as conclusive. While

the results of Weyers et al. (2019) indicate that winter camelina has

the potential to reduce nitrate-N losses due to increased N uptake

by the plant in the spring, Emmett et al. (2022) found that winter
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camelina planted in rotation with corn did not reduce nitrate-N

losses in water discharged from subsurface, tile drainage compared

with a traditional corn-soybean rotation. Many of the crop lands in

the US Upper Midwest utilize subsurface, tile drainage, but, with the

exception of a few studies (such as Emmett et al., 2022) there has

been little work in evaluating the effect of the novel forms of IWG

and winter camelina on nitrate-N losses from tile drained fields.

Additional research is needed to understand the effect of IWG

grown as a perennial grain crop and winter camelina grown as an

oilseed crop on water quality on a watershed scale, as well as how

nutrient losses from these cropping systems compares to more

traditional perennial crops such as alfalfa.

In this work, we simulated nitrate-N losses from farm fields

planted in perennialized cropping systems compared to those

planted in a corn -soybean rotation. Perennialized cropping

systems included IWG (grown as a perennial grain crop), winter

camelina, or alfalfa in rotation with common annual crops. The

analysis simulated changes to cropland within the Rogers Creek

Watershed located in south-central Minnesota, USA. The

objectives were to: 1) compare nitrate-N loads from tile drained

fields for novel and traditional perennialized cropping systems to

annual systems, and 2) compare the effectiveness of each cropping

system in reducing nitrate-N losses at a watershed scale when

targeted to key areas on the landscape.
2 Methods

2.1 Rogers Creek watershed

The approximately 70 km2 (17,214 acre) Rogers Creek

Watershed is located in Nicollet County in south-central

Minnesota, USA, and is a tributary to the Minnesota River

(Figure 1). The watershed is mostly flat, with approximately 79%

of its area having slopes less than 2%. Row-crop agriculture planted

in corn or soybean accounts for approximately 75% of the

watershed area, while smaller areas are planted in a corn-alfalfa

rotation (4%) or other row crops (4%; USDA National Agricultural

Statistics Service Cropland Data Layer, 2019). The remainder of the

watershed is composed of forest (5%), wetlands (4%), and medium

or high-density urban areas (4%; USDA National Agricultural

Statistics Service Cropland Data Layer.). The majority of the

watershed has poorly drained clay-loam soils which utilize

subsurface tile drainage, with soils having a C/D drainage class

making up approximately 71% of the watershed area. The

remainder of the soils are primarily drainage class C (16.5%),

with a smaller amount having drainage class B or B/D (5.3%) and

A (6.4%). These better drainage class soils are found primarily on

the eastern boundary of the watershed near its outlet and constitute

a public water supply well which is highly vulnerable to

contamination from the overlying land. Average annual

precipitation (30-year normal 1991-2020) for the watershed is

82.4 cm (32.4 in) and average annual temperature is 6.6°C

(43.9°F; National Centers for Environmental Information, 2022).
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2.2 SWAT model description and inputs

The Soil and Water Assessment Tool (SWAT) 2012 and

ArcSWAT interface (ArcSWAT 2012.10.7.24) were used for

simulating nitrate-N loads resulting from different crop

rotations in the Rogers Creek Watershed. SWAT simulates the

effects of alternative management practices on water resources

and nonpoint-source pollution on a daily, continuous-time scale,

utilizing both process- and empirically-based approaches (Arnold

et al., 2012). SWAT characterizes the watershed based on spatial

data including land cover, slope class, and soil properties. Unique

combinations of these data (land cover, slope class, and soil

properties) provide the functional unit of the SWAT model, the

hydrologic responses unit (HRUs). These HRUs may or may not

be spatially contiguous within the SWAT simulation. Daily

climate data—including precipitation, temperature, relative

humidity, wind speed, and solar radiation—is also used in

model simulations.

This study utilized twenty years of weather data (years 2000-

2019), using observed data closest to the watershed. Daily

precipitation was obtained from the MN DNR (https://

www.dnr.state.mn.us/climate/historical/daily-data.html) measured

at a climate station 6 km east of the city of Mankato, or

approximately 21 km from the south-east corner of the watershed

boundary. Daily maximum and minimum temperatures, average

daily relative humidity, and average daily wind speed were

obtained from the Iowa Environmental Mesonet (https://

mesonet.agron.iastate.edu), for the Mankato airport, located

approximately 13 km from the south-east corner of the watershed.

Measured solar radiation data was obtained from the nearest climate

station measuring solar radiation, located at Waseca, MN,

approximately 45 km from the watershed. Evapotranspiration (ET)

was calculated within the SWAT model using the Penman-Monteith

method (Wang et al., 2006).
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The Rogers Creek SWAT model was created using land-use/

land-cover data from the Cropland Data Layer (CDL) from 2019

(USDA National Agricultural Statistics Service Cropland Data

Layer.). Land cover classes accounting for less than 1% of the

watershed area were aggregated to reduce the number of functional

units handled by the model. Soils data were obtained from the

Digital Soil Survey Geographic (SSURGO) database, which contains

soils data generally at a 1:12,000 scale (Soil Survey Staff et al., 2023).

A 1-meter digital elevation model (DEM) file was used to delineate

the watershed boundary, stream networks, and slopes (https://

resources.gisdata.mn.gov/). This DEM file had undergone “hydro-

enforcement,” a process which allows for appropriate draining of

anthropogenically derived depressions (Gelder, 2015).
2.3 Baseline management scenario and
model calibration

A baseline management scenario was developed in the model to

represent current land-use and management practices in the Rogers

Creek watershed. This baseline scenario assumed all land-use

shown as corn or soybean in the 2019 CDL (Figure 1) was

planted in a corn-soybean rotation. Previous work has shown that

a 2-year corn-soybean rotation is the dominant row crop rotation in

this region (Gowda et al., 2007). Land shown as soybean in the 2019

CDL started with soybean planted in year 1 of the corn-soybean

rotation; land area shown as corn from the 2019 CDL were planted

in corn in year 1. Tile drainage was assumed on corn and soybean

acreages with slopes less than 2%. Soil management included spring

cultivation and fall plowing with a chisel plow for both corn and

soybean (Gowda et al., 2007). In the corn-soybean rotation, N

fertilizer was applied in the fall after soybean harvest as anhydrous

ammonia at a rate of 150 kg N ha-1. Phosphorus (P) fertilizer was

applied as elemental P at the same time as nitrogen fertilizer at a rate
FIGURE 1

Rogers Creek watershed location and major land-use (from the 2019 CDL). The Seven Mile Creek watershed boundary (previous SWAT study) is
shown on the southern boundary of the Rogers Creek Watershed.
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of 25 kg P ha-1. Land-areas shown as alfalfa in the 2019 CDL were

assumed to be in a 6-year alfalfa-corn rotation (4 years in alfalfa

followed by 2 years in corn) in the baseline scenario. The alfalfa

cropping system simulated with four years of alfalfa followed by 2

years in corn is the most common alfalfa rotation occurring in

Minnesota (J. Coulter, personal communication). (A full

description of the fertilizer and tillage management for the

simulated alfalfa rotation is provided in the “alternative cropping

systems” section).

The baseline scenario was run for the years 2000 through 2019,

with a 2-year warmup period during which results were not used in

order to eliminate model sensitivity to initialization values and

allow environmental parameters to equilibrate. Model parameters

were initially based on published values for a calibrated and

validated SWAT model in the Seven Mile Creek watershed

(Dalzell and Mulla, 2018). The Seven Mile Creek watershed

borders Rogers Creek, with the northern end of Seven Mile Creek

located adjacent to Rogers Creek (Figure 1), and is similar with

regards to soils, land-use, and topography. Measured streamflow

and water quality data are not available for the Rogers Creek

watershed. As such, model parameters were calibrated to result in

the lowest percent error between baseline scenario model

predictions and calculated or literature reported values related to

the watershed water-balance and nitrate-N loads. Literature values

corresponded to water balance or nitrate-N loads in nearby

watersheds with similar soils, topography, and cropping systems.

The average annual predicted ET value was compared to a

calculated ET for the watershed using a water balance approach.

Average annual ET was calculated as the difference between annual

average precipitation and runoff in the watershed region.

Runoff was estimated using USGS stream gauge data (https://

waterdata.usgs.gov/nwis/annual/), measured for the Minnesota

River at Mankato.

Model performance for crop growth in the baseline scenario

was quantified by comparing observed and predicted annual corn,

soybean, and alfalfa yields using the percent bias (PBIAS; Moriasi

et al., 2007):

PBIAS = o
n
i=1(Oi − Pi)

on
i=1Oi

� 100   (1)

where Oi is the observed annual crop yield, and Pi is the

corresponding model predicted data. Positive values of PBIAS

indicate model underestimation bias while negative values

indicate model overestimation bias. The observed values for

annual crop yields used in this statistical analysis were obtained

from the National Agricultural Statistic Service for Nicollet County,

Minnesota (USDA, 2022).

SWAT input parameters calibrated from model defaults can be

found in the Supplementary Materials, Supplementary Table 1.
2.4 Alternative cropping system scenarios

Following model calibration, simulations were run for three

different perennialized, alternative cropping system scenarios.
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These scenarios included cropping systems that incorporated: 1)

IWG, 2) winter camelina, 3) alfalfa. Each are described in more

detail below.

The IWG rotation used in model simulations was a 5-year

rotation, beginning with 4 years planted in IWG followed by 1 year

of soybean. IWG grown in this rotation was assumed to be grown

for harvest of its grain (marketed as “Kernza®“), and biomass was

not harvested. The rotation of IWG and soybean was based on a

published rotation for IWG grown as a grain crop in the region

(Jungers et al., 2017). The IWG simulation included a spring

planting of the IWG to allow for a full year of soybean growth

during the previous year. IWG requires vernalization

(overwintering) for grain production, so the first year of IWG was

used as a crop establishment year, while the following three years

were harvested for grain. In this rotation, IWG was planted in early

April, and fertilized at a rate of 60 kg N ha-1 at the end of April. The

IWG grain was harvested in early August for years 2, 3 and 4, but

not killed until the end of four years of growth. IWG was planted in

the spring to allow for a full year of soybean growth. In the fifth

year, fields were tilled in early May with a field cultivator prior to

planting soybean in late May. Soybean harvest occurred in early

October, with additional fall tillage using a chisel plow.

The alfalfa rotation simulated was a 6-year rotation, beginning

with 4 years of alfalfa followed by 2 years of corn. Fields were

prepared for alfalfa planting with a field cultivator tillage operation

in mid-April in year 1, with alfalfa planted a few days later. In year 1

of alfalfa, the first harvest occurred in early September. In years 2-4,

alfalfa was harvested 3 times during the growing season: on June 25,

August 1, and September 10. Following the September harvest in

year 4, fields were plowed (moldboard plow). For years when corn

was grown in this rotation, fields were tilled with a field cultivator in

early May, with corn planted following spring tillage. The corn crop

in the alfalfa rotation was fertilized in the spring, at a rate of 45 kg N

ha-1 in the first corn year, and 150 kg N ha-1 in the second year of

corn (Yost et al., 2012). Additional tillage followed corn harvest in

late October.

The winter camelina rotation simulated was a 3-year rotation,

where winter camelina was double cropped with soybean (meaning

winter camelina and soybean were grown in the same calendar year,

but not at the same time). The rotation used in this study was based

on the rotation described by Gesch et al. (2014), however we

replaced the spring wheat used in their study with winter rye

harvested for grain. Soybean was planted following spring tillage

in early May in year 1 and harvested on Oct 1. Immediately

following year 1 soybean harvest, winter rye was planted (as no-

till). Winter rye was allowed to grow through the end of year 1 and

into year 2, being harvested for grain in mid-July of year 2.

Following rye harvest, winter camelina was planted on Sept 1

(with the field fallow between rye harvest and winter camelina

planting). Winter camelina overwintered between years 2 and 3,

before being harvested on July 1 in year 3, with no-till soybean

immediately planted after winter camelina harvest. Soybean in year

3 was grown until the end of October. Nitrogen fertilizer was

applied to winter rye in April of year 2, and to winter camelina in

April of year 3, both as elemental N at a rate of 78 kg N ha-1.
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2.5 Parameterization of IWG and winter
camelina in SWAT

IWG and winter camelina are not crops that exist in the current

SWAT crop database, and new crop database files needed to be

created. Crop database files for both IWG and winter camelina were

initially based on existing SWAT crop files of similar crops. The

IWG crop was developed initially using crop parameters for winter

wheat and perennial wheatgrass, and the winter camelina crop

initially used SWAT default crop parameters for spring canola.

Crop database parameters for the IWG and winter camelina crops

were then changed in order to achieve similar results between

predicted and observed crop biomass and nitrate-N losses in tile

drainage. Nitrate-N was chosen as a factor for parameterization

based on the goals of this study. While crop biomass is not a key

result to achieve the project’s goals, predictions that were similar to

observations would indicate a reasonable approximation of crop

growth by the model. As observed data for biomass or nitrate-N

loads for these crops was not available for the Roges Creek

watershed, the observed data were obtained from literature values

from previous studies conducted nearest the watershed area. Due to

the limited nature of the observed datasets (including a small

sample of observations), statistical measures of model accuracy

were not appropriate, and rather acceptable fit was determined

based on minimizing the percent error between the observed and

predicted biomass and nitrate-N loads. Crop database parameters

used in this study for IWG and winter camelina are reported as a

Supplementary Materials, Supplementary Table 2.

Observed biomass values for a spring-seeded, improved grain-

type IWG were obtained from Jungers et al. (2017), which reported

biomass values for the years 2013-2015. In this study, reported

biomass values corresponded to the IWG crop fertilized at a rate of

96 kg N ha-1 in 2013, 87 kg N ha-1 in 2014, and 77 kg N ha-1 in 2015.

For winter camelina, observed biomass data were obtained from Liu

et al. (2020) and personal correspondence with researchers at the

USDA ARS. Observed data for nitrate-N loads in tile drainage was

not available in the literature for both crops, however nitrate-N

concentrations in soil-water had been reported. In order to make a

comparison between predicted nitrate-N losses in tile for these

crops to measured data, an “observed” nitrate-N load was calculated

using the model predicted tile flow and reported soil-water nitrate-

N concentration data. For IWG, the observed soil-water nitrate-N

load was calculated using the average annual predicted tile drainage

effluent depth in the baseline scenario, and measured soil-water

nitrate concentrations for corn and intermediate wheatgrass

reported in Jungers et al. (2019). For winter camelina, an

“observed” nitrate-N load was calculated using the annual

predicted tile drainage discharge depths and measured soil-water

nitrate concentrations reported in Weyers et al. (2019) for soybean

relay-cropped into winter camelina. The soil-water nitrate-N

concentrations reported in Weyers et al. (2019) were measured

over three time periods in 2-years, and included a “cover crop”

period (Sept-April) when winter camelina was established, an

“intercrop” period (May-June) when soybean was seeded into a

standing winter camelina crop, and a “soybean” period (July-Oct)

when soybean only was grown.
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2.6 Targeting alternative cropping
systems to the watershed to maximize
water quality benefits

Model simulations were conducted in order to determine the

effectiveness of the alternative cropping systems on reducing field

losses of nitrate-N. These simulations examined nitrate-N loads

given targeted conversion of corn-soybean land areas in the baseline

scenario to the alternative cropping systems. Specifically, we

examined how much land would need to be converted from the

corn-soybean rotation to an alternative cropping system in order to

achieve set reductions of 10, 20, 30, 40, and 50% in nitrate-N loads

from the watershed compared to the baseline scenario. Corn and

soybean HRUs were ranked based on losses of nitrate-N in the

baseline scenario. The land-use for these HRUs was then changed

from the baseline corn-soybean rotation to each of the alternative

cropping systems, with those HRUs contributing the highest losses

of nitrate-N under the baseline scenario targeted first with the

alternative cropping systems. This method was done in order to

allow for the largest reductions in nitrate-N losses at the watershed

scale,while minimizing the area of land needing to be converted to

an alternative cropping system. The alternative cropping systems

were applied to land-use classified as corn and soybean in the

baseline scenario–no other land-uses were changed from their

baseline conditions in the watershed.
3 Results

3.1 Baseline scenario

3.1.1 Water balance
The SWAT-predicted average annual ET for the Rogers Creek

watershed over all 18 years of simulation (2002-2019) was 52.8 cm

(20.79 in). Using a watershed area draining to the gauge location

equal to 38,590 km2 (14,900 mi2), the average observed ET (for

years 2000-2018) calculated using the water balance approach with

streamflow data for the Minnesota River at Mankato, was

approximately 58.4 cm (23.4 in), which is a 9.5% difference from

the predicted average annual value. Predicted average annual ET

(averaged over 18 years of model simulations) accounted for 70% of

the average annual precipitation. Tile drainage accounted for 17%

of the average annual precipitation, lateral flow accounted for 7%,

and surface runoff (RO) accounted for 6%. Losses to deep and

shallow groundwater (GW) were approximately zero. Nangia et al.

(2008) found tile drainage accounted for 25.3% of the total

precipitation in the nearby Seven Mile Creek watershed (which

does not include a coarse textured soil region), which is similar to

the 17% predicted here. The SWATmodel predicted average annual

ET as a percent of average annual precipitation is similar to those

measured on a fine-textured tile-drained soil (64.1% in 1992 and

72% in 1994) in central Iowa (Moorman et al., 1999).

3.1.2 Crop yields
Annual crop yields predicted by SWAT under the baseline

scenario are shown in Figure 2, and are compared to annual
frontiersin.org
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measured crop yields in Nicollet County, Minnesota (USDA, 2022).

Yields for alfalfa are shown only for years when alfalfa was grown in

rotation in the baseline scenario. The calculated PBIAS for the corn,

soybean, and alfalfa yields were 7.7, 0.18, and 6.9, respectively.

Average annual predicted corn yields were 8% lower than the

measured values, while predicted soybean yields show no

difference, and alfalfa yields are 7% lower than measured values

(Figure 2). SWAT tends to simulate yields lower than expected for

alfalfa in the establishment year, and it is these years (2006 and

2012) which show the greatest deviation from measured values.
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3.1.3 Nitrate-N loads
The annual predicted nitrate-N load for land in the corn-

soybean rotation in the baseline scenario averaged over all 18

years of model simulation was 29 kg ha-1 yr-1. Nitrate-N loads

from tile drainage accounted for 85% of the total nitrate-N load

from fields predicted by the model. Nitrate-N in lateral flow was

responsible for 12% of the total load, and surface runoff and

leaching accounted for 2.8% and 0.2%, respectively. The annual

loss of nitrate-N predicted in this study is similar to nitrate-N losses

predicted for the adjacent Seven Mile Creek Watershed. Using the
B

C

A

FIGURE 2

Annual predicted yields (“SWAT”) for corn (A), soybean (B), and alfalfa (C) in the baseline scenario compared to reported values for Nicollet County (“NASS”).
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ADAPT model (Chung et al., 1992) for a corn-soybean rotation

with subsurface tile drainage and N fertilizer rates equal to 154 kg N

ha-1, Nangia et al. (2010) predicted average annual nitrate-N losses

of 27.7 kg ha-1 (corresponding to the years 1999-2003). Nangia et al.

(2008) reported measured nitrate-N losses from a single field in the

Seven Mile Creek watershed during the growing season only (April-

August) ranging from 6.2 to 27.5 kg ha-1, though fertilizer rates used

on the field were less than the 150 kg N ha-1 used in the

current study.

The highest nitrate-N loads from fields were found in HRUs

within the corn-soybean land-use, scattered throughout the

watershed. The highest nitrate-N losses in this cropping system

were found for HRUs assumed to have tile drainage (with slopes less

than 2%), and generally on poorly drained clay loam soils or

somewhat poorly drained loam soils. These soils on tile drained

areas accounted for 72% of the area cropped in the corn-soybean

rotation and 60% of the field losses of nitrate-N. High field losses of

nitrate-N were also found for HRUs on the far eastern portion of

the watershed which were tile-drained but consisted of well drained

loam soils. These HRUs accounted for 7% of the area specified in a

corn-soybean rotation within the watershed area but 20% of field

losses of nitrate-N.
3.2 SWAT crop parameterization results

3.2.1 Intermediate wheatgrass
The accuracy of parameters used in the crop file to describe

IWG growth in SWAT were assessed by comparing the simulated

biomass of IWG to measured values reported by Jungers et al.

(2017) for a grain-type IWG seeded in the spring. Measured

biomass at these sites was 11,880 kg ha-1, in 2013, 12,267 kg ha-1

in 2014, and 9,353 kg ha-1 in 2015, or an average annual value of
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11,166 kg ha-1. Average annual predicted IWG biomass was 13,478

kg ha-1,a, 21% difference between observed and predicted annual

biomass (Figure 3). However, simulated IWG yields were similar to

other IWG yield observations from field trials within 100 km of the

modeled watershed (Frahm et al., 2018; Hunter et al., 2020)

Predicted biomass is shown in Figure 3 for years when IWG was

grown within its rotation. Since measured values were not available

for every year of SWAT prediction, model predictions of biomass

were compared to the average annual measured value or 11,166 kg

ha-1 in Figure 3. SWAT predictions of IWG biomass are greater

than the average annual value for most years, though the percent

difference is less than 10% for most years. However, for 6 years,

predicted biomass was notably higher than measured values (years

2006, 2007, 2010, 2011, 2015 and 2016). These higher biomass

values often occured during the first two years of IWG. This may

indicate that the SWAT model assumes additional nitrogen

available for the first two years of IWG resulting from the

soybean crop the previous year. Grain yield was not compared

between SWAT predictions and measured values for IWG because

measured IWG grain yields decrease in the final year of their

rotation without a corresponding decrease in their biomass

(Jungers et al., 2017), a phenomenon which is difficult to achieve

in SWAT due to crop yields being modeled as a fixed fraction of the

overall biomass (Neitsch et al., 2011).

Predicted nitrate-N loads from tile drainage were compared to a

calculated “observed” soil-water nitrate-N load, where the

“observed” soil-water nitrate-N load was calculated using

predicted tile drainage depth and measured soil-water nitrate

concentrations reported in Jungers et al. (2019). Table 1 shows

the predicted and observed nitrate-N loads for corn and IWG. The

predicted nitrate-N loads from tile drainage shown in Table 1 were

averaged over all years when either corn was planted (values from

the baseline scenario), or when IWG was planted (values from the
FIGURE 3

SWAT-predicted IWG above ground-biomass for all years of model simulation and average annual biomass from spring planted, grain-type IWG
(Jungers et al 2017).
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IWG rotation scenario). Observed loads were calculated using the

predicted annual average tile flow depth (176 mm) and the

measured soil-water nitrate-N concentrations reported in Jungers

et al. (2019) for corn and IWG. Observed and predicted nitrate-N

loads for IWG both show a drastically lower compared to the

nitrate-N loads for corn. Predicted nitrate-N loads for IWG are

larger than observed loads, but the difference is only 1.2 kg ha-1.

While SWAT predicted higher IWG biomass for all years,

changes to the crop database parameters that would decrease

biomass production also resulted in increases in nitrate-N losses

due to a reduction in plant uptake of nitrogen. The crop parameter

values used in this study (reported in the Supplementary

Information) optimize results both with regards to biomass and

nitrate-N loads.

3.2.2 Winter camelina
The accuracy of parameters used in the crop file to describe

winter camelina growth in SWAT were assessed by comparing the

simulated biomass and seed yield to measured values. Above

ground biomass for winter camelina was expected to be

approximately 1,120 kg ha-1 at the end of April, and reach a

maximum of 4,483-6,725 kg ha-1 at harvest on July 1 (R. Gesch,

personal communication). Averaged over all years of model

simulation, crop biomass at harvest and in the spring was higher

than the reported range, with an average of 2,111 kg ha-1 at the end

of April and 8,306 kg ha-1 at harvest.

In order to make a direct comparison with SWAT model

predictions for nitrate-N load, the measured soil water nitrate

concentrations from Weyers et al. (2019) were multiplied by the

average monthly tile flow depths predicted by SWAT to give an

estimated “observed” nitrate-N load given measured nitrate

concentration and the predicted tile flow depths. The observed

data represents the average nitrate-N concentration measured at 30,

60, and 100 cm soil depths reported in Weyers et al. (2019) for the

cover crop (Sept-April), intercrop (May-June), and soybean (July-

Oct) periods (Table 2). Table 2 also includes a range in the observed

data, calculated using the magnitude and direction of measurement
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errors presented in Weyers et al. (2019). As a total nitrate load over

the growing season, the predicted value falls within the range in the

observed data. However, the SWAT results differ from the observed

data when examined by time period, with the predicted nitrate loads

being higher during the Sept-April and May-June time period, but

with lower loads predicted during the “soybean” phase in July-Oct.

These differences could in part be due to a difference in the cropping

systems. The predicted values represent a double-crop system

where winter camelina is harvested before soybean is planted,

whereas the observed concentration corresponds to a relay crop

system, when there is a 2-month period where soybean and winter

camelina grow concurrently. SWAT does not allow for crops to be

grown simultaneously, thus simulations of winter camelina within

the SWAT model are limited to only examining double cropping

systems and not relay cropped systems.
3.3 Predicted nitrate-N losses for
alternative cropping systems

3.3.1 Nitrate-N load for perennialized versus
annual cropping systems

Figure 4 shows predicted annual field losses of nitrate-N

(including losses in runoff, tile drainage, lateral flow, and leaching

to groundwater) as an average over all fields in the watershed in the

corn-soybean rotation in the baseline scenario, and each of the

alternative perennialized cropping systems (IWG, alfalfa, and

winter camelina rotations) assuming 100% of the corn-soybean

area in the baseline scenario was converted to the alternative

system. The corn-soybean rotation shows the highest predicted

nitrate-N loads for most years. The winter camelina rotation

generally shows the highest losses of nitrate-N compared to the

other alternative cropping scenarios. However, there are some years

in the IWG and alfalfa rotations where nitrate-N losses were higher

than predicted losses with the winter camelina rotation. Years with

relatively higher nitrate-N losses for the IWG rotation tend to occur

in the year that follows soybean harvest. Soybean was grown in the
TABLE 2 Predicted and observed values of nitrate-N in tile flow (predicted) and soil-water (observed) for a winter camelina rotation.

Time
Period

Predicted tile
flow (mm)

Predicted tile NO3-N
load (kg/ha)

Reported “observed” soil-water
NO3-N load (kg/ha)

Range in “observed” soil-water
NO3-N load (kg/ha)

Sept-April 17.7 2.2 0.44 0.16-1.04

May-June 15.7 1.4 0.26 0.35-0.85

July-Oct 8.1 0.2 1.28 0.13-2.70

Total 3.7 1.98 0.63-4.59
Observed values were calculated using reported soil-water nitrate-N concentrations fromWeyers et al. (2019), and include the load calculated as a range using their reported measurement errors.
TABLE 1 Predicted and observed values of nitrate-N in tile flow (predicted) and soil-water (observed).

Crop Observed soil-water NO3-N concentration
(mg l-1)

Reported “observed” soil-water NO3-N load
(kg ha-1)

Predicted tile NO3-N load (kg
ha-1)

Corn 24 42 41

IWG 0.3 0.5 1.7
Observed loads were calculated using observed soil-water nitrate-N concentrations from Jungers et al. (2019) and the model predicted average annual tile discharge depth.
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rotation in the years 2004, 2009, 2014, and 2019, and the highest

annual nitrate-N losses with the IWG rotation occur in the years

2005 and 2010. These higher nitrate-N losses in the years following

soybean may be due to additional nitrogen being available in the soil

following the planting of a legume crop. For the alfalfa rotation, the

highest nitrate-N losses occured during years when corn was grown

(2004, 2005, 2010, 2011, 2016, and 2017). In the alfalfa rotation

these higher losses during corn years may be due to the annual crop

being grown, in addition to nitrogen fertilizer being applied

those years.

Examining nitrate-N losses from fields converted to the

alternative cropping system only for years when IWG was planted

(not considering all years of the rotation), simulated annual average

nitrate-N loads from tile drainage were approximately 91% less

compared to nitrate-N losses under the corn-soybean baseline

scenario. These same years planted with alfalfa showed a similar

reduction in nitrate-N losses compared to the annual crops corn

and soybean, also showing on average an approximately 92%

reduction in nitrate-N compared to corn-soybean. The predicted

reduction in nitrate-N load from tile drainage for an alfalfa rotation

compared to a corn-soybean rotation is similar to that reported in

Randall et al. (1997), who found a 96% reduction in tile nitrate-N

loads (7.2 kg ha-1 for alfalfa over 4 years compared to 203 kg ha-1 for

corn-soybean rotation).

3.3.2 Watershed area required to achieve target
reductions in nitrate-N

The land area cropped in corn and soybean under the baseline

scenario that would need to be converted to the alfalfa, IWG, or

winter camelina rotations in order to achieve specified reduction
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goals ranging from 10 to 50% in average annual field losses of

nitrate-N is shown in Figure 5 (nitrate-N losses include losses in

runoff, tile drainage, lateral flow, and leaching to groundwater).

These results consider the average annual losses over the entire 18-

year simulation period, and nitrate-N losses that occur during years

when perennial crops are planted as well as the years when an

annual crop is planted within the IWG and alfalfa rotations.

Reduction goals of 10%. 20%, 30%, 40%, and 50%, corresponded

to average annual nitrate-N losses of 26.2, 23.1, 20.4, 17.4, and 14.5

kg N ha-1, respectively. Results of simulations show that less land

area needs to be converted to the IWG and alfalfa rotations

compared to the winter camelina rotation in order to achieve a

given fixed percent reductions in nitrate-N. Additionally, the results

for the IWG and alfalfa rotations are similar, but the IWG rotation

requires slightly less land than the alfalfa rotation in order to

achieve the same reductions in nitrate-N (Figure 5).

In order to achieve a 30% reduction in nitrate-N losses in the

watershed, 25% and 24% the area of land in a corn-soybean rotation

in the baseline scenario needed to be converted to an alfalfa rotation

or IWG rotation, respectively. In contrast, to achieve this same 30%

reduction in nitrate-N losses, 57% of the corn-soybean area would

need to be converted to the winter camelina rotation. A 50%

reduction in nitrate-N losses required 61%, 54% or 100% of the

corn-soybean area to be converted to the alfalfa, IWG, or winter

camelina rotations, respectively (Figure 5). When all areas currently

cropped in corn and soybean were converted to the alfalfa rotation,

nitrate-N losses from fields at the watershed scale are predicted to

decrease by 78% compared to the baseline crop rotation. Converting

100% of the corn-soybean acreage into the IWG rotation results in

an 81% reduction in nitrate-N losses. In comparison, converting
FIGURE 4

Predicted annual nitrate-N losses from fields for the baseline corn-soybean scenario and each of the alternative perennialized cropping systems
(IWG, alfalfa, and winter camelina).
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100% of the land-area into the winter camelina rotation results in

only a 48% reduction in nitrate-N.
4 Discussion

This modeling study evaluated hydrology and water quality

effects of crop rotations that include crops with potential to

improve water quality and provide new revenue to farmers.

Specifically, these rotations included “perennializing” crops that

increased the duration of living plant cover in these rotations,

namely alfalfa, Kernza®, and winter camelina. Simulations

indicated that these rotations had water quality benefits compared

to corn-soybean rotations on tile-drained croplands of the Upper

Midwest, USA. Predicted nitrate-N losses from tile drainage were

reduced when acreage planted in a corn-soybean rotation was

converted to rotations that included alfalfa, and newly developed

varieties of intermediate wheatgrass (marketed as the grain Kernza®)

and winter camelina. The greatest reductions of nitrate-N in the

watershed occurred when large areas of land were converted from the

corn-soybean rotation into one of the alternative crop rotations.

Nitrate-N loads decreased by 78 and 81%, respectively, when all the

current corn-soybean areas were converted to a 5-year IWG-soybean

rotation, or 6-year corn-alfalfa rotation. Based on net returns in

southcentral Minnesota for a corn-soybean rotation of $2223.57 ha-1

that exceed net returns for continuous alfalfa, 3-yr Kernza®, and

soybean-camelina cropping system averaging $990.17 ha-1, $1285.45

ha-1, and $1407.44 ha-1, respectively (Forever Green Initiative, 2022),

adoption of perennialized systems on all crop land is unlikely in

watersheds in this region. However, when targeted to specific areas on

the landscape, these rotations still have the potential to significantly

reduce nitrate-N loads from extensively tile-drained watersheds.

Pollution reduction strategies in the state of Minnesota have a goal
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of achieving reductions of 20-40% (MPCA, 2014). Nitrate-N loads

were reduced by 30% when 25%, 24%, or 57% of corn-soybean areas

were converted to the alfalfa, IWG, or winter camelina

rotations, respectively.

Though winter camelina showed important reductions in

nitrate-N loads compared to a corn-soybean rotation, nitrate-N

loads were reduced the most when corn-soybean acreage was

converted to a rotation that included a perennial crop, such as

alfalfa or IWG. The better performance of the perennial crops could

be explained by greater biomass production and plant N uptake

throughout the year. Additionally, unlike the IWG and alfalfa

rotations, the winter camelina rotation included a fallow period

(Gesch et al., 2014), as well as additional tillage operations during

the rotation, increasing soil disturbance.

Limitations of the SWAT model, the design of the crop

rotations, and availability of measured water quality data have

implications for results of this study. The winter camelina

rotation simulated in this study assumed a double cropping

system where only one crop was grown at a time. Many proposed

winter camelina rotations instead utilize a relay crop approach, with

more than one crop growing simultaneously (Weyers et al., 2019).

The SWAT model is not able to grow more than one crop at a time,

and so using this model to make predictions on nutrient dynamics

in the soil and water for a winter camelina rotation limits

predictions by SWAT to only one of two possible camelina

rotations. Crop rotations used in this study were fixed with time

(not all crops were grown during all years). Crop growth in a given

year could be impacted by temperature and precipitation in that

year, thus affecting predicted plant nitrogen uptake and nitrate-N

losses in drainage. Nitrate-N loss in tile drainage has been shown to

be greatly affected by precipitation and cycles of wet and dry years

(Nangia et al., 2010). Given the fixed nature of the rotations used in

this study, the reported predicted nitrate-N losses are at least
FIGURE 5

Percent of watershed area needing to be converted from the baseline (corn-soybean) land-use to an alternative crop rotation in order to achieve
reductions in nitrate-N of 10, 20, 30, 40, and 50% compared to the baseline scenario.
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slightly dependent on the weather occurring the year the crop was

planted. However, this limitation is minimized to a large extent by

using a relatively long climatic record of 20 years.

There were also limited measured hydrology and water quality

datasets available in the Rogers Creek watershed for use in

calibrating the model. Statistical measures of model goodness-of-

fit require observed data and corresponding model predictions for

multiple time points (such as daily, monthly, or annual) in order to

obtain a useful statistic of model performance. While annual

measurements of crop yields were available for the watershed, this

is an ungauged watershed with no daily, monthly, or annual

measurements of streamflow, or regular measurements of nitrate-

N concentration in the main stream channel or in tile drainage

discharge. While the model was calibrated given available

hydrologic datasets, these datasets primarily considered average

values over the entire simulation period (e.g. a single value of the

average annual water balance and ET). Therefore, it was not

appropriate to use statistical measures of model goodness-of-fit in

assessing model performance during calibration of hydrology or

water quality parameters, and a statistical measure (PBIAS) was

only used in assessing model performance in predicting annual crop

yield in the baseline scenario. In addition to the limited measured

datasets for calibration of the model baseline scenario, there was

also limited data available to calibrate model results for alternative

cropping systems. Both IWG and winter camelina are crops that do

not exist within the SWAT crop database, and parameter

calibration was necessary to simulate water quality for these

crops. Measured nitrate-N loads from subsurface tile drainage

systems for both the IWG and winter camelina crops were not

available for comparison to model predictions. Thus, this study

utilized the available measured soil-water nitrate-N concentrations

published in the literature, along with predicted values of tile

drainage in order to obtain a value for expected observed nitrate-

N loads from tile drains. Despite the limited measured hydrology

and water quality data available, the work presented here is an

important first step in evaluating the impact of novel perennialized

cropping systems on water quality on a watershed scale,

demonstrating the potential of these systems to reduce nutrient

losses in tile-drained, row cropped areas. Additionally, the results of

this work highlight the need for further research to generate robust

observed water quality datasets for perennialized cropping systems

in order to fully understand the impact of these systems on regional

water quality.

Such evaluation is important to inform watershed and landscape-

scale efforts to enhance stewardship of water in agricultural

landscapes (Duru et al., 2015; Morton and Shea, 2022). Watershed-

scale planning and action to advance diversification at watershed

scales can serve the interests of farmers, firms, and public agencies.

For example, major food manufacturers are pledging to support

enhanced water management practices on large scales. To make good

on these pledges, such firms are organizing to work with their

producers on aggregated regional scales (“supplysheds,” General

Mills, 2022). Public agencies are also supporting watershed-scale

planning and action, including agricultural diversification (https://

bwsr.state.mn.us/one-watershed-one-plan). Farmer groups also

advocate watershed-scale planning and action (Gesch et al., 2020),
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and watershed-scale implementation of diversification and water

conservation. Collective implementation of diversification on

watershed scales can provide advantages for farmers, including

mutual implementation support and other advantages of

aggregation (Manson et al., 2016).

Planning and implementation of watershed-scale diversification

likely requires collective action by public agencies, private firms,

and farmers. Yet, implementation of diversification by collective

action on watershed scale must manage inherent conflicts of

interest among these parties (Bodin, 2021). Management of these

conflicts, and achievement of mutual gains is likely to depend

strongly on effective collaborative learning (Bodin, 2017).

Watershed-scale diversification scenarios appear to support such

learning (Slotterback et al., 2016). Therefore, watershed-scale

implementation scenarios for diversification via novel crops are

likely to be very important to collaborative learning regarding the

utility of these crops to advance diversification. Accordingly, our

development of these watershed-scale scenarios for several novel

crops (Kernza® and winter camelina) is intended to support such

collaborative learning processes for these particular crops. Both are

of major interest to public, private sectors and to farmers. This

study serves as an important first step in estimating the effects that

adoption of these crops could have on field-scale nitrate-N losses in

regions which are extensively tile-drained, and results of this

modeling study encourage further watershed-scale learning and

collective action to explore implementation of these novel crops.
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