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HIGHLIGHTS GRAPHICAL ABSTRACT

CERES-Wheat model of DSSAT was used
to predict the cereal rye growth in Illinois.
Cover crop impact on soil water/nutrient
cycling and cash crop yield were assessed.
Extensive cereal rye planting in Illinois
could reduce the nitrate-nitrogen loss.
The analysis presented could promote the
cover cropping practice in the Midwest.
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ARTICLE INFO ABSTRACT

Editor: Jacopo Bacenetti Extensive tile drainage usage combined with excess nitrogen fertilization has triggered nutrient loss and water
quality issues in Illinois, which over time endorsed the hypoxia formation in the Gulf of Mexico. Past research

Keywords: reported that the use of cereal rye as a winter cover crop (CC) could be beneficial in reducing nutrient loss

Nutrient loss

) . and improving water quality. The extensive use of CC may aid in reducing the hypoxic zone in the Gulf of
Nitrate-nitrogen

Mexico. The objective of this study is to analyze the long-term impact of cereal rye on soil water-nitrogen

Tile drai

Co:n ranese (N) dynamics and cash crops growth in the maize-soybean agroecosystem in the state of Illinois. A gridded sim-
Soybean ulation approach was developed using the DSSAT model for the CC impact analysis. The CC impacts were esti-
DSSAT mated for the last two decades (2001-2020) for two fertilization scheduling (FA-SD = Fall and side-dress N

and SP-SD = Spring pre-plant and side-dress N) comparing between CC scenario (FA-SD-C/SP-SD-C) with no
CC (NCQ) scenario (FA-SD-N/SP-SD-N). Our results suggest that the nitrate-N loss (via tile flow) and leaching re-
duced by 30.6 % and 29.4 %, assuming extensive adaptation of cover crop. The tile flow and deep percolation
decreased by 20.8 % and 5.3 %, respectively, due to cereal rye inclusion. The model performance was relatively
poor in simulating the CC impact on soil water dynamics in the hilly topography of southern Illinois. Generaliz-
ing changes in the soil properties (due to cereal rye inclusion) from the field scale to whole state (regardless of
soil type) could be one of the possible limitations in this research. Overall, these findings substantiated the
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long-term benefits of cereal rye as a winter cover crop and found the spring N fertilizer application reduced
nitrate-N loss compared to fall N application. These results could be helpful in promoting the practice in the

Upper Mississippi River basin.

1. Introduction

Nutrients exported from the artificially drained agricultural fields of the
Upper Mississippi River basin (lies majorly in Illinois, lowa, Wisconsin,
Minnesota, and Missouri) are the major contributor to the world's largest
hypoxia zone in the Gulf of Mexico (David et al., 2010). High nutrient load-
ings could be attributed to the intensive cropping practices and the use of
nitrogen (N) based fertilizer treatments to improve maize productivity in
the region, one of the leading maize-producing areas in the world
(Rabalais et al., 2001). The poorly drained soil in the region necessitates
the use of tile drainage to remove excess water from row crop fields. How-
ever, as tile drainage removes excess water from the field, residual fertilizer
N and legacy soil N are also exported in the process. The tile-drained water
with the exported N converges in the Mississippi River via creeks and
streams, resulting in the hypoxic zone formation in the Gulf of Mexico
every summer (David et al., 2010; Turner et al., 2006). The state of Illinois
is a major contributor of N to the Gulf of Mexico (Alexander et al., 2008). At
present, the tile drainage system is used in approximately 40 % of the total
agricultural land area in Illinois (USDA, 2019). Integrating the winter cover
crops in the maize-soybean rotation has been evidenced to reduce nutrient
loadings from artificially drained croplands along with benefits like reduc-
ing soil erosion, improving organic matter of soil, increasing nitrogen use
efficiency of cash crops, and several other long-term advantages (Dabney
et al., 2010; Strock et al., 2004; Tilman et al., 2002).

According to the 2017 census of agriculture by the USDA, out of 10.9
million ha of cropland used for maize and soybean plantation, only
2.62 % of it was being utilized for winter cover cropping in Illinois
(USDA, 2019). According to a survey conducted by Conservation Technol-
ogy Information Center (CTIC), most farmers are still reluctant to embrace
cover cropping practice due to extra money, time, and labor requirement
for managing it despite being aware of its numerous cost-cutting environ-
mental and soil health benefit (Cover Crop Survey, 2020). Therefore, sev-
eral initiatives like the Illinois Department of Agriculture (IDOA) Cover
Crop Premium Discount Program, USDA-NRCS Environmental Quality In-
centives Program (EQIP), and USDA-NRCS Conservation Stewardship Pro-
gram (CSP) provide cost-sharing benefits promoting cover crop practice
along with proper guidance to manage it. Roth et al. (2018) revealed that
approximately 61 % of the total cost associated with cover crop practice
could be recovered by environmental benefits and soil health improvement
in the short term. Moreover, with the EQIP cost-sharing benefits, the annual
cost recovery can be increased by 2.4 to 2.6 times.

Since the last few decades and especially after extensively promoting
the cost-sharing benefits, cover cropping has been gaining significant pop-
ularity as a sustainable agricultural practice for its residual effects of N fer-
tilization by the United States Department of Agriculture (USDA) (Groff,
2015; McCracken et al., 1989). Zhou et al. (2022) observed that the cover
crop adoption has quadrupled between 2011 and 2021 in the Midwestern
US by fusing multi-source satellite data. Several studies reported a drop in
N loss from the field via tile drains ranging from 20 to 50 % using different
cover crops (Dinnes et al., 2002; Malone et al., 2014; Ruffatti et al., 2019;
Salmerén et al., 2014; Singer et al., 2011). For instance, Kaspar et al.
(2012) reported a reduction of nitrate concentration in drainage water by
48 % and 26 % using rye and oat, respectively, as the winter cover crops.
Apart from the N reduction benefit of cover cropping, numerous other ben-
efits to promote soil health, like improvement in soil moisture level, allevi-
ating soil erosion, and improvement in organic matter, were also described
by various researchers (Basche et al., 2016b; Dinnes et al., 2002; Kaye and
Quemada, 2017). Basche et al. (2016b) revealed an improvement in topsoil
moisture level by 21-22 % with winter rye plantation as a cover crop in the

maize-soybean cropping system from the field experiments conducted in
Iowa. A review by Kaye and Quemada (2017) suggested that extensive
adoption of cover cropping practice in the annual crop rotation portfolio
could mitigate 10 % of greenhouse gas emissions along with N reduction
benefits without losing crop yield. Various researchers commended the
long-term impact of cereal rye as a winter cover crop on soil water nutrient
dynamics in the midwestern region of the United States based on studies
from a field to a watershed scale (Basche et al., 2016a; Kuo and Jellum,
2000; Qi et al., 2011; Yeo et al., 2014). Moreover, cover cropping is one
of the growing practices all over the world, including in Australia (Zhou
et al.,, 2016), Canada (Chahal and Van Eerd, 2021), Germany (Seitz et al.,
2022) and New Zealand (Zyskowski et al., 2016) to improve the drainage
water quality from the agricultural field and its other benefits (Garba
et al., 2022). Thus, this study is designed to focus on analyzing a long-
term residual effect of the winter cover crop (cereal rye) adoption in
recycling plant-available N. To our knowledge, there has not been any
study that explored nitrate-nitrogen (NO3-N) reduction benefits of the
winter cover crop using a process-based crop model at a regional scale.

The continuous evolutions in the advancement of the process-based
agricultural system models have been phenomenal in understanding the
complexity of the crop-soil-climate nexus to develop several adaptive strat-
egies and economic policies. To generalize these policies over a large region
or a political boundary, these models have been credible in delivering cost-
effective and time-saving spatiotemporal assessments of best management
practices (BMP). The present study utilizes one of the popular process-
based crop models, the Decision Support System for Agrotechnology Trans-
fer (DSSAT) (Jones et al., 2003). It is well-known for its simplicity and
capability of integrating multi-year sequential simulation results for >42
crops. In the current study, a discrete gridded long-term simulation ap-
proach has been presented to analyze the cover crop-induced impact
using a field-scaled deterministic model DSSAT (v4.7.5).

Therefore, with identified research gap, this research is aimed to de-
velop a framework for quantifying and analyzing the long-term impact of
cereal rye as a winter cover crop on soil water and nitrogen dynamics in
the maize-soybean system in Illinois State at 4 km X 4 km grid resolution.

2. Materials and methods
2.1. Study area

Mllinois lies in the floodplain of the Mississippi River basin and covers an
area of 14.9 million ha, stretching out its boundaries from 36.96° to
42.50°N latitude and 87.50° to 91.51°W longitude (Fig. 1 (a)). llinois is di-
vided into nine climate divisions- Northwest (NW), Northeast (NE), West
(W), Central (C), East (E), West Southwest (WSW), East Southeast (ESE),
Southwest (SW), and Southeast (SE) climate divisions. Approximately
76 % of prime farmland of 10.9 million ha in the state is used for producing
maize and soybean, which is a lump sum of 55 % of the total land area of
the state (USDA, 2019; USDA NASS, 2020). Illinois is a leading state in pro-
ducing maize and soybean, with 46.9 million metric tons of maize (average
yield of 11,361 kg/ha) and 14.5 million metric tons of soybean production
(average yield of 3631 kg/ha) in the year 2019 (USDA NASS, 2020). More
than 0.6 million hectares of Illinois land is extensively covered with one of
the darkest, high in nutrients, organic matter enriched, and silty clay loam
textured Drummer soil- the official state soil of Illinois.

Agriculture in Illinois primarily depends on rainfall, as <5 % of the state
croplands are artificially irrigated. With a humid continental climate,
Illinois received 1061 mm of precipitation annually during 2001-2020,
with minimum precipitation of 764 mm in the year 2012 (significant
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Fig. 1. (a) The map of Illinois state showing all the counties, climate divisions, and grids used for the research; (b) average rainfall (mm) and (c) average temperature (°C) from

the years 2001-2020 based on grid-MET data.

drought year) and maximum precipitation of 1336 mm in 2019 (wettest
year) (Fig. 1 (b)). Illinois' average temperature fluctuated between 8.7
and 14.9 °C in the last two decades (Fig. 1 (c)).

2.2. Model description

The present study uses the DSSAT (Decision Support System for
Agrotechnology Transfer) model (Hoogenboom et al., 2010; Jones et al.,
2003), one of the popular process-based crop models with a large user
base. DSSAT can predict the growth and development of >42 crops (as of
version 4.7.5) by interpreting the complex weather-soil-crop relationship
for different agro-ecosystems worldwide (Jones et al., 2003). The CERES-
wheat model of DSSAT was employed as an alternate model to replicate
the cereal rye growth for two reasons- 1) the unavailability of a separate

model for cereal rye and 2) similar phenological properties of winter
wheat and cereal rye. For simulating maize and soybean crops, the
CERES-Maize and CROPGRO-Soybean models of DSSAT, respectively,
were employed. The CERES and CROPGRO models divide the whole
plant growth cycle into several phases (7 stages for wheat, 9 for maize,
and 19 for soybeans) using the daily growing degree days (GDD) and
temperature-daylength combination, respectively, to estimate the plant
dry matter (Hoogenboom et al., 2019). CERES-N and CENTURY models
were used to predict the inorganic and organic N pools, respectively,
adding/subtracting the N into the soil system on a daily time scale by
considering nitrification, denitrification, volatilization, mineralization,
immobilization, N fixation, plant N uptake, N fertilization, and N loss via
leaching and tile drains (Gijsman et al., 2002; Godwin and Singh, 1998).
Modified Priestley-Taylor and USDA-Soil Conservation Service (SCS)
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curve number methods were used to estimate the potential evapotranspira-
tion and the surface runoff, respectively, aiding the DSSAT in determining
soil water balance (Priestley and Taylor, 1972; Williams, 1991). Other
modules, like the management and the weather module of DSSAT, assist
users in feeding the crop-soil-weather information into the model.

2.3. Data sources and processing

Daily gridded meteorological variables like precipitation, temperatures
(maximum and minimum), solar radiation, wind speed, and relative hu-
midity were obtained from grid-MET available at a high resolution of
~4km X 4 km (Abatzoglou, 2013) for the period 1996-2020 for Illinois.
The collected weather data for 8863 grids covering Illinois was extracted
and transformed into the DSSAT readable input format using Python (a
high-level programing language) (Python, 2022).

DSSAT requires the layered soil profile information for soil texture, soil
moisture-related properties- soil drained lower limit, drained upper limit,
saturated soil water content, saturated hydraulic conductivity, bulk density,
organic carbon content, pH level (water and buffer), cation exchange capac-
ity along with general information like soil albedo, drainage rate, and
runoff curve number. Most of the soil parameters were obtained from
the gSSURGO (Gridded Soil Survey Geographic) database available at a
10-meter resolution (§SSURGO Database, 2018). Since grid-MET dataset
resolution, i.e., ~4 km, was selected as the operative resolution for the
model development, the soil information of the major soil map units
(MUs) covering 80 % of the area within each grid was used to represent
the respective grid. There were a large number of minor soil MUs in each
grid covering the rest 20 % of the area in each grid. Since the soil MU
was considered the smallest entity for the model simulation. The minor
soil MUs (20 % area of each grid) were not considered for the model
simulation to save time and computational power. Later, the model outputs
were aggregated at the grid scale using the weighted average of the model
outputs on all soil MUs in each grid. A powerful, free and open-source
relational database management system- PostgreSQL (with the PostGIS- a
spatial database extender for PostgreSQL) (PostGIS, 2019; PostgreSQL,
2019) was utilized to extract and transform the soil information into the
DSSAT perceivable format using Python.

The cropland history dataset for the period 2001-2020 was
downloaded from the CropScape data portal developed by the National
Agricultural Statistics Service (NASS) to prepare the experiment file of the
DSSAT model. The Cropland Data Layer (CDL) ground resolution is 30 m,
and the soil MU is the smallest area used for simulation. Therefore, the
cropland history of maize and soybean for each major soil MU and each
year from 2001 to 2020 was compiled. For instance, if a particular soil
MU in a particular year used most of its area for maize, the soil MU for
that year will have maize crop as the cropland history. Likewise, the pri-
mary crop would be soybean for a soil MU if most of its area is used for
soybean in a particular year. The soil MUs with <15 years of maize/
soybean planting history were not included in the model development
and simulation (the grids with at least one soil MU with a minimum of
15 years of maize/soybean plantation history are referred to as ‘crop-
land’ grids throughout this manuscript for explanation).

Once the cropland history from 2001 to 2020 for maize and soybean
for each soil MUs was ascertained, the crop management history
like crop planting/harvesting dates, fertilization details, and tillage in-
formation were defined for four treatments: FA-SP-N (70 % Fall —
Anhydrous Ammonia and 30 % Spring Pre-plant — Anhydrous Ammonia
application without cover crop (NCC)), FA-SP-C (70 % Fall - Anhydrous
Ammonia and 30 % Spring Pre-plant — Anhydrous Ammonia application
with cover crop (CC)), SP-SD-N (50 % spring pre-plant — anhydrous am-
monia and 50 % spring side-dress — Urea Ammonium Nitrate application
for NCC), and SP-SD-C (50 % spring pre-plant — anhydrous ammonia and
50 % spring side-dress — Urea Ammonium Nitrate application for CC)
[The treatments- FA-SP-N/FA-SP-C and SP-SD-N/SP-SD-C are referred
as fall-dominated N and spring-dominated N application treatments
with/without cover crop, respectively]. Due to the unavailability of
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planting/harvesting dates information, the average planting/harvesting
dates for the cash crops and the cover crop were selected based on the
report published by Schnitkey (2017) and the prioritization of the
cover crop growth. The plantation and harvesting dates used for the
northern, central, and southern regions of Illinois are listed in Table 1
for maize, soybean, and cereal rye. Since the northern region of Illinois
experiences the longer winters compared to the other regions, the cash
crops were planted/harvested the latest in the northern region than in
any other region, allowing equal thermal time. Due to cold winters,
the cereal rye in the northern region was also planted earliest and har-
vested latest than the rest of Illinois, allowing extra time for its growth
in the cold weather. The cereal rye was terminated two weeks before
the plantation of the following cash crops. According to Rees et al.
(2021), there should be at least a two-week gap between the cereal
rye termination and cash crop planting to reduce the probability of the
high cereal rye C/N (carbon/nitrogen) ratio induced immobilization.
From USDA-NASS survey data, the fertilizer amount at the county
scale was used (NASS - Quick Stats, 2017). The fertilizer was only ap-
plied to maize, as soybean can fix the atmospheric nitrogen. To get the
tile-drains availability at the soil MU-scale, the potential tile drainage
probability map, developed by NRCS-USDA using the 2018 gSSURGO
soil dataset of Illinois, was used (gSSURGO Database, 2018). The grids
with most of its area fell under ‘very likely’ and ‘likely’ probabilities
were marked as tile-drained grids (the rest of the cropland grids with
‘maybe’, ‘unlikely’ and ‘very unlikely’ probabilities are referred to as
non-tile drained grids throughout this article for explanation) (Fig. S1
in supplementary material). Since the model was run at soil MU-scale,
the soil MUs with most of its area fell under ‘very likely’ and ‘likely’
within each tile-drained grid were only utilized to add tile drains.

2.4. Model development, application, and verification

An algorithm was developed for the simulation process, which prepared
DSSAT formatted weather-soil data and compiled the crop management
history into the DSSAT sequential experimental file. Once the model simu-
lation was completed, a unique output file for each soil MU was extracted.
The first five years from 1996 to 2000 were used to spin up the model,
whereas the model results from 2001 to 2020 were used for cover crop
impact analysis. Out of 8863 grids, the DSSAT was run on 7627 grids (out
of which 3025 were tile-drained grids) (42,629 soil MUs in 7627 grids)
which had at least one soil MU with >15 years of maize/soybean planting
history. The total number of simulations was approximately 170,516
(42,629 soil MUs X 4 treatments). Therefore, we used the Illinois Campus
Cluster (a high-performance computing resource) facilitated by the Univer-
sity of Illinois Urbana-Champaign to perform all the simulations.

The model results for cash crop and cover crop were verified by con-
ducting several simulations for all the grids to ensure that the simulated
range of cash crop yield and cereal rye biomass were close to the observed
range. A proxy model- CERES-wheat model of DSSAT was utilized for cereal
rye biomass simulation. The temperature-related parameters of the winter
wheat cultivar (Newton) available in the model were adjusted accordingly
to replicate the cereal rye biomass as cereal rye is more tolerant toward
harsh winter climates (— 25 to — 35 °C) than winter wheat (0-10 °C) (Ta-
ble S1). The details on calibration methodology and parameters utilized
for calibrating the cereal rye biomass are provided by Gupta et al. (2022)
based on the experimental results from Ruffatti et al. (2019). The county-

Table 1
The planting and harvesting dates of the cash crops- maize and soybean and the
cover crop- cereal rye for northern, central, and southern Illinois.

Region Maize Soybean Cover crop

Plant Harvest  Plant Harvest  Plant Harvest
Northern Illinois ~ Apr30  Sep 7 May 12 Sep 7 Sep 8 Apr 16
Central Illinois Apr26  Sep4 May 7 Sep 4 Sep12  Aprl2
Southern Illinois ~ Apr15  Sep1 May 1 Sep 1 Sep15 Aprl
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scaled census data published by NASS was utilized to ascertain the optimal
range of the simulated cash crop yields (NASS - Quick Stats, 2017). The sim-
ulated cash crop yields were statistically compared with observed yields to
confirm the model's reliability. The cultivar dataset for maize and soybean
was collected from the Global Gridded Crop Model Intercomparison phase
1 simulation dataset developed by Miiller et al. (2019) (Tables S2 and S3
lists the genotype coefficients used for maize and soybean crop). The matu-
rity groups of the soybean cultivars and the kernel filling rate coefficient
(G3)/maximum kernels per plant (G2) of the maize cultivars for southern
Illinois were slightly modified to model the yield differences between glaci-
ated (northern Illinois) and non-glaciated (southern Illinois) part of Illinois.

2.5. Cereal rye impact assessment and statistical methodologies

The discrete gridded outputs aggregated for the 20-year period
(2001-2020) were employed to assess the cereal rye-induced impact on
the nitrate levels in tile flow, nitrate leaching, tile drainage volume, and
deep percolation. The nitrate loss via tile drains for tile-drained grids and
nitrate leaching from tile-drained and non-tile-drained grids were com-
pared between the treatments with and without cover crop plantation,
i.e., FA-SP-C vs. FA-SP-N and SP-SD-C vs. SP-SD-N. Similarly, the tile drain-
age volume for tile-drained grids and deep percolation for all the cropland
grids (regardless of its drainage status) in the without cover crop scenarios
were also compared against the treatments with the cover crop for different
N fertilizer application timing. The CC vs. NCC changes were expressed
as percentage changes calculated using the equation: [(CC — NCC) x 100 /
NCC]. The CC impact was also computed at the Illinois climate divisions to
aid the policymakers in framing state-of-the-art sustainable policies com-
bating environment and nutrient loss issues at these scales.

For the statistical interpretation, the p-values from the Student's t-test
and ANOVA (analysis of variance) were utilized to compare the means of
CC impact between fall vs. spring-dominated N application treatments.
Furthermore, the statistical analysis was followed by Cohen's d values to
estimate the effect size in case a significant difference between their
means is detected. In case a significant difference was detected, the dif-
ference was considered very small, small, medium, large, very large, and
huge if the Cohen's d values were less than equal to 0.01, 0.20, 0.50,
0.80, 1.20, and 2.00, respectively. Pearson's correlation coefficient
(r) was also applied to test correlation statistics between two datasets.
The interquartile range [IQR = third quartile (Q3)-first quartile (Q1)]
method was used to exclude outliers from a given dataset as the data
points above (Q3 + 1.5IQR) and below (Q1 — 1.5IQR). The method
excludes all the data points outside of +2.68 standard deviation (o),
covering 99.3 % of data points within the range.

3. Results and discussion
3.1. Model assessment and cash crops growth

The cash crops- maize and soybeans yield, simulated at the grid scale for
all the treatments from 2001 to 2020 were compiled to estimate the aver-
age yield at the county scale (Fig. 2). The evaluated cash crops' yields
(FA-SP-N, SP-SD-N) at the county scale were compared against the ob-
served (surveyed) maize and soybeans yield to verify the appropriateness
of the model. The average simulated yield of maize in Illinois was
overpredicted by 4.9 % (10,450 kg/ha) compared to the observed yield
(10,155 kg/ha) (Fig. 2 (a, b)). Moreover, the average soybean yield of the
state was simulated to be underpredicted by 6.0 % (3067 kg/ha) compared
to the observed yield (3263 kg/ha) (Fig. 2 (d, e)). The Pearson's correlation
coefficient (r) between observed and simulated yields of maize and soybean
was 0.76 and 0.70, respectively. In comparison, the coefficient of determi-
nation (R?) of maize and soybean yield was 0.58 and 0.50, respectively
(Fig. 2 (c, ). These differences in the yield could potentially be due to
the field-specific soil/crop management that was not captured at the
4 km resolution. The generalized field management approach- applying
county average N fertilizer to all the soil-MUs in a county and generalized
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tillage operations might also be the reason for such differences. Overall,
the average r values >0.70 and the average R? values above 0.50 be-
tween observed and simulated maize/soybean yields suggest a satisfac-
tory performance of the model to predict the pattern of yields among the
counties of Illinois.

3.2. Cover crop growth

The average cereal rye biomass aggregated for 20 years (2001-2020)
was simulated to be 1455 kg/ha (0 = 431 kg/ha) and 1374 kg/ha (o =
439 kg/ha) for FA-SD-C and SP-SD-C treatments, respectively (Fig. 3 (a,
b)). Similarly, the average N uptake by cereal rye was simulated to be
23.4 kg-N/ha (0 = 7.5 kg-N/ha) and 21.3 kg-N/ha (0 = 7.8 kg-N/ha) for
FA-SD-C and SP-SD-C treatments, respectively (Fig. 3 (c, d)). The standard
deviations (o) for CC biomass for all the grids for each year from 2001 to
2020 were also calculated to quantify the spatial variability, and the values
ranged between 294 and 733 kg/ha (4.8-15.7 kg-N uptake/ha) and
296-860 kg/ha (4.9-17.3 kg-N uptake/ha) in FA-SD-C and SP-SD-C
treatments, respectively. Similarly, the standard deviations of CC
biomass for all the years were calculated for each grid to quantify the
temporal uncertainty, and the values ranged from 292 to 1246 kg/ha
(4.9-25.4 kg-N uptake/ha) and from 167 to 1420 kg/ha (2.0-26.3 kg-
N uptake/ha) in FA-SD-C and SP-SD-C treatments, respectively. The
simulated average cereal rye biomass (as well as average N uptake)
of FA-SD-C and SP-SD-C treatments were significantly different
(p < 0.0001) based on the single-factor analysis of variance (ANOVA)
test. The average cereal rye biomass and N uptake were found to be
5.9 % and 9.8 % higher for FA-SD-C treatment than SP-SD-C treatment,
respectively. The higher biomass in FA-SD-C treatment could be due to
the fall N fertilizer application (applied during the cereal rye growth pe-
riod), which could have promoted the cereal rye growth. Since northern
Illinois experiences a significantly colder winter (8.7 °C) and less precip-
itation (986 mm) than southern Illinois (14.9 °C, 1384 mm) (Fig. 1 (c)),
a similar trend in the cereal rye biomass was observed transitioning
from lower biomass in northern Illinois to higher biomass in southern Il-
linois. The average cereal rye biomass (FA-SD-C, SP-SD-C) had a high
correlation with average temperature (r = 0.92) and precipitation
(r = 0.78). The cereal rye biomass was simulated to be <1200 kg/ha
in northern Illinois, 1200 kg/ha to 2000 kg/ha biomass in central
Illinois, and >1600 kg/ha of cereal rye biomass in southern Illinois
(Fig. 3). Several studies observed the cereal rye biomass in a similar
range in the field experiments in different parts of Illinois (Ruffatti
et al., 2019; Sadeghpour et al., 2021; Sievers and Cook, 2018). Preza-
Fontes et al. (2021) observed 0.3-1.2 Mg/ha biomass and
8.2-18.1 kg/ha N uptake of cereal rye in Christian County (Central Illi-
nois). Similarly, Thompson et al. (2020) reported 0.6-3.0 Mg/ha cereal
rye biomass in central [llinois. Sadeghpour et al. (2021) noted the cereal
rye biomass ranged between 0.84 and 3.24 Mg/ha in Carbondale and
Belleville (Southern Illinois). Likewise, the average cereal rye biomass
from 27 locations was observed to be 1.3 Mg/ha with 19.2 kg/ha of N
uptake in southern Illinois (Singh et al., 2018).

3.3. Cover crop impact on soil water-nitrogen dynamics

The long-term impact of the winter cover crop, i.e., cereal rye, for the
cropland grids with and without tile drainage was investigated on the
maize-soybean agro-ecological system to explore its implication in reducing
nitrate-N/sub-surface drainage leaving from the agricultural fields of
Illinois. The changes in the nitrate-N loss/tile drainage volume (from tile-
drained grids) and the changes in N leaching/deep percolation (from tile-
drained + non-tile drained grids) for fall as well as spring-dominated N ap-
plication treatments were estimated by comparing the 20 years aggregated
results of CC against NCC scenarios, i.e., FA-SP-C vs. FA-SP-N and SP-SD-C
vs. SP-SD-N (Figs. 4 and 5 (a—d)). Apart from the tile drainage and deep per-
colation, the CC impact on evapotranspiration and surface runoff was also
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Fig. 2. The comparison of the USDA-NASS surveyed maize (a) and soybean yield (d) against simulated maize (b) and soybean yield (e) at the county scale with their respective
scatter plots [R? = Coefficient of determination, r = Pearson's correlation coefficient; solid and dashed line in (c, f) are 1:1 and least square regression line between observed

and simulated yields, respectively].

assessed to interpret the CC impacts on the overall soil water partitioning
(Fig. 5 (e-h)).

3.3.1. Impact on nitrate-N loss and N leaching

The nitrate-N outflow via tile drainage and N leaching through deep
percolation were observed to be decreasing due to cereal rye inclusion re-
gardless of nitrogen fertilization scheduling supported by Ruffatti et al.
(2019) (Fig. 4). The NOs-N loss (tile flow) is reduced in most grids (exclud-
ing outliers) ranged from 20.6 to 42.3 % (u (mean) = 31.6 %) in FA-SD-C
vs. FA-SD-N (Fig. 4 (a)) and 11.5t0 51.4 % (¢ = 30.4 %) in SP-SD-C vs. SP-
SD-N (Fig. 4 (c)). The average nitrate loss reduction in most grids (exclud-
ing outliers) due to CC inclusion in fall and spring-dominated N application
treatments were observed to be statistically different from each other
(p < 0.001). The estimated Cohen's d value (d = 0.26) suggests the differ-
ence between their means is in the medium range (0.50 < d < 0.20). The
statewide cover cropping practice decreased the N leached via deep perco-
lation in the range of 16.2 to 45.5 % (u = 31.6 %) and 14.0 to 45.0 % (u =
28.9 %) (excluding outliers) in most grids for FA-SD-C vs. FA-SD-N and SP-
SD-C vs. SP-SD-N treatments, respectively (Fig. 4 (b, d)). While the range of
N leached reduction in both fall and spring-dominated N treatments due to
cover cropping were quite similar in the outlier excluded grids, the average
N leached reductions were significantly different (p < 0.0001). The smaller

Cohen's d values (d = 0.09) between the N leached reduction percentage
in FA-SD-C vs. FA-SD-N and SP-SD-C vs. SP-SD-N among the cropland
grids suggests the difference in their mean values is significantly small
(0.01 < d < 0.20). The agricultural fields in the northwestern, western,
and southern climatic divisions of Illinois were found to have higher nitrate
leaching reduction compared to other climatic divisions, regardless of N ap-
plication timing. The cropland grids with no-tile drainage systems were
found to have higher nitrate leaching reduction than those with the tile
drainage system. Since the tile drains in tile-drained grids already drained
the majority of nitrate-N through it, the nitrate leaching might have re-
duced in those regions, hence, declined nitrate leaching reduction due to
CC practice. However, in the non-tile drained grids, the nitrate-N loss
only occurred primarily via deep percolation, i.e., leaching of nitrate-N.
Overall, the CC impact on nitrate loss via tile drains and nitrate leaching
aligned well with other modeling and field-scale studies (Basche et al.,
2016a; Feyereisen et al., 2006; Malone et al., 2014; Ruffatti et al., 2019).

3.3.2. Impact on soil water dynamics

The effects of CC on tile drainage volume, deep percolation, evapotrans-
piration, and runoff were also estimated to analyze the CC impact on soil
water dynamics. As expected, the tile drainage, deep percolation, and run-
off volume decreased, whereas the evapotranspiration increased in most of
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the cropland grids due to the inclusion of CC. The tile drainage reduced in
most grids (excluding outliers) ranging from 4.4 to 36.5 % (x = 20.0 %) in
FA-SD-C compared to FA-SD-N (Fig. 5 (a)) and —7.5 to 48.1 % (u =
16.6 %) in SP-SD-C compared to SP-SD-N (Fig. 5 (c)). The tile flow in-
creased in a few grids (3.0 % excluding outliers) due to CC inclusion in
spring-dominated N application treatments. The deep percolation flow
also decreased in most grids (excluding outliers) up to 12.1 % (u =
5.8 %) in FA-SD-C vs. FA-SD-N (Fig. 5 (b)) and up to 11.1 % (u = 5.2 %)
in SP-SD-C vs. SP-SD-N (Fig. 5 (d)). The deep percolation was found to be
increasing in a few grids (0.1 % excluding outliers) due to CC inclusion in
fall-dominated N application treatment. With the cover crop incorporation,
the evapotranspiration was observed to be increasing in most grids (exclud-
ing outliers) up to 8.5 % (4 = 4.3 %) in FA-SD-C vs. FA-SD-N (Fig. 5 (e)) and
up to 8.1 % (u = 4.0 %) in SP-SD-C vs. SP-SD-N (Fig. 5 (g)). The evapotrans-
piration was noted to be decreasing ~ 0.4 % of the cropland grids (exclud-
ing outliers) as an impact of CC practice in spring-dominated N application
treatments. The runoff volume decreased up to 39.7 % (u = 17.2 %) in FA-
SD-C vs. FA-SD-N (Fig. 5 (b)) and up to 31.7 % (4 = 9.0 %) in SP-SD-C vs.
SP-SD-N (Fig. 5 (d)). The runoff volume was noted to be increasing in 1.0 %
and 5.6 % of the cropland grids (excluding outlier) due to cover cropping
in fall and spring-dominated N application treatments, respectively. The
student's t-test statistics suggest that there is a significant difference in the
mean reduction in the tile drainage/deep percolation/runoff volume
and the mean increment in the evapotranspiration due to cereal rye
inclusion between fall and spring-dominated N application treatments
(p < 0.01). The Cohen's d values (d = 0.13, 0.13, and 0.04) for the percent-
age change in tile flow, deep percolation, and evapotranspiration in FA-SD-
C vs. FA-SD-N and SP-SD-C vs. SP-SD-N among the cropland grids suggests
the difference in their mean percentage change is significantly small
(0.01 < d < 0.20). However, Cohen's d value (d = 0.23) for the percentage
change in runoff volume due to CC practice suggests that the difference in
its mean percentage change is moderately significant (0.20 < d < 0.50).
The significant differences in the impact of CC due to the change in the

timing of fertilization were obvious, as the change in N application timing
could severely affect the soil water dynamics. The fall N applications
were susceptible to more N losses via tile drainage, deep percolation, and
runoff before being utilized by maize than the spring N application. Early
N losses would leave less available N fertilizer for maize N uptake in the
treatments with fall N application compared to spring N application
and hence, could severely impact the maize yield/biomass, which in turn
would affect the soil water usage. Rudnick et al. (2017) also observed
high depletion of soil available water at the end of the maize season due
to high N fertilizer rates. A strong negative correlation [r = —0.88 for
FA-SP-C vs. FA-SP-N and r = —0.73 for SP-SD-C vs. SP-SD-N] between
the CC impact on deep percolation and evapotranspiration. The correlation
statistics suggested that the changes in the deep percolation were primarily
due to changes in evapotranspiration. As expected, the cover cropping
proved to be beneficial in reducing the tile drainage and deep percolation
volume from the field by enhancing evapotranspiration similar to the find-
ings of Kladivko et al. (2014), Malone et al. (2017), Martinez-Feria et al.
(2016), and Ruffatti et al. (2019). The CC impact on surface runoff was
higher in northern and central Illinois than in southern Illinois. The CC
inclusion in southern Illinois was not as effective as in northern/central
Illinois in reducing surface runoff. This might be due to differences in
topography in both these regions. Southern Illinois has a higher slope com-
pared to the plain slopes in northern/central Illinois. The lower runoff gen-
eration in plain topography than in hilly topography could be the reason for
such differences. Moreover, DSSAT might not be able to predict the impact
of CC on the runoff due to changes in slope conditions. Dokoohaki et al.
(2015) tested the DSSAT model in the undulated regions of Iran. They
cautioned the use of DSSAT in such topography and recommended having
more detailed observations, particularly for soil water parameters.

To further investigate the effect of CC on the N losses via tile drainage
and the N leaching via deep percolation, their relations with the CC impacts
on the tile drainage and the deep percolation volume were examined. A
weak positive linear relationship was detected between the CC impact on
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Fig. 4. The cover crop impact on (a, ¢) soil nitrate-N loss via tile drains and (b, d) N
leached via deep percolation expressed in percentage change with respect to non-
cover crop treatments i.e., FA-SP-C vs. FA-SP-N (a, b) and SP-SD-C vs. SP-SD-N (c,
d). [FA-SD-C = Fall and side-dress N + cover crop, SP-SD-C = Spring pre-plant
and side-dress N + cover crop, FA-SD-N = Fall and side-dress N + no cover
crop, SP-SD-N = Spring pre-plant and side-dress N + no cover crop].

N loss via tile drainage and N leaching via deep percolation with the impact
on tile drainage and deep percolation, respectively (r = 0.38 and 0.34)
in spring-dominated N application treatments. The correlation between
CC impact on N leaching and deep percolation was similar (r = 0.31) in
fall-dominated N application treatments as in spring-dominated N appli-
cation treatments. However, the correlation between the CC impact on
the N loss via tile drainage and the tile drainage was moderately higher
(r = 0.49) in fall-dominated N treatments than in spring-dominated N
treatments. These correlation statistics suggest that the CC impact on
N loss (tile flow) and N leaching (deep percolation flow) were partially
driven by the CC impact on tile drainage and deep percolation volume,
respectively.

3.4. Cereal rye impact on cash crop growth

The impact of CC on cash crop growth in terms of percentage change in
the crop yield was also investigated at the grid scale. Numerous short/long-
term field-scale modeling studies reported either positive or slightly
negative impact of cover crops on cash crop growth (Basche et al., 2016a;
Dorzier et al., 2017; Martinez-Feria et al., 2016; Qin et al., 2021). A similar
CC impact on the cash crops' yields was observed in most grids in this study
(excluding outliers). The simulated yields ranged between 4.3-20.8 %
(u = 12.6 %) and —1.6 to 10.8 % (u = 5.0 %) for maize and soybean, re-
spectively, in FA-SP-C vs. FA-SP-N treatments (Fig. 6 (a, b)). Likewise, the
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CC impact on the cash crop for SP-SD-C vs. SP-SD-N ranged between
—1.3t09.0% (u = 4.1 %) and —2.3t010.7 % (u = 4.7 %), respectively,
for maize and soybean yield (Fig. 6 (c, d)). In a few grids (~0.97 % of the
cropland grids), the maize yield was decreased as an impact of CC in the
spring-dominated N treatments. Similarly, a few grids in both fall-
dominated N treatments (~0.22 %) and spring-dominated N treatments
(~1.35 %) were observed to have decreasing soybean yield as an impact
of CC. The IQR detects ~ 0.7 % of the data (the model outputs) as outliers.
These grids could also be considered outliers, which were not removed by
the IQR. Overall, the model predicted an increase in yield of both maize
and soybean due to the CC inclusion in both the N fertilizer scheduling. Al-
though, most field scale experimental driven studies do not comply with the
model simulated results in regard to the CC impact on the cash crops,
particularly for maize (Leuthold et al., 2021; Nevins et al., 2020; Roth
et al., 2018; Ruffatti et al., 2019). According to Lacey et al. (2022) and
Roth et al. (2022), only 10 % of cereal rye scavenged N assimilated in the
aboveground residue was recovered in the subsequently planted maize.
The 10 % of total cereal rye N (approximately 2.2 kg-N/ha based on our
simulated results) would not be able to affect the cash crop yields signifi-
cantly. A lower percentage of the N released from the cereal rye residue
could be stimulated due to the high C/N of cereal rye which could increase
the N immobilization when the maize plant is in high need of N. These ob-
servations point out that the DSSAT model might not be replicating the
mineralization and immobilization process correctly. This ambiguity in
the model might have caused an increase in the maize yield due to CC inclu-
sion. Moreover, these discrepancies in the simulated results could also be
induced due to the use of a winter wheat cultivar (proxy cultivar) to simu-
late the cereal rye growth. Furthermore, the decrease in maize yield could
be related to increasing maize crop-damaging pathogens in cereal rye
plants (Bakker et al., 2016).

3.5. Overall impact of cereal rye for climatic divisions of Illinois

The impact of using cereal rye as a winter cover crop, based on a
4 X 4 km grid simulation, was aggregated over the climate divisions of
Illinois to provide aggregate and regional implications. Table 2 summarizes
the CC impact over different climatic zones of Illinois, along with the aver-
age cereal rye biomass produced in the region. The cereal rye biomass was
found to be increasing on transitioning toward southern climate divisions
from northern divisions ranging from 861 to 2189 kg/ha with an average
of 1473 kg/ha for the state. This transition is associated with the average
air temperatures of different climate divisions. A positive CC impact on
cash crop growth was observed between 7.1-9.1 % and 3.4-6.6 % on
maize and soybean yields, respectively, in all the divisions. At the state
scale, the exact figures for the CC impact were 8.2 % and 4.6 % on maize
and soybean yields, respectively. The positive impact of CC on cash crop
growth could be due to the increase in N mineralization simulated by the
DSSAT model. On the field scale, a few studies reported a slight negative
or no impact of cereal rye (in a short-term period) on cash crop growth
(Leuthold et al., 2021; Martinez-Feria et al., 2016; Nevins et al., 2020;
Qin et al., 2021; Ruffatti et al., 2019). As we discussed earlier, these nega-
tive impacts on the maize yield in the field could be due to high immobili-
zation induced by a high C/N ratio of cereal rye residue. Moreover, the
assumptions regarding the termination of cereal rye, using a proxy model
for cereal rye growth simulations, and the pathogenic effect in the field re-
lated to cereal rye (Bakker et al., 2016) could be other possible reasons for
such discrepancies in the simulated results.

On analyzing the comprehensive impact of cereal rye on soil N dynam-
ics, the nitrate loss and leaching were reduced by 26.0-34.3 % (30.6 %) and
26.4-31.8 % (29.4 %), respectively, among the climate divisions of Illinois.
Similarly, the CC impact on soil water dynamics was also assessed on the
climate divisions. The tile drainage and deep percolation were reduced by
15.6-27.4 % (20.8 %) and 2.9-6.8 % (5.3 %), respectively. The CC impact
on the nitrate loss via tile flow and tile drainage was slightly higher in tile-
drained dominant climate divisions (NE, C, E, WSW, ESE) than in other cli-
mate divisions (NW, SW, SE) except the W climate division. The W climate
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Fig. 5. The cover crop impact on (a, c) tile drainage, (b, d) deep percolation, (e, g) evapotranspiration, and (f, h) runoff expressed in percentage change with respect to non-
cover crop treatments i.e., FA-SD-C vs. FA-SD-N (a, b) and SP-SD-C vs. SP-SD-N (c, d). [FA-SD-C = Fall and side-dress N + cover crop, SP-SD-C = Spring pre-plant and side-
dress N + cover crop, FA-SD-N = Fall and side-dress N + no cover crop, SP-SD-N = Spring pre-plant and side-dress N + no cover crop].

divisions, being not dominant in tile drainage, were observed to have a
higher reduction in N loss via tile flow and the tile drainage volume as an
impact of planting cereal rye. The CC impact on the nitrate leaching via
deep percolation was higher in southern climatic divisions (WSW, ESE,
SW, SE) than in most northern/central climate divisions. Similarly, SW
and SE were noted to have a lesser impact of CC on deep percolation than
other divisions. The higher CC impact on N leaching was found to be con-
nected with the impact on deep percolation. Since the cereal rye growth
was higher in the southern divisions of Illinois, the higher precipitation
and the deep roots of cereal rye might be the possible reason for the lesser
impact of CC in the region. The deep roots of cereal rye might have guided
the drainage water due to higher precipitation to the deep percolation. The
increased N uptake of cereal rye might have prevented the N leaching via
deep percolation in the southern climate divisions of Illinois. Likewise,
the CC impact on evapotranspiration was observed to be higher in the
northern/central part of Illinois than in southern Illinois. The lower impact
of CC on evapotranspiration in the southern regions seems contradictory.
Southern Illinois receives high precipitation. Moreover, the higher average
temperature and the increased cereal rye biomass in the region favor the
higher impact of cereal rye on evapotranspiration in the region. The possi-
ble reason for such contradictory CC impact could be higher actual evapo-
transpiration close to the potential evapotranspiration in without cover

crop treatments in southern Illinois. Since the evapotranspiration was
already high in the region for NCC treatment, the addition of CC could in-
crease it to the level like it did in the northern/central climate divisions
of Illinois (when the base values are higher, the smaller percentage change
can be higher in the absolute terms). The impact of cereal rye on runoff was
observed to be mixed as it ranged from —10.9to —18.2% (u = —14.2 %)
among the climatic divisions. The absolute values of runoff would be higher
in the southern regions of Illinois due to its slopy topography. Therefore,
even with a smaller percentage change in runoff due to CC inclusion, a
greater absolute change was noted.

Though the ranges of CC impact in fall and spring N treatments all
over Illinois were similar, there was a considerable difference between
the N loss via tile flow and N leached levels with changing N timing (FA-
SP-C vs. SP-SD-C) (Fig. S2). The changes in N loss via tile flow and N
leached in FA-SP-C treatment ranged between —31.2 to 169.4 % and
—36.4 to 129.5 %, respectively (Fig. S2). In most of the grids, the N loss
via tile flow and N leached levels were higher in FA-SP-C compared to
SP-SD-C. A similar impact of N timing was observed in tile drainage and
deep percolation flow. The tile drainage and deep percolation were higher
in fall applied N treatment than spring applied N treatment (Fig. S2). Since
the fall N in FA-SP-C would be susceptible to N loss via tile flow and N
leached, the maize yield was also drastically impacted in FA-SP-C compared
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Fig. 6. The cover crop impact on (a, ¢) maize and (b, d) soybeans yield expressed in
percentage change with respect to non-cover crop treatments i.e., FA-SD-C vs. FA-
SD-N (a, b) and SP-SD-C vs. SP-SD-N (c, d). [FA-SD-C = Fall and side-dress
N + cover crop, SP-SD-C = Spring pre-plant and side-dress N + cover crop, FA-
SD-N = Fall and side-dress N + no cover crop, SP-SD-N = Spring pre-plant and
side-dress N + no cover crop].

to SP-SD-C (Fig. S2). In contrast, since soybean can fix its own N, the impact
of N timing was not quite visible. This comparison proves that the fall N ap-
plication could increase the NOs-N loadings in the subsurface drainage sys-
tem. Randall and Mulla (2001) and Ruffatti et al. (2019) also found similar
results when changing N application timing from fall to spring.

Table 2
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The simulated long-term CC impacts on soil water and N dynamics were
reasonable over the climatic divisions of Illinois. However, anomalies were
found in a few grids in southern Illinois. These anomalies could be due to
the assumption that the soil nitrogen parameters were affected the same
way across Illinois based on a field-scale study by Gupta et al. (2022).
Since the present research is the extension of a field scale experiment-
driven cover crop impact modeling work presented in Gupta et al. (2022),
the percentage differences identified between the calibrated DSSAT soil
parameters of CC and NCC at the field scale were expanded over all the
soils of Illinois for this research. Various studies witnessed that the cereal
rye plantation could affect soil properties, for instance, reducing bulk den-
sity, and increasing saturated soil water content, field capacity, and organic
matter (Basche and DeLonge, 2017; Rorick and Kladivko, 2017). However,
it is challenging to precisely quantify cereal rye-induced impact on the soil
properties across a region. The discrepancies observed in the southern
Illinois climate divisions regarding the CC impacts on the soil water dynam-
ics highlight the delicate performance of the DSSAT model in simulating
the sub-surface soil water partitioning- evidenced by several researchers
(Boote and Jones, 2013; Liu et al., 2011; Negm et al., 2014). Though the
CC impacts were determined in terms of percentage change, the presence
of discrepancies in the absolute values could also be possible in the absence
of the field/region-specific calibration in the study. The overall impacts of
the cover cropping practice were optimistic in reducing the nitrate-nitrogen
losses and the excessive drainage from fields of Illinois. The conservative
approach presented in the research showed the long-term benefits of CC
practices over a substantial scale which could be improved further follow-
ing the field-prioritized rational approaches by the farmers of Illinois.

3.6. Spatiotemporal variability of the CC impact within Illinois climatic divisions

Apart from the overall CC impact, the spatiotemporal variability of the
cereal rye-induced impact on soil water-nitrogen dynamics, as well as
cash crops growth, was also explored over the climate divisions of Illinois.
The temporal uncertainty is due to the change in weather conditions and
its spatial variability in the region over the years, whereas the spatial vari-
ability is potentially caused by the topographical differences within the re-
gion. Table 3 summarizes the spatiotemporal uncertainty of the CC impact
over different climatic zones of Illinois along with the average cereal rye
biomass produced in the region. The temporal uncertainty for each climate
division presented in Table 3 is the maximum standard deviation of per-
centage change in the CC impact in all the years from 2001 to 2020. There-
fore, the values (0;,4) in Table 3 for the temporal uncertainty are followed
by the year in which the maximum uncertainty is identified for each climate
division. The spatial uncertainty in the table is simply a standard deviation
(0) of the percentage change in the CC impact (average of all the years) in
the grids enclosed in the particulate climate division of Illinois.

The overall cereal rye impact on soil water-nitrogen dynamics and cash crop growth expressed as percentage change for CC concerning NCC scenarios over the climate di-

visions of Illinois as well as Illinois State.

Tlinois climate divisions” Rye Maize Soybean NOs-N Leach NO3-N Loss TD? DP? ET* RO®
kg/ha % % % % % % % %

Nw 861 8.5 3.6 —26.4 —26.7 -17.6 —6.0 4.0 -11.6
NE 995 8.6 5.8 —26.8 —29.8 —20.5 —4.4 4.0 —-10.9
w 1250 7.8 3.4 -31.5 —33.5 —20.6 -6.3 4.0 -15.6
C 1313 7.9 4.6 —28.6 —34.3 —27.4 -6.8 4.6 -15.0
E 1372 9.1 6.6 —28.1 —29.2 —-22.0 —6.1 4.4 —18.2
WSW 1558 7.1 3.8 —-31.0 —33.8 -19.9 -6.2 4.3 -14.7
ESE 1608 8.2 4.4 —-31.8 —-31.0 -19.8 -5.8 4.3 -12.6
SW 2189 7.9 5.0 —29.2 —26.0 —-15.6 -2.9 2.2 —-15.9
SE 2110 8.4 4.6 —30.6 —26.8 —-16.4 -3.8 3.2 -13.2
Illinois 1473 8.2 4.6 —29.4 —30.6 -20.8 -5.3 3.8 -14.2

Note- All the values are the average of FA-SD-C vs. FA-SD-N and SP-SD-C vs. SP-SD-N [FA-SD-C = Fall and side-dress N + cover crop, SP-SD-C = Spring pre-plant and side-
dress N + cover crop, FA-SD-N = Fall and side-dress N + no cover crop, SP-SD-N = Spring pre-plant and side-dress N + no cover crop].

# TD = Tile Drainage, DP = Deep percolation, ET = Evapotranspiration, RO = Runoff.

b NW = Northwest, NE = Northeast, W = West, C = Central, E = East, WSW = West Southwest, ESE = East Southeast, SW = Southwest, and SE = Southeast climate

divisions of Illinois.
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Table 3
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The spatiotemporal uncertainty of cereal rye impact on soil water-nitrogen dynamics and cash crop growth expressed in terms of the standard deviation (0) of the percentage

change within each climate division of Illinois.

Tllinois Maize Soybean NOs-N NO3-N TD?* DP? ET® RO?*
climate Leach Loss

divisions”

Temporal uncertainty (Omax)

NW 12.6 (2012) 6.7 (2012) 12.8 (2006) 16.7 (2012) 25.2 (2012) 9.6 (2006) 2.6 (2012) 22.5 (2006)
NE 12.0 (2012) 5.9 (2012) 11.2 (2020) 14.4 (2012) 22.3(2012) 7.8 (2003) 2.8 (2012) 20.6 (2012)
w 13.1 (2012) 7.1 (2012) 14.0 (2006) 17.1 (2006) 21.8 (2012) 12.6 (2006) 2.8 (2012) 19.9 (2012)
C 13.9 (2012) 6.4 (2012) 13.4 (2012) 16.2 (2012) 24.2 (2012) 11.6 (2012) 3.2(2012) 21.0 (2012)
E 13.6 (2012) 7.4 (2012) 12.1 (2020) 15.7 (2012) 19.8 (2012) 8.6 (2012) 3.4 (2012) 20.7 (2012)
WSW 14.8 (2012) 8.8 (2007) 14.8 (2006) 18.2 (2006) 21.4 (2012) 12.4 (2006) 3.5(2012) 21.8 (2011)
ESE 11.9 (2012) 8.4 (2007) 13.6 (2012) 13.5(2012) 15.6 (2006) 5.7 (2006) 2.8 (2008) 19.0 (2007)
SW 14.7 (2012) 11.0 (2007) 12.6 (2005) 14.4 (2006) 15.7 (2006) 8.2(2012) 3.2(2012) 19.2 (2007)
SE 13.4 (2012) 10.6 (2007) 13.4 (2012) 12.1 (2006) 16.7 (2017) 7.4 (2012) 3.0 (2012) 15.4 (2004)
Spatial uncertainty (o)

Nw 2.3 2.1 5.5 6.3 8.5 2.1 1.4 8.2

NE 2.1 2.2 4.7 5.5 8.5 2 1.5 7.8

w 1.7 1.7 4.8 4.3 8 1.8 1.1 7.2

C 2 2.1 5.3 5.1 8.3 1.9 1.4 8.5

E 2.2 2.4 4.5 5.5 7.5 1.8 1.4 8.7

WSW 2.3 2.1 5.4 5.5 7.9 2.2 1.5 8.1

ESE 2.7 2 4.9 4.6 5.5 1.5 1.2 5.9

SW 2.6 2 4.7 3.2 3.9 2.2 1.5 5.9

SE 2.8 1.9 4.3 5.8 6.2 1.9 1.5 4.6

Note - The temporal uncertainty is presented in terms of maximum standard deviation (0,,,,) identified along with the year in the bracket. The spatial uncertainty is the av-

erage standard deviation (0) in all the grids within each climate division.

All the values are the average of FA-SD-C vs. FA-SD-N and SP-SD-C vs. SP-SD-N [FA-SD-C = Fall and side-dress N + cover crop, SP-SD-C = Spring pre-plant and side-dress
N + cover crop, FA-SD-N = Fall and side-dress N + no cover crop, SP-SD-N = Spring pre-plant and side-dress N + no cover crop].

# TD = Tile Drainage, DP = Deep percolation, ET = Evapotranspiration, RO = Runoff.

> NW = Northwest, NE = Northeast, W = West, C = Central, E = Fast, WSW = West Southwest, ESE = East Southeast, SW = Southwest, and SE = Southeast climate

divisions of Illinois.

The maximum temporal uncertainty in all the impacted parameters was
identified in the years in the order of 2012 > 2006 > 2007. The year 2012
experienced a significant drought- the average precipitation and tempera-
ture all over Illinois were 28 % lower and 20 % higher, respectively, com-
pared to the averages in two decades. This extreme event was following
7 % extra rainfall with maximum spatial rainfall uncertainty in 2011.
This might have caused increased uncertainty in the CC impacts in 2012.
Similarly, the precipitation was 24 % lower than average in 2005 and had
a high spatial variability in 2006. Hence, the CC impact uncertainty in
2006 was noted to be higher. Similarly, there was 14 % less precipitation
and higher temperature than the average in 2007, which may have induced
a high spatial variability in the CC impacts.

The spatial variability (o) in the CC impact on soil water dynamics
parameters- tile drainage, deep percolation, evapotranspiration, and runoff
in all the climate divisions of Illinois ranged from 3.9-8.5 %, 1.5-2.2 %,
1.1-1.5 %, to 4.6-8.7 %, respectively (Table 3). Likewise, the spatial uncer-
tainty on soil nitrogen dynamic parameters- N leached and N loss, respec-
tively, varied from 4.3-5.5 % to 3.2-6.3 %. Moreover, the spatial
uncertainty varied from 1.7-2.8 % to 1.7-2.4 % for maize and soybean,
respectively, among the Illinois climate divisions. Northern and central cli-
mate divisions (NW, E, C, NE) were observed to have higher spatial uncer-
tainties than southern climate divisions (W, SE, ESE, SW). The climate
divisions- E, C, and NE have the majority of their cropland tile-drained,
which might have resulted in higher uncertainties. However, the climate di-
vision NW seems to have unexpectedly higher uncertainty in the CC im-
pacts. Increased uncertainty could be due to the spatially varied soil
properties- the soil drainage ability and its organic matter content in the di-
vision. According to Hollinger (1995), the northern part of the NW climate
division is noted to have moderately well-drained soil, while the southern
part of it has somewhat poorly drained soil. Moreover, the organic matter
of the soils in the NW climate divisions is also highly varied in the region
ranging from 2 to 5 % (less in the north, more in the south).

On comparing the spatial uncertainties within each climate division
with temporal uncertainties, the temporal uncertainties were extremely
higher in the CC impacts. This suggests the CC impacts could greatly be
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impacted due to extreme events in weather conditions. Moreover, the
cover crop management should be modified based on weather conditions.
Though the present study is limited to the long-term impact of cover
cropping practice, studying the impact of extreme events on the CC impact
would allow us to plan the adaptive strategies required on the field scale.

4. Conclusions

The present research is an effort to answer a few questions: 1) What will
the implications be if all the farmers of Illinois State initiate the cover
cropping practice in the croplands using the maize-soybean system?
2) Will planting cereal rye as a winter CC able be to control the
nitrate-nitrogen loss via sub-surface drainage, primarily the tile drainage
system, which is extensively used in Illinois? and 3) What will be a long-
term impact of this practice on a large scale? In the findings, the nitrate-N
loss and N leaching were reduced by 30.6 % and 29.4 % on average, respec-
tively, as the CC impact. As expected, the tile drainage, deep percolation,
and runoff decreased in all the climate divisions by 20.8 %, 5.3 %, and
14.2 %, respectively. The CC impact on the deep percolation and the evapo-
transpiration were smaller in the southern climate division compared to the
other parts of Illinois. These discrepancies could be associated with the as-
sumption to modify the DSSAT soil parameters all over Illinois in the same
manner as cereal rye inclusion changes the soil structure. Another reason
for such unexpected results, particularly for the soil water dynamics in
the hilly southern part of Illinois, could be the inability of DSSAT to con-
sider field slope while simulating the soil water dynamics, which might
have affected not only the soil water but also the nitrogen cycle. Our results
indicated that CC could potentially boost the cash crops yield, which is con-
tradictory to the field-scale short-term studies. The potential justification
for such findings could be the increased immobilization in the field due
to the C/N ratio of the CC residue. The model could not replicate the cereal
rye residue-induced mineralization/immobilization processes and pre-
dicted an increase in mineralization which might have increased the
maize yield. Further improvement in the model, especially in the drainage
and soil N mineralization/immobilization module, could allow the
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researchers to investigate several management practices with cover
cropping practices eliminating the environmental, nutrient loss, and
water quality issues. Overall, the model simulated cereal rye impact analy-
sis presented some crucial findings that could endorse cereal rye as a winter
cover crop over Illinois and other neighboring states of Illinois in the US, for
instance, Iowa, Indiana, Wisconsin, and other Midwestern states in the
Upper Mississippi River Basin. We also found that even after adding CC,
the nitrate-N losses in the subsurface flow were higher in the fall N treat-
ment than spring N treatment. These results highlighted the water quality
benefits of using spring N fertilizer application over fall N fertilizer applica-
tion with the CC inclusion in corn-soybean rotation. The findings presented
in this research could be valuable in improving the nutrient and water man-
agement policies for different regions of Mississippi River basin. The study
could also be beneficial for several other countries, like Australia, Canada,
Germany, and New Zealand, where cover cropping practice is being rapidly
adopted to improve the agroecosystem.
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