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Perennial grain crops are a potential alternative source of staple foods and animal
forage that can also provide additional environmental benefits over annual crops.
Intermediate wheatgrass (IWG; Thinopyrum intermedium) is a new perennial
dual-use crop for grain and forage, with growing interest among stakeholders as
it produces grain in a more environmentally sound manner than current annual
crops. DSSAT model simulations were performed for maize and a new DSSAT
model for IWG based on data collected from field studies conducted during
2013-2015 at three different locations, i.e., Lamberton, Waseca and Crookston
using low (zero), medium (60-80kgha™) and high fertilizer nitrogen (N) rates
(120-160 kg ha™t). The DSSAT CERES-Maize and CROPGRO-PFM models used as
the basis for simulating IWG were calibrated at the high N rate to predict the
yield/biomass, soil water balance, and soil nitrogen balance in maize and IWG,
respectively, for the medium and low N rate treatments. Model predictions for
maize yield and IWG biomass (0.89 >= Nash Sutcliffe Efficiency >= 0.58), soil profile
moisture (0.81 >=NSE>=0.53) ranged from very good to satisfactory for maize
and the high N rate in IWG, with nearly satisfactory accuracy for ING under the
medium and zero N rates. Simulation results indicate that low, medium and high
N rates produced an average IWG biomass of 7.8, 9.7, and 10.5 t ha™, in addition to
observed grain yield of 0.36, 0.49, and 0.45 tha™, respectively. The corresponding
N rates produced 5.9, 7.9, and 8.7 tha™! maize yield. Soil profile moisture under
IWG and maize averaged 0.25 and 0.29 m*m=3, respectively. Averaged over N
rates and locations, IWG and maize had values for crop evapotranspiration (ET,)
of 592 vs. 517 mm; deep percolation of 100.8 vs. 154.5 mm; and nitrate-N leaching
losses of 2.6 vs. 17.9 kg ha™, respectively. Results indicate that perennial IWG not
only produced high biomass under rainfed conditions, but also reduced deep
percolation by efficiently using soil profile moisture, leading to nitrate-N leaching
losses six to seven times lower than for maize.

Kernza®, corn, modeling, evapotranspiration, deep percolation, nitrate leaching,
Minnesota
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Introduction

Modern societies now demand more from food systems-not
only food, fuel, and fiber, but also a variety of ecosystem services.
And although
unprecedented yields, they are also contributing to ecosystem

today’s farming practices are producing
problems such as physical and chemical soil degradation,
greenhouse gas emissions, and water pollution. Nitrogen leaching
from fertilized annual grain crops to groundwater is a health threat
for citizens of rural communities relying on well water for drinking.
The Midwestern United States is among the most highly productive
and intensively farmed maize (corn) production areas in the world,
with associated nitrate-N (NO;-N) pollution of groundwater in
Minnesota (MN). High nitrogen (N) fertilizer inputs on high
organic matter soils in the rainy season result in high leaching and
tile drainage losses of NO;-N, leading to groundwater pollution,
surface water eutrophication and algal blooms in downstream
coastal areas (Kroening and Vaughan, 2019; Christopher et al.,
2021). Nitrate concentrations in 27% of 728 river and stream
sampling sites of Minnesota exceeded 10 ppm during the years
2000-2010 (Minnesota Pollution Control Agency, 2013). Similarly,
40% of groundwater wells in central Minnesota during recent years
had NO;-N concentrations exceeding the permissible limit of
10 ppm. Moreover, groundwater contamination trends from the last
decade have remained level (Kroening and Vaughan, 2019). A study
conducted for a continuous corn rotation on sandy soil in Central
Minnesota during 2011-2014 showed very high in-season NO;-N
concentrations averaging 30.3 and 38.0mgL™", and end-of-season
leaching losses of 71.0 and 96kgNha™' below the rooting zone,
corresponding with urea N fertilizer applied at the economic
optimum N rate (EONR) of 180kgha™" or the agronomic optimum
N rate (AONR) of 225kgha™, respectively (Struffert et al., 2016).
In short, the practices accompanying annual row crop agriculture
bring environmental problems, which argues for diversification of
Midwestern agriculture to provide improved ecosystem services
(Pennington et al., 2017; Prokopy et al., 2020).

There is a pressing need to reduce NO;-N losses through improved
N management and alternative perennial cropping systems. Reducing
N fertilization at EONR under continuous corn rotation in
Midwestern row crop agriculture causes high NO;-N leaching losses,
while further reducing N rates to bring sustainability within
agroecosystems causes an economic loss in terms of reduced grain
yields (Struffert et al, 2016). Replacing significant acreage of
Midwestern row crops with perennial grain crops is an approach that
has received far less attention than fertilizer management strategies for
improving ecosystem services. IWG, a perennial grass trademarked
by The Land Institute as Kernza®, has multiple environmental and
economic benefits (Culman et al.,, 2013; Jungers et al., 2019). Kernza®
not only produces animal forage in spring and fall, but also benefits
farmers with high-value human-edible grain yield. Additional benefits
of Kernza® include providing continuous living cover on the landscape
and significantly higher below-ground biomass beyond those
provided by annual cropping systems (Pinto et al., 2021). Perennial
crops like Kernza® have an extended growing season, resulting in
higher evapotranspiration, and lower runoff and deep percolation
losses during late fall and early spring, compared to the fields that are
fallow under annual crops. Extended growing time also increases the
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assimilation of N during the time when it is susceptible to leaching
(Huggins et al., 2001). Moreover, extensive rooting systems of Kernza®
also result in lower NO;-N and water losses via deep percolation and
surface runoff, and higher carbon sequestration, compared to the
annual crops. Kernza® grown consecutively over three seasons needs
only one pass of the tractor to initially plant seed, leading to reduced
input expenses and reduced greenhouse gas emissions (Jungers et al.,
2019; Lanker et al., 2020: Reilly et al., 2022).

IWG is a perennial cool-season forage grass and grain crop that is
widely adapted throughout the USA and Canada (de Oliveira et al.,
2020). Although IWG was initially implemented as a forage crop in
the upper Midwest and northern Great Plains due to its winter
hardiness and high forage quality, efforts were made to develop IWG
into a grain crop by selecting for increased grain size and yield over
the last decade (DeHaan et al., 2013). IWG can sustain high yields
without replanting for numerous consecutive years, resulting in
important climate mitigation benefits (de Oliveira et al, 2018).
Reduced nitrate leaching compared with annual wheat (Culman et al,
2013) and maize (Jungers et al., 2019) has been observed with IWG
due to its greater whole-crop N use efficiency (Sprunger et al., 2018)
and water use efficiency (de Oliveira et al., 2020).

While efforts are being made to improve grain yield, seed size,
threshability, shattering resistance, lodging resistance, and develop
higher yielding cultivars for farmers (Zhang et al., 2017), much
remains unknown about agronomic management, optimum N
requirement, ET, potential, and impacts of IWG on deep percolation
and NO;-N leaching losses, compared to row crops. The short-term
monitoring of yield and NO;-N leaching losses over small
experimental areas under highly variable climatic conditions can
produce incomplete assessments, while long-term monitoring needs
laborious work to collect plant parameters and soil characteristics.
Under these circumstances, combining experimental measurements
with modeling is a highly useful approach for understanding the
relationships among soil, plants, climate change, water quality and
other components in agricultural systems, particularly for studying
the effects of crop diversification over time (Prokopy et al., 2020).
Crop models such as Decision Support System for Agrotechnology
Transfer (DSSAT) are not only useful to understand management
effects on overall production, but also environmental effects of
perennial crops and their management options. These models work
well when calibrated with site specific data (Zamora et al., 2009).

The DSSAT model has a modular structure consisting of cropping
system, weather, soil, and crop management modules. DSSAT has
been tested for various climatic conditions and crop varieties. The
CERES-Maize and CROPGRO-PFM (perennial forage model)
modules included in DSSAT version 4.7 have the ability to predict
yield and biomass production of corn and perennial grasses,
respectively. However, forage crop models are still under the
development stage (Jones et al., 2003; Hoogenboom et al., 2019), and
have not yet been applied for simulation of IWG.

The objectives of this study were to: (1) evaluate the accuracy of
using the DSSAT-CERES-Maize and DSSAT-CROPGRO-PFM model
to simulate yield and/or biomass, soil water, and soil N balance of
IWG vs. corn at three locations in Minnesota; and (2) evaluate how N
rates across a range of climatic conditions and soil types affect crop
yield/biomass productivity, soil profile moisture, deep percolation and
nitrate-N leaching losses for IWG vs. maize in Minnesota.
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Materials and methods
Soil and weather data description

Experimental data for DSSAT model simulations were collected
at three University of Minnesota Agricultural Experiment Station
sites located in three different agroecological regions of Minnesota,
United States. Soil series studied include a Knoke silty clay loam
(Calciaquoll) at Lamberton (44.24, —95.30), a Webster clay loam
(Haplaquoll) at Waseca (44.07, —93.53), and a Wheatville loam
(Calciaquoll) at Crookston (47.81, —96.62). The Lamberton, Waseca
and Crookston sites are situated in southwestern, southern, and
northwestern Minnesota, in the Coteau/Drier Blue Earth Till,
Rolling Moraine, and Northern Till/Inter-beach Sand Bar
agroecoregions, respectively. The Crookston soil is lighter textured,
drier and cooler than soil at the other two sites. Weather data
including net radiation, maximum and minimum temperature,
precipitation, relative humidity and wind speed were obtained from
the Minnesota Agricultural Experiment Station weather stations
located at each site. At the start of the experiment, soil data for
modeling were obtained from soil samples collected at the start of
experiment and the USDA soil survey geographic database
(SSURGO). We relied on SSURGO for sand, silt, and clay
proportion, soil organic carbon, water content at wilting point
(drained lower limit), and field capacity (drained upper limit), soil
saturated hydraulic conductivity, bulk density, soil pH, cation
exchange capacity, water table depth, slope, and drainage conditions.
Annual rainfall at Lamberton, Waseca and Crookston from 2013 to
2015 averaged 670+68 mm, 976+ 134mm and 479+43mm,
respectively. There was high variation in rainfall amount and
distribution during different years (Figure 1). Surface soils ranged
in textural class from silty clay loam at Lamberton to clay loam at
Waseca, to loam at Crookston (Table 1). The Lamberton and Waseca
soils were moderately to poorly drained (soil hydrological group of
C/D), while Crookston soil was somewhat moderately drained (soil
hydrological group of B/C). All fields were relatively flat (<2% slope)
and naturally drained. The Lamberton and Waseca soils had higher
soil organic matter, cation exchange capacity and soil water content
at —33 and-1,500kPa, with lower soil saturated hydraulic
conductivity, compared to Crookston. The bulk density of soil
decreased in the order of Crookston> Lamberton> Waseca.

Experimental management practices

The corn and IWG experiments were initiated in 2013 using three
spring-applied fertilizer N rates, i.e., low (zero), medium (80kgNha™)
and high (160kgha™"). However, during the years 2014-2015, medium
and high fertilizer N rates for IWG were reduced to 60 and 120kgha™',
respectively. Corn received N fertilizer as pre-plant, while IWG was
fertilized in late May. Both crops received N fertilizer urea as
broadcast. Corn was planted in May each year at 76 cm row spacings
with 86,500 seeds ha™'. IWG (variety TLI-C2) was seeded in August
2011 at Lamberton and Waseca, and in May 2012 at Crookston, at
15-cm row spacing using 18kg seeds ha™'. Each crop was seeded in a
plot size of 4.5 by 7.5m. The preceding crop at all sites during 2012
was soybean, which received no N fertilizer. During 2012, IWG crop
was mowed in the fall. IWG and corn were harvested in mid-August
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and during last week of September, respectively. Crop yields were
estimated annually for the years 2013-2015. The grain yield of IWG
was determined by cutting the IWG in a 0.5 m” sample quadrat to a
stubble height of 10 cm. Corn grain yield and biomass were obtained
from a 3 m? area. Grain yield and biomass of corn and IWG were
determined after drying at 60°C for 5days. After yield samples were
collected, all remaining biomass from all crop treatments was
removed. The NO;-N concentration in the soil solution at 0.50 m
depth was determined by collecting soil solution samples with a
suction tube lysimeter with porous ceramic cups. We used measured
data for soil moisture content and soil profile NO;-N as an initial input
(Supplementary Table S1). Details of the IWG field experiments are
given in Jungers et al. (2017, 2019), Tautges et al. (2018), and Frahm
etal. (2018). Some agronomic parameters for modeling were obtained
from IWG trials conducted at Winnipeg, Canada by the Univ. of
Manitoba (Cattani and Asselin, 2018) and at Saint Paul, MN (Jungers
et al., 2017, 2018). Moreover, we relied on detailed un-published
experimental data with replications from the Lamberton, Waseca and
Crookston sites for modeling (Supplementary Table 52).

DSSAT model description

The DSSAT model comprises crop simulation models that predict
growth, development and yield for over 42 crops as well as soil water
and N balances. DSSAT v4.7.5 has a modular structure consisting of
cropping system, weather, soil, and crop management modules. The
DSSAT modules CERES-Maize and CROPGRO-PFM (perennial
forage model) were used to conduct simulations for maize and IWG,
respectively. The perennial CROPGRO-Forage model developed by
Rymph et al. (2004) was used in this study to simulate IWG, because
it includes storage organs, for a better representation of carbon and N
partitioning, and consequently patterns of re-growth. It also has
proven ability to predict growth and tissue N composition of perennial
grass in response to daily weather, N fertilization, harvest management,
and allows winter dormancy or regrowth after 100% foliage harvest or
freeze damage. The model code has been improved and used in
development of model parameters to allow prediction of several
tropical forage crops (Pequeno et al., 2014).

Model calibration procedure

Evaluation of leaching losses was caried out at each of the three
sites receiving three N rates applied to corn and IWG during the
spring. The DSSAT model was calibrated to assess crop yield/biomass
and NO;-N leaching losses at a depth of 1.2 m. DSSAT was calibrated
at each of the three sites for high (120-160kgha™") N rates using
2013-2015 data to assess the yield/biomass, soil moisture content,
deep percolation, and NO;-N leaching under maize and IWG crop.
The model was subsequently validated for medium and low N rates
applied at those three sites for the same years. DSSAT model
calibration was based on: FAO-56 method for estimation of ETC;
Ritchie 1-D tipping bucket method for infiltration; photosynthesis
using leaf photosynthesis response curve; organic matter by Century
model; hydrology by Ritchie water balance; and soil evaporation by
Ritchie-Ceres method, using a modified soil profile. Due to the low
slope, runoff potential of all three sites was selected as moderately low.
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FIGURE 1
Daily precipitation at experimental sites located in Lamberton (top), Waseca (middle), and Crookston (lower), Minnesota from Jan. 2013 to Dec. 2015.

TABLE 1 Soil profile physico-chemical properties from three experimental field sites used as initial condition inputs for the DSSAT model calibration.

Soil
type*

Location Depth Sand SOM

(m)

Clay

9Z’>3kPa

Ksat
(mmhr)

B.D.
(gcm™)

CEC
(mEq/1009)

H.G.

e1,500kPa

Lamberton 0.0-0.5 SiCL 10.0 32.0 3.8 0.33 0.19 35 1.30 25.9 C/D
0.5-1.2 SiCL 20.0 30.0 1.8 0.30 0.18 3.5 1.36 22.8 C/D

Waseca 0.0-0.5 CL 25.0 30.0 4.5 0.34 0.20 14.5 1.25 24.0 C/D
0.5-1.2 CL 26.5 31.0 1.7 0.31 0.19 14.5 1.35 20.0 C/D

Crookston 0.0-0.5 L 42.0 25.4 2.5 0.26 0.15 33.0 1.4 9.9 B/C
0.5-1.2 CL 28.0 27.5 13 0.30 0.18 14.0 1.37 17.1 C

*USDA classification; SiCL, silty clay loam; CL, clay loam; L, loam; SOM, soil organic matter; Ksat, soil saturated hydraulic conductivity; B.D., bulk density; CEC, cation Exchange capacity;

H.G. hydrological soil group.

The saturated upper limit (SUL) was considered equal to porosity,
calculated from the soil bulk density. Drained upper limit (DUL) and
lower limit (LL) were taken as SSURGO value of water content at field
capacity, and wilting point, respectively (Table 1). DSSAT was
calibrated using data from four replicates at each N rate. For corn
simulation, genetic coefficients were calibrated to simulate the
response of corn crop to weather and management conditions. The
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observed experimental data were compared with the model simulation
results. The CERES-maize cultivar calibration requires the estimation
of six genetic coefficients, i.e, P, (delay in development with
photoperiod above 12.5h), Ps (thermal time from silking to
physiological maturity), PHINT (phyllochron interval), P, (thermal
time from seedling emergence to the end of the juvenile growth
period), G, (maximum possible number of kernels per plant) and G;

frontiersin.org


https://doi.org/10.3389/fsufs.2023.1010383
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Mulla et al.

(potential kernel growth rate). These coefficients were modified
during calibration. First, the coefficients controlling phenology (P,, P,,
Ps, and PHINT) were modified to match anthesis and maturity dates,
and leaf number. Later, the G,, and G; parameters were adjusted to
match the measured and modeled biomass and yield. At each site
measured values of tillers m™ (Supplementary Table S3) were used for
site specific calibration.

To adapt CROPGRO-PFM for predicting the regrowth and yield
of IWG, we followed an approach to develop the required data and
cultivar traits based on: (i) genetic values and relationships reported
in literature; and (ii) a comparison with observed experimental
growth, biomass and NO;-N leaching losses data from IWG field
experiments. Our starting point for IWG was the CROPGRO-PFM
model adopted for Brachiaria brizantha (Marandu palisade grass) by
Pequeno et al. (2014), included in DSSAT version 4.8 software
(Hoogenboom et al., 2019). This module was applied to simulate
IWG regrowth and soil water balance based on the experimental
conditions for soil, weather, and crop management. As an initial
input we considered optimized parameters of plant composition,
phenology, and productivity from Pedreira et al. (2011) and Pequeno
etal. (2014). Temperature, solar radiation, and photoperiod effects
on vegetative partitioning, specific leaf area and photosynthesis were
based on optimized parameters from Marandu palisade grass
(Pequeno et al,, 2014). Carbon and nitrogen mining parameters, and
senescence parameters were also calibrated from Marandu palisade
grass (Pedreira et al., 2011; Pequeno et al.,, 2014). Soil-water retention
and hydraulic conductivity values obtained from SSURGO soil
database (Table 1) were used in model calibration at each
experimental location.

Model validation and performance
assessment

Evaluation of model accuracy was performed using the Nash-
Sutcliffe coefficient (NSE) as well as graphical comparison of measured
and simulated outputs. The NSE equation (Nash and Sutcliffe, 1970) is:

> (0-5)
Z?:l(oi _O’”)z

NSE=1-

where: S, is simulated data, O; is observed data, and O,, is mean of
observed data. NSE values above 0.75 and 0.5 indicate very good and
satisfactory model performance, respectively (Moriasi et al., 2007).

Results
Model calibration parameter analysis

Model calibration was limited to use of site specific soil data and
optimization of key crop growth parameters. Soil texture, saturated
upper limit (SUL), drained upper limit (DUL), lower limit (LL), soil
organic matter, bulk density, and soil saturated hydraulic conductivity
(K) values at each site obtained from SSURGO soil databases for the
0-0.5m and 0.5-1.2m depths (Table 1) were important for accurate
calibration of soil profile moisture and deep percolation losses. The
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TABLE 2 Model performance (NSE values) for corn and IWG during
calibration and validation.

Period Yield/ Soil NO;z-N
biomass moisture leaching

Corn* Calibration (N2) 0.86 0.81 0.76
Validation (N1) 0.72 0.71 051

(NO) 0.58 0.78 0.61

IWG Calibration (N2) 0.89 0.71 0.63
Validation (N1) 0.73 0.64 0.43

(NO) 0.65 0.53 047

NSE values for corn were based on the grain yield, while above ground biomass was
considered in case of IWG.

values of SUL were 0.51, 0.53, and 0.47 m* m~ for 0-0.5m depth, and
0.49, 0.49, and 0.48 m* m ™ for 0.5-1.0 m depth for Lamberton, Waseca
and Crookston, respectively. The DUL values of the respective sites
were 0.33,0.34, and 0.26 m* m™ for 0-0.5 m depth, and 0.30, 0.31, and
0.30m* m~? for 0.5-1.2m depth. K, values at 0-0.5 and 0.5-1.2m
depths for Lamberton (3.5mmhr™") were lower than at Waseca
(14.5mmhr™). Crookston had higher K, values at the 0-0.5 m depth
(33.0mmhr™"), compared to the 0.5-1.2m depth (14.0 mmhr™"). The
LL values for the 0-0.5m and 0.5-1.2m depths were 0.19 and
0.18m>* m™, 0.20 and 0.19m>® m™, and 015 and 0.18m® m™ at
Lamberton, Waseca, and Crookston, respectively. Corn yield was
optimized using maize cultivar coefficient values of: P1=220;
P2=0.75; P5=850; G2=730; G3=9.6; and PHINT =36.0. The IWG
optimized parameters included slight adjustment of DSSAT parameter
values related to crop cultivar., eco file (Supplementary Table 54), and
species file (Supplementary Tables S55-58), related to plant
composition, phenology, and productivity; temperature, solar
radiation and photoperiod effects on vegetative partitioning, root
growth, specific leaf area, and photosynthesis; carbon and nitrogen
mining; and senescence parameter. Moreover, IWG crop simulation
relied on crop management and measured parameters
(Supplementary Tables S2, S3) and on initial estimates for soil
moisture, soil NO;-N, soil slope, and water table depth.

Model performance assessment

DSSAT model accuracy in simulating grain yield of corn, and
above ground biomass of IWG, soil profile moisture, deep percolation
and NO;-N leaching losses across a range in fertilizer N rates and crop
type at three Minnesota experimental sites is summarized in Table 2.
The overall ability of model to estimate the corn yield and IWG
biomass at harvest was very good for calibration (NSE, 0.86 and 0.89)
and satisfactory (NSE, >0.58 and >0.65) for the validation treatments.
NSE values indicate that DSSAT model performance during
calibration and validation was good for estimating soil profile moisture
under corn and IWG at all locations and N rates (NSE, >0.64), except
for satisfactory performance (NSE=0.53) for IWG receiving no N
fertilizer. NO;-N leaching loss estimates by DSSAT had lower values
of NSE, compared to other model output estimates. NO;-N leaching
loss estimates by DSSAT for calibration under corn and IWG (NSE
values ranging between 0.76 and 0.63) were very good and satisfactory,
respectively. During validation, NSE values for NO;-N leaching losses
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under corn (0.61-0.51) were satisfactory, while NSE values (0.47-
0.43) for IWG showed close to acceptable accuracy at the medium and
low N rates.

Grain yield and biomass

Simulated corn and IWG grain yield were affected by N rates and
experimental site location (Table 3). Grain yield at the low N fertilizer
rate averaged 5.25, 6.04, and 5.05tha™" for corn, and 0.37, 0.27, and
0.44tha™' for IWG at Lamberton, Waseca and Crookston, respectively.
Relative to the low N fertilizer rate, corn yield at Lamberton, Waseca
and Crookston increased by 31.8, 43.5, and 37.2% with medium N
rates; while an increase of 60.4, 57.6, and 59.2% was observed with
high N rates, respectively. Relative to low N fertilizer rates, IWG grain
yield at Lamberton and Waseca increased by 40.5 and 55.6% in
response to medium N fertilizer, while high rates caused a reduction
in yield. However, IWG grain yield increased by 18.2 and 23.1% with
the application of medium and high N fertilizer rates, respectively,
compared to no fertilizer application. IWG biomass response to
medium and high N rates was lower compared to corn stover biomass
at all three Minnesota locations. At the low N rate, IWG produced
7.81, 7.11 and 8.51tha™' biomass at Lamberton, Waseca and
Crookston, respectively. Applying medium N rates increased IWG
biomass by 26.4, 30.2, and 17.7%, while a further increase of 6.1, 7.0,
and 12.0% was observed at high N rates, compared to low N rates.
Corn stover biomass with low fertilizer N rates averaged 5.71, 6.49,
and 5.54tha™", at Lamberton, Waseca, and Crookston, respectively.
Application of medium and high N rates increased the stover biomass
at these sites by 36.1 and 48.5%, 36.4 and 49.0%, and 30.0 and 44.6%,
respectively. The Waseca site had relatively higher corn yield and
stover biomass across different N rates, compared to the Lamberton
and Crookston sites, respectively. IWG grain yield and above ground
biomass at Waseca, however, were lower across all N rates, compared
to the Lamberton and Crookston sites, respectively.

Crop evapotranspiration

ETc values were affected by the type of crop, N rates, as well as
spatio-temporal variations in the soil and climatic conditions across
experimental locations (Figure 2). Annual ET, of the perennial IWG
was greater on average than the annual ET; of corn at all three sites.
Averaged across all sites, three-year annual ET, in Low N receiving

10.3389/fsufs.2023.1010383

corn and IWG averaged 504.4+59.3 mm and 573.2+73.8 mm. The
application of N fertilizer to corn and IWG increased ET, by 6.6 and
3.9% at medium N rates, and by 8.7 and 5.6% at high N rates,
respectively. Across all N rates, corn averaged 527.7 +25.5, 582.0 £24.3,
and 442.4+20.2mm in annual ET. at Lamberton, Waseca and
Crookston, respectively. IWG at the respective sites averaged 15.8, 13.6
and 13.8% higher ET,, compared to corn. Temporal variations in ET;
were also observed at all three sites. Averaged across N rates, ET,
under corn and IWG was as low as 432.2 and 481.9 mm at Crookston
during the year 2013, and as high as 597.0 and 680.6 mm at Waseca
during the year 2015, respectively. These two sites during the years
2013 and 2015 received 443 mm and 937 mm annual precipitation.

Deep percolation losses

Planting perennial instead of annual crops and application of
optimum N fertilizer caused a marked reduction in deep percolation
losses, though high temporal and spatial effects were observed under
both cropping systems (Figure 3). Averaged across all N rates, corn at
and Crookston had 168.6+38.3mm,
228.1+42.4mm, and 67.0+ 18.2 mm of annual deep percolation at a

Lamberton, Waseca
1.2m depth, respectively. Regardless of N fertilizer rates, planting
perennial IWG reduced deep percolation by 34.7% relative to corn,
with a 33.9, 32.2, and 45.7% reduction observed at Lamberton, Waseca
and Crookston, respectively. Averaged across all sites, deep percolation
under high N rates for corn and IWG averaged 145.0+74.4mm and
95.3+58.1 mm. Annual deep percolation under corn and IWG across
years ranged from 121.3-206.6 mm and 68.1-146.5mm at Lamberton;
196.0-280.1 mm and 133.2-194.0 mm at Waseca; and 55.5-89.2 mm
and 29.8-44.7 mm at Crookston, respectively.

Nitrate-N leaching

Annual NO;-N leaching losses were substantially reduced by
planting perennial IWG, compared to the annual cropping system
(Figure 4). In general, IWG resulted in 6-7 times lower annual NO;-N
leaching losses, compared to leaching losses observed under corn.
Across all N rates during 3 years, corn averaged 17.9kgha™ in NO;-N
leaching losses against 2.6 kgha™" under IWG. NO;-N leaching losses
were also reduced remarkably as N fertilizer rates decreased. Annual
NO;-N leaching losses in corn receiving low N averaged 11.3+3.2,
14.3+5.6,and 5.4+ 2.2kgha™" at Lamberton, Waseca and Crookston,

TABLE 3 Grain and biomass of corn and IWG at different N rates applied at three experimental sites.

Grain yield (tha™)

Biomass (tha™)

Lamberton Waseca Crookston Lamberton Waseca Crookston
Corn Low 525+ 0.6" 6.04+0.6 500+ 0.6 571405 6.49+0.3 554+0.5
Medium 6.92+0.4 8.67+0.9 6.86+0.5 7.77+0.3 8.85+0.8 720+ 0.4
High 842405 952417 7.96 0.7 848403 9.67+1.0 8.01+0.5
IWGH* Low 037405 027+0.4 0.44+0.4 7.81+12 7.11+0.8 8.51+ 1.1
Medium 052405 042+0.4 0.52+0.4 9.87+0.6 9.26+ 1.1 10.02 + 0.7
High 0.38+0.2 034+03 0.64+0.3 10.47 +0.7 9.91+0.9 11.22+0.5

‘Means + standard deviation; *Grain yield of IWG were measured values, all other data are simulated values.
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Annual predicted ET. at three Minnesota experimental sites for low,
medium and high N fertilizer application rates from Jan. 2013 to Dec.
2015.
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FIGURE 3

Annual predicted deep percolation at a depth of 1.2 m for three
experimental sites receiving low, medium or high N fertilizer
application rates in Minnesota from Jan. 2013 to Dec. 2015

respectively, while nitrate-N leaching losses under IWG averaged only
1.6+0.2,2.3+0.9, and 0.8 £0.2kgha™’, respectively. Averaged across
all sites, application of N fertilizer at medium rates increased NO;-N
leaching losses under corn and IWG relative to a control with no
fertilizer by 64.3 and 80.6%, respectively, while increasing N fertilizer
to high rates further increased the NO;-N leaching losses under
respective crops by 48.3 and 46.2%. Climatic variability across years
caused high temporal variations in nitrate-N leaching. NO;-N
leaching losses during 2013, 2014, and 2015 averaged 13.1+8.3,
18.9+9.3, and 21.9+ 16.1 kgha™" under corn, and 2.1+1.1,2.6 £ 1.3,
and 3.1+2.1kgha™" under IWG, respectively. Under corn, the highest
NO;-N leaching losses (52.2 kgha™) were observed with high N rates
at Waseca during 2015, while the lowest leaching losses (3.45kgha™)
were observed at Crookston with low N rates during 2013. Nitrate-N
leaching losses for IWG during the corresponding years at these sites
had maximum and minimum values of 7.0kgha™" and 0.63kgha™!,
respectively.

Soil profile moisture

Soil profile moisture was affected by cropping system, with high
spatio-temporal variations observed for Lamberton, Waseca and
Crookston sites (Figure 5). Field observations as well as DSSAT
modeling indicate that IWG resulted in consistently lower soil
moisture, compared to corn. During the months of April and
early-May, and in October-November, the presence of perennial IWG
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FIGURE 4

Annual predicted nitrate-N leaching at three Minnesota experimental
sites receiving low, medium or high N fertilizer application rates from
Jan. 2013 to Dec. 2015.

averaged substantially lower soil moisture, compared to soil in corn
plots. DSSAT simulations of three-year (April-November) soil profile
moisture at Lamberton, Waseca and Crookston under corn and IWG
averaged 0.27 vs. 0.23 m*/m’, 0.34 vs. 0.29 m*/m’ and 0.26 vs. 0.22m’/
m’, respectively. Soil moisture was on average much higher at Waseca,
compared to Lamberton and Crookston. Regardless of N fertilizer
rates, soil profile moisture in corn plots during 2013, 2014, and 2015
averaged 0.26, 0.27, 0.29 m*/m’ at Lamberton; 0.33, 0.32, and 0.36 m*/
m?® at Waseca; and 0.25, 0.27, and 0.27m?*/m’ at Crookston,
respectively. IWG in 2013, 2014 and 2015 had an average soil profile
moisture of 0.22, 0.22, and 0.24 m*/m?> at Lamberton; 0.29, 0.26, and
0.30m?/m?® at Waseca; and 0.21, 0.23, and 0.22 m?*/m? at Crookston,
respectively. Overall, there was a good correlation between the
measured and simulated soil moisture contents, except for some cases
where DSSAT over- predicted soil moisture under IWG.

Discussion

Parameter optimization and model
performance

We calibrated the DSSAT model for estimation of grain yield and
stover biomass of corn, and above-ground biomass of IWG, as well as
for soil profile moisture before proceeding to assess deep percolation
losses and then NO;-N leaching losses. The model was very good to
satisfactory in estimating corn grain yield, corn and IWG biomass,
and soil moisture under both crops. Generally good to satisfactory
performance of the model was observed for estimating NO;-N
leaching losses under corn, and IWG crops, respectively. Large
variations were observed for soil solution NO;-N concentration
measurements, compared to the variations in measured soil moisture.
High variability in measured data contribute the lower NSE values
associated with nitrate-N leaching in IWG receiving no N fertilizer
(Jungers et al., 2019).

The DSSAT model has previously been used to simulate perennial
grasses such as Brachiaria brizantha (Marandu palisade grass) by
Pequeno et al. (2014), bermudagrass (Cynodon spp.) by Pequeno et al.
(2017), and alfalfa (Medicao sativa L.) by Malik et al. (2018). However,
this is first attempt to simulate IWG biomass using the DSSAT model.
IWG is a relatively new crop with large genetic diversity, and much is
still unknown about its adaptability to large variations of climatic and
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Field observed (O) and DSSAT estimated soil profile (1.2 m depth) moisture at Lamberton (L), Waseca (W), and Crookston (C) under corn and IWG from
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soil conditions. This makes it challenging to calibrate the model for
IWG yield as optimized IWG crop parameters are not available for a
wide range in soil types and climatic conditions. More detailed studies
of IWG are needed in future to improve model performance,
particularly for grain yield and nitrate-N leaching. Nevertheless,
model performance for IWG biomass was comparable to accuracy of
DSSAT estimates for corn yield.

Effect of N fertilizer rates on crop yield and
biomass

Increasing N fertilizer application from low to medium rates
increased IWG grain yield and biomass by 40.5 and 26.4% at
Lamberton, and 55.6 and 30.2% at Waseca, respectively. However,
further increasing the N fertilizer to high rates at these sites caused a
decline in grain yield and only caused a slight increase in IWG
biomass. However, a low, but gradual increase of 18.2 and 23.1% in
grain yield and 17.7 and 12.0% in biomass was observed at Crookston.
IWG is vulnerable to substantial lodging at high N rates (Jungers et al.,
2017). Additionally, higher precipitation at Lamberton and Waseca
sites might have caused an increase in lodging, and decreases in grain
yield, compared to Crookston. In contrast, corn responded strongly
to increasing N fertilizer levels. At medium and high N rates, corn
yield increased by 36.5 and 16.4%, and biomass by 36.9 and 12.0%,
respectively. Previous findings by Jungers et al. (2017) showed that
agronomically optimum N rates for maximizing IWG grain yield
ranged from 61-96.4kgNha'. However, corn has much higher N
requirements. Kaiser et al. (2016) issued N fertilizer guidelines for
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rainfed continuous corn, indicating that the maximum return to N
value (MRTN at 0.05N price to crop value ratio) for Minnesota corn
is 202 kg ha™', with an acceptable range of 179-224 kg ha™'. Corn yield
decreasedacrosslocationsin the order Waseca>Lamberton>Crookston.
This pattern followed the same trends across sites in soil organic
matter (Table 1) and precipitation (Figure 1). The higher availability
of N by mineralization from organic matter rich soil might have
resulted in higher yield of corn. IWG yield and biomass, unlike corn
yield and biomass, were not correlated to trends in organic matter or
precipitation across sites. The Waseca site with highest organic matter
did not show the maximum IWG biomass. The lower yield and
biomass of IWG at Waseca was due to lower plant populations
(Supplementary Table S3). IWG simulated yield and biomass were
similar to values previously reported in Minnesota (Jungers
etal., 2017).

Crop evapotranspiration

IWG showed higher annual DSSAT predicted ET. than for corn
at all locations (Figure 2). Annual ET, for corn and IWG averaged
492.3 and 573.7 mm under low N fertilizer, and 535.2 and 605.8 mm
under high N rates, respectively. Jungers et al. (2019) estimated no
differences in seasonal ET, under both crops with the Denitrification
and Decomposition (DNDC) model, however, their data covered
only the months between May-October. DSSAT model simulations
in the present study, however, were based on annual ET, estimates.
Across all years and N rates, IWG averaged a 14.4% (74.5mm)
increase in annual ET,, compared to corn. IWG is a C3 crop that
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starts growth and transpiration in early spring, compared to C4
corn, which is planted in early May. Thus, higher ET, by IWG during
early spring should be considered while making comparisons
between the annual and perennials. Application of N fertilizer at
medium and high N rates increased crop evapotranspiration under
both crops, compared to low N rates. Results indicate that water use
efficiency increased with application of N both under corn and
perennial IWG at all locations. Previous findings also indicate that
water use efficiency of corn and perennial grasses including IWG
increased with increasing fertilizer N rates (Ferchaud et al., 2015;
Jungers et al, 2019). ET. was highly variable across different
locations, mainly because of precipitation. Waseca and Crookston
sites showed highest and lowest ET, under both crops, respectively.
Moreover, annual average maximum and minimum temperatures at
Crookston were 1.83°C and 2.26°C lower than at Lamberton, and
1.71°C and 3.17°C lower than at Waseca, respectively. Cooler
weather at Crookston in northwestern Minnesota also contributed
to lower ET, than at southern (Waseca) or southwestern Minnesota
(Lamberton) locations.

Deep percolation and nitrate-N leaching
losses

Increases in biomass at higher N rates resulted in higher ET,, and
thus was associated with small reductions in deep percolation losses
at all sites (Figure 3). However, this reduction in percolation at higher
N rates did not cause reductions in NO;-N leaching losses (Figure 4).
This suggests that the increase in NO;-N leaching losses with higher
N fertilizer rates in maize and IWG were largely driven by the soil
solution N concentrations, and that IWG has much lower NO;-N
concentrations and NO;-N leaching losses compared to other crops
under similar soil and climate conditions (Jungers et al, 2019).
Moreover, most NO;-N leaching losses under IWG occurred before
or after the active growing season (Supplementary Figures S1, 52).
Though decreases in deep percolation for IWG at higher N rates may
not be desirable in arid regions where groundwater recharge is
important, it does result in more water being available for IWG
uptake. Thus, higher production of IWG biomass was observed at
Crookston under lower precipitation, compared to Waseca, which
received the highest rainfall. Although reducing N fertilization to corn
decreased NO;-N leaching, there was an economic loss in the form of
reduced grain yields, which would not generally be acceptable for
farmers. However, substituting corn with IWG produced both high
biomass as well as reasonable grain production. NO;-N leaching
under IWG was remarkably low even at higher N fertilizer rates. IWG
showed 34.7% lower deep percolation compared to corn (154.5mm
vs. 100.8 mm), however, NO;-N leaching losses for IWG averaged
across sites were 6-7 times lower than was observed for corn. This also
implies that IWG may have much higher nitrogen use efficiency than
corn under these soil and climatic conditions. Previously, higher N use
efficiency in IWG has been observed compared to annual wheat and
corn (Sprunger et al., 2018; Jungers et al., 2019), respectively. Increased
N concentration in IWG aboveground biomass with 60-80kgNha™
fertilizer, compared to unfertilized IWG indicates that N fertilization
in IWG increases N use efficiency (Tautges et al., 2018). Thus, reduced
deep percolation and NO;-N leaching losses by IWG was caused by
higher water and N use efficiency of IWG, compared to annual crops.
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IWG may have higher water, and N use efficiency compared to
corn due to a variety of reasons. Corn is a C4 crop and initiates growth
and transpiration later in the spring compared to IWG, a C3 crop.
Thus, corn could have lower water use efficiency and N fertilizer
uptake in the spring, resulting in larger NO;-N leaching losses with
percolating water. Compared to corn, perennial IWG has an extended
growing season, which requires assimilation of soil available N during
times when it is susceptible to leaching and annual crops are absent
from the landscape. In particular, the absence of corn during the early
spring, when precipitation is abundant, causes higher deep percolation
and NO;-N leaching losses, compared to percolation and leaching
losses when IWG is present. At Lamberton, Waseca and Crookston,
22.6, 23.8, and 26.7% of annual precipitation occurred during the
months of April and May when an annual crop was either absent from
the field or at an early growth stage, resulting in limited water and N
uptake by corn. IWG is a deep-rooted cool-season grass with an
extensive rooting system and has the capacity of capturing more water
from deeper soil layers than annual crops. Ferchaud et al. (2015)
indicated that higher rooting density and rooting depth are important
factors, along with a prolonged period for increased water uptake of
perennials, compared to annual crops. In Kansas, United States, de
Oliveira et al. (2018) demonstrated the ability of IWG in maintaining
a relatively high water-use efficiency throughout the whole growing
season and having higher ET,, compared to annual crops. Likewise,
higher root biomass and distribution of that biomass to deeper depths
by perennial grasses than annuals, can improve N utilization by
perennials and limit NO;-N leaching losses (Jungers et al., 2019).
Estimates using the DNDC model (Jungers et al., 2019) showed lower
deep percolation and NO;-N leaching losses than estimates in the
present study using DSSAT. However, they simulated only the growing
season from May-October, while April received abundant
precipitation at all sites.

As these sites were under rainfed conditions, deep percolation and
NO;-N leaching losses in corn and IWG were correlated to
precipitation amount and distribution. The reduction in precipitation
from 814 mm to 479 mm from southern to northwestern Minnesota
reduced deep percolation and NO;-N leaching by 3.2 and 3.9 times
under corn, and by 3.1 and 2.7 times under IWG, respectively.
Similarly, Lamberton results in southwestern Minnesota showed high
NO;-N leaching losses. Results indicate that better N management is
required for corn in southern and southwestern Minnesota under
rainfed conditions, and that IWG would be a better option than N
fertilizer management in corn for substantially reducing NO;-N
leaching losses, in addition to the benefit of producing IWG grain
yield and biomass for animal feed.

Soil profile moisture

Soil profile moisture (1.2 m depth) was higher under corn than
IWG throughout the growing period, as indicated by model
simulation as well as measured data (Figure 5). Perennial grasses have
higher root biomass that extend to deeper soil layers than annual
crops. Thus, water uptake capacity from the soil, especially in the
deep layers is greater under perennials like IWG, compared to annual
crops like maize (Ferchaud et al., 2015). Although Jungers et al.
(2019) indicated that soil moisture in the upper 50 cm depth was
statistically similar under IWG and corn with different N rates,
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experimental soil moisture data for IWG showed consistently less soil
moisture than for corn. Within the crops, high spatiotemporal
variations were observed in soil moisture. The three Minnesota sites
studied showed large differences in soil moisture. Regardless of
temporal variations, a substantial decrease of 17.8 and 41.2% in water
input was observed moving from southern Minnesota to
southwestern and northwestern Minnesota, respectively. Likewise,
moisture was generally highest in Waseca soil, followed by
Lamberton, and lowest in the Crookston soil. Moreover, Waseca,
Lamberton and Crookston sites with clay loam, silty clay loam and
loamy surface soil texture had soil water retention that followed a
similar trend. Thus, the soil profile moisture was affected by both soil
water input from precipitation as well as soil water retention capacity.

Conclusion

An accurate DSSAT CERES-Maize (corn) and CROPGRO-
PFM (IWG) model was optimized using field measured data under
rainfed conditions at low, medium and high fertilizer N rates for the
three sites in southwestern, southern and northwestern Minnesota.
The calibrated model is able to accurately simulate corn grain and
stover biomass, and IWG aboveground biomass, soil profile
moisture, deep percolation and NO;-N leaching losses. Accuracy of
model output decreased in the order grain yield/biomass> soil
moisture> nitrate-N leaching. Model performance was better for
calibration compared to validation, and of better accuracy for corn,
compared to IWG at all three sites. Results indicated that corn and
IWG grain yield averaged 5.4 and 0.36 tha™, 7.5 and 0.49 tha™', and
8.6 and 0.45tha”’, at low, medium and high fertilizer N rates,
respectively. The respective N rates also produced IWG biomass of
7.8,9.7 and 10.5tha™". Averaged over N rates and sites, corn and
IWG had 517mm vs. 592mm ET,, 154.5mm vs. 100.8 mm deep
percolation, 0.29 m; m™ vs. 0.25m* m~? soil profile moisture, and
17.9kgha™" vs. 2.6kg ha™' NO;-N leaching losses, respectively.
These results indicate that IWG has a potential for significantly
reducing deep percolation and NO;-N leaching losses as a result of
higher ET. and N uptake efficiency, compared to corn. However,
high spatio-temporal variations were observed. Moreover, results
indicate that long-term assessment is required for addressing high
temporal and spatial variations across sites, in order to facilitate use
of the calibrated model at unstudied sites. Additional detailed
studies are being carried out in Minnesota to provide more
experimental data that can be used for further improvements in
model simulations of IWG grain yield and nitrate-N leaching.
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