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A B S T R A C T   

Increasing demand for food has amplified the use of fertilizer. Intensive agriculture practices in the Upper 
Mississippi basin have been linked to the formation of a hypoxic zone in the Gulf of Mexico. Previous studies 
have recommended the use of winter cover crop in the maize-soybean rotation as an eco-efficient solution in 
reducing the nitrate-nitrogen (NO3-N) loss via a sub-surface drainage system. Therefore, the objective of this 
study is to evaluate the impact of cereal rye as a winter cover crop in the maize-soybean system on reducing 
nutrient loss via tile drainage using the DSSAT model. The experiments include four treatments with a combi
nation of two different nitrogen (N) application timing with cover crop (CC) and without cover crop (NCC): fall- 
applied N without cover crop (FN), spring-applied N without cover crop (SN), fall-applied N with cover crop 
(FCC), and spring-applied N with cover crop (SCC). The calibrated DSSAT model was utilized to assess the impact 
of the cover crop by comparing NO3-N losses and cash crop yields between CC and NCC treatments for different N 
fertilization timings. The model calibrated for cereal rye biomass in the FCC treatment estimated the observed 
cereal rye growth for SCC treatment considerably well (R2 >0.91). The model successfully predicted the impact 
of cereal rye on nitrate loss and tile drainage with 43.6% and 45.4% (48.6% and 47.8% observed) nitrate loss 
reduction and 21.3% and 21.0% (30.2% and 19.4% observed) tile drainage volume reduction in fall and spring N 
application treatments, respectively. The results from this research suggest that DSSAT can predict the cereal rye 
growth and assess the soil water-nutrient dynamics in both CC and NCC systems. However, the model was not 
able to replicate the impact of cereal rye on the cash crop yields due to the higher N mineralization simulated in 
the CC compared to the NCC treatments. This could be due to the use of glyphosate to terminate the cereal rye 
and the presence of tillage radish along with the cereal rye. The glyphosate application hastens the decompo
sition process; however, it also reduces the overall residue. The chemical termination and intercropping feature 
are not available in the DSSAT model currently. The cereal rye hosted pathogens and pests might also be 
responsible for lowering maize yield in the observations.   

1. Introduction 

The demand for maize and soybean is expected to increase to ensure 
the food security of the increasing population (Godfray et al., 2010). To 
meet the food demand, the Corn Belt in the Midwest region of the United 
States (US), with over 52 million ha of agricultural land, plays a crucial 
role by contributing up to one-third of global maize and soybean pro
duction (FAO, 2018; USDA-NASS, 2020). A substantial amount of 

nitrogen (N) based fertilizer is applied every year on agricultural land to 
achieve high crop yields in the region (Cao et al., 2018). Intensive 
farming practices in the Mississippi River basin (MRB) have been 
attributed to environmental issues, like hypoxia formation, biodiversity 
degradation, and habitat loss at the Gulf of Mexico (Rabalais et al., 2001; 
Rabalais and Turner, 2019). The nitrate leaching from agricultural lands 
in the Midwest regions is not only responsible for creating the hypoxia 
zone of the Gulf of Mexico but also degrading the water quality within 
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the region. Excessive nitrate, a byproduct of N fertilizer, leaches below 
the vadose zone and is carried away through the artificial/natural sur
face/subsurface flow to creeks and streams to the Mississippi River 
(Turner et al., 2006). Alexander et al. (2008) found that more than half 
of the nitrate load in MRB is generated by the corn belt region alone. Due 
to shallow water table depth and poorly drained soil, a subsurface (tile) 
drainage system is popular in the upper MRB region to sustain agricul
tural productivity. According to the 2017 census of agriculture from the 
United States Department of Agriculture (USDA), 39.5% of the total 
cropland (97,137 km2) in the state of Illinois is tile-drained (USDA, 
2019). The tile-drained farmlands in Illinois are the state’s largest 
contributor of nitrate load to the MRB (David et al., 2010). 

Several studies have identified various solutions like altering N 
application timing, winter cover crop, crop rotation, conservation 
tillage, etc. to reduce nitrate loss through the subsurface drainage in the 
MRB region (Dinnes et al., 2002; Jeong and Bhattarai, 2018; Luo et al., 
2010; Singh et al., 2020; Strock et al., 2004). Growing winter cover 
crops in the maize-soybean rotation were found to be one of the 
economically viable methods in reducing nitrate loss to drainage 
channels (Dabney et al., 2010; Dinnes et al., 2002; Strock et al., 2004). 
Several previous studies have repoted that the use of cereal rye as a 
winter cover crop not only reduces the overall drainage volume but also 
helps in reducing nitrate loss through tile drainage system (Baker and 
Griffis, 2009; Feyereisen et al., 2006; Lacey and Armstrong, 2015; 
Malone et al., 2014; Ruffatti et al., 2019). Feyereisen et al. (2006) 
concluded that the cereal rye, used as a winter cover crop, was able to 
reduce nitrate loss by more than 11% in southwestern Minnesota. They 
also estimated the potential of more than a 30% reduction of nitrate loss 
by increasing the span of cereal rye growth by a month. A long-term 
impact of cereal rye on soil N budget by Qi et al. (2011) reported the 
reduction of annual tile drainage by 11% and nitrate loss by 22% in 
Iowa. 

Computer simulation models are helpful in investigating the impact 
of several alternate management practices in the short term or the 
impact of agricultural management practices in the long term due to the 
budgetary and human capital limitations. The advancement of the 
process-based crop simulation model has also helped researchers and 
scientists to interpret the nexus of climate variables, crop management, 
and soil N-water dynamics. The persistent improvements in the crop 
modeling field have contributed to developing several adaptation- 
mitigation strategies and economic policies in the agriculture domain 
(Maiorano et al., 2017). Several crop models have been used to under
stand the phenology of cereal rye as a winter cover crop and foresee its 
impact on the maize-soybean system and soil water-nitrogen dynamics 
to reduce nitrate loss via subsurface drainage channels (Basche et al., 
2016a; Feyereisen et al., 2006; Malone et al., 2017, 2014; Yeo et al., 
2014). To our knowledge, there are no studies that have used Decision 
Support System for Agrotechnology Transfer (DSSAT) (Jones et al., 
2003), without its integration with any other models, to simulate cereal 
rye growth as a winter cover crop and analyze its impact on soil 
nitrogen-water dynamics in the maize-soybean rotation. Therefore, the 
present study is focused on examining the impact of cereal rye as a 
winter cover crop on soil N-water dynamics using DSSAT. 

DSSAT is an interface that integrates results from different crop 
models with more than 42 crops allowing multi-year sequential simu
lations. However, it does not have a separate model to simulate the 
growth of cereal rye. Similar characteristics of cereal rye and winter 
wheat led several researchers to utilize the CERES (Crop Environment 
Resource Synthesis) wheat model of DSSAT as a proxy model to simulate 
the cereal rye growth. For example, Kladivko et al. (2014), Malone et al. 
(2017), Qi et al. (2011), and Singer et al. (2011) used CERES Wheat 
model as a crop component of Root Zone Water Quality Model 
(RZWQM). Apart from similarities, cereal rye is more tolerant to the 
harsh winter temperature (− 25 to − 35 ◦C) than winter wheat (0–10 ◦C). 
Due to this, the majority of the previous studies (which used DSSAT with 
its integration with RZWQM) altered the weather parameters, especially 

minimum temperature, to imitate the growth of cereal rye (Kladivko 
et al., 2014; Malone et al., 2017; Qi et al., 2011; Singer et al., 2011). 
Likewise, Leuthold et al. (2021) also utilized the CERES-wheat model of 
DSSAT to predict the cereal rye biomass in Kentucky. It should be noted 
that the winters are not severe enough to impact the cereal wheat 
growth in Kentucky. Therefore, adjusting a few genotype coefficients of 
the winter wheat cultivar of DSSAT worked well for Leuthold et al. 
(2021) to simulate cereal rye biomass. However, we modified a few 
ecotype and species-type coefficients along with genotype coefficients of 
a winter wheat cultivar available in the CERES-wheat model to replicate 
the cereal rye growth in this study. 

DSSAT has been one of the most recognized models in rationally 
accessing the linkage of crop growth and development with environ
mental changes and management practices globally. However, several 
researchers have criticized its subsurface drainage and soil nitrogen 
modules for its weak performance (Boote and Jones, 2013; Liu et al., 
2011b, 2011a; Negm et al., 2014). Therefore, in this research, a bug in 
the source codes of the soil nitrogen module of DSSAT was identified and 
resolved to appropriately compute the nitrate-nitrogen loss via tile 
drainage. These modifications are incorporated in the latest version of 
DSSAT v4.7.5 [please refer to Section 2.2. for more details on the bug 
resolved]. Therefore, the capability of the DSSAT v4.7.5 to reproduce 
soil water-nitrogen dynamics in a maize-soybean rotation system with 
cereal rye as a winter cover crop was tested in this study. 

Based on these identified knowledge gaps, the objectives of our 
research are (i) to calibrate and validate the DSSAT model for cereal rye 
biomass in the maize-soybean rotation using its CERES-wheat model, (ii) 
to calibrate and validate the model for the tile drainage and nitrate loss 
via tile drains, and (iii) to analyze the impact of cereal rye as a winter 
cover crop on soil water-nitrogen budget and cash crop growth. 

2. Materials and methods 

2.1. Experiment detail 

The field experiments were conducted at Illinois State University 
Nitrogen Management Research Field Station, Lexington, IL, USA 
(40.64◦N, 88.72◦W) (Ruffatti et al., 2019). The research site is relatively 
flat (0–2% slopes) and contains Drummer and El Paso silty clay loam 
soils. The experimental site is equipped with a tile drainage system 
(13.7 m apart at 0.9 m depth) due to the inadequate drainage capability 
of the soil. For this research, the maize-soybean rotation was imple
mented for four years, from Sep 2014 to Oct 2018 (Table 1). The seed 
mixture of cereal rye and tillage radish as the winter cover crops in the 
ratio of 92–8% by weight was surface broadcasted during the late fall 
season using a self-propelled sprayer modified with an air seeding box 
[Hagie STS12 (Hagie Manufacturing Company, Clarion, Iowa, US)]. The 

Table 1 
Experimental detail of crop rotation sequence and scheduling.  

Crop Planting Harvesting/Termination* 

2014 Rye/Fallow Sep 4, 2014 Apr 16, 2015 
2015 Maize Apr 30, 2015 Sep 23, 2015 
2015 Rye/Fallow Sep 5, 2015 Apr 16, 2016 
2016 Soybean May 14, 2016 Oct 21, 2016 
2016 Rye/Fallow Sep 15, 2016 Apr 12, 2017 
2017 Maize Apr 25, 2017 Oct 9, 2017 
2017 Rye/Fallow Sep 15, 2017 Apr 12, 2018 
2018 Soybean May 7, 2018 Sep 28, 2018  

* The cereal rye was chemically terminated at least two weeks before planting 
the next cash crop. However, since DSSAT do not have chemical termination 
routine, the cereal rye biomass was harvested with its residue left on the field. 
Since DSSAT does not allow intercropping of two crops, the harvesting dates for 
cash crops were rescheduled to a day before planting the cover crop. Therefore, 
2015 maize was set to harvest on Sep 4, 2015 in the model instead of Sep 23, 
2015. 
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cereal rye was chemically terminated using glyphosate (herbicide) at 
2.34 liters/ha (termination dates are reported in Table 1). Maize and 
soybeans were planted using a John Deere 1770 N T 24-row planter 
(no-till) with a target seed rate of 8.65 seeds/m2 (8.35 plants/m2 

emerged) and 44.5 seeds/m2 (34.8 plants/m2 emerged), respectively 
(Table S1). There were 12 experimental plots (0.65 ha each) with three 
replications with four treatments [two fertilizer application routines, i. 
e., Fall and Spring split nitrogen (N) application, and two winter cover 
crop scenarios, i.e., cover crop (CC) and no cover crop (NCC)]. Hence, 
the treatments in this study include FCC: fall split N application with CC, 
FN: fall split N application without CC, SCC: spring split N application 
with CC, SN: spring split N application without CC (Table S1; please 
refer to Ruffatti et al., 2019 for more details). 

2.2. Model description and inputs 

DSSAT is an interface that combines several cropping system models 
capable of understanding crop growth and development along with soil 
water, nitrogen, and carbon models to assess the soil water-nitrogen 
dynamics (Hoogenboom et al., 2010; Jones et al., 2003). DSSAT can 
integrate the simulation outcomes of a long sequence of crop rotations 
with a variety of crop/land management decisions and environmental 
options as a function of the soil-crop-climate dynamics (Jones et al., 
2010). The present study uses DSSAT v4.7.5, which can simulate the 
growth, yield, and biomass of more than 42 crops. However, there is still 
no specific crop model for simulating cereal rye growth. Therefore, the 
CERES-wheat model of DSSAT was used as a proxy model for cereal rye 
growth simulation. The CERES-maize and CROPGRO-soybean models of 
DSSAT were used to simulate the growth of cereal maize and soybean, 
respectively. In the present study, soil hydrology and organic matter 
were computed using the Ritchie water balance approach and Century 
model, respectively. The infiltrated water, which is the subtraction of 
runoff (estimated by modified USDA-Soil Conservation Service Curve 
(SCS) curve number method) from precipitation, was used to estimate 
the downward water flux. The downward flux of water and the drainage 
coefficient along with soil lower limit (wilting point), drained upper 
limit (field capacity of soil), and saturated soil water content were uti
lized to determine the water drained from each soil layer to estimate the 
tile drainage. 

The earlier version of DSSAT (before v4.7.5) did not simulate the soil 
nitrogen balance properly. It was missing the nitrate loss via tile drains 
(NLTD) component from the soil N balance and DSSAT output. There
fore, the bug was identified and fixed as a part of this study. It was a 
minor issue in the DSSAT source codes. The earlier version of the model 
calculated NLTD for the soil layer with the tile drain. However, it did not 
subtract the NLTD component from the N flux of that layer, disrupting 
the soil N balance. A simple equation to add the NLTD component in soil 
N balance was introduced to fix the problem in N flux calculation. 
Resolving this issue did not require adding any new methodology to the 
source codes. Rather, a small bug in the source code of DSSAT was fixed 
to produce the NLTD component in the DSSAT outputs and accurately 
predict the soil N balance. The changes were reported to the DSSAT 
development team, who incorporated them in the next release. The 
latest version of DSSAT (v4.7.5) used in this study already incorporated 
these changes in the source codes. 

Daily precipitation, solar radiation, wind speed with minimum and 
maximum temperatures were recorded by a weather station available at 
the experimental site. The layered soil information of bulk density, 
lower-upper drained limits, saturated soil water content, and soil 
organic carbon content was collected from the recent SSURGO (Soil 
Survey Geographic) database for modeling purposes. The experiment- 
based crop management information, for instance, planting/harvesting 
date, plant density, fertilizer application timing and rate, and tillage, 
were added into DSSAT (Table S1). The tile drainage was recorded using 
a data logger installed in the water level control structures, while tile 
nitrate concentrations were measured in a laboratory. The crop biomass 

was estimated at a laboratory, while the crop yields were measured at 
the field. 

2.3. Model calibration, validation, and evaluation 

The model was set up and ran for seven years (2012–18). The first 
two years (2012–14) were used as the warm-up period to establish the 
initial soil conditions, and the results from 2014 to 18 were utilized to 
calibrate and validate the model. The process of calibrating DSSAT was 
segregated into several steps in the following order: soil water-nitrogen 
balance, cereal rye growth, and cash crop growth calibration. 

For calibrating the soil water balance, the daily observed tile 
drainage values were compared with the simulated tile drainage. For the 
soil nitrogen balance, daily observed nitrate loss through tile drainage 
was compared with simulated values. The soil parameters- field capac
ity, wilting point, saturated water content, bulk density, and organic 
carbon, collected from SSURGO database were used to estimate the soil 
properties at the required soil horizon using linear interpolation. Later, 
these soil properties were adjusted to calibrate the model for the soil 
water-nitrogen dynamics. Soil root growth factor (SRGF) was calculated 
as using an equation: SRGF = EXP[− 0.02 * {Center of Layers}] for 
Center of Layers > 20 otherwise SRGF = 1 (Wilkens et al., 2004) (Ta
bles 2 and 3). Soil water balance and partitioning of precipitation into 
the evapotranspiration, tile drainage, deep percolation runoff, and soil 
water retained/released were verified with other similar studies in Illi
nois (Jeong et al., 2019; Singh et al., 2020). The cover crop can alter the 
soil properties. For example, it can increase field capacity, saturated soil 
water content, organic carbon content, and decrease bulk density 
(Basche and DeLonge, 2017; Rorick and Kladivko, 2017). Therefore, an 
approach to calibrate the treatment with the cover crop (FCC) and 
without cover crop (FN) individually was adapted to optimize the set of 
soil parameters for each treatment separately. The soil bulk density, 
organic carbon content, field capacity, and saturated water content were 
optimized primarily to calibrate FN treatment after calibrating FCC 
treatment. Another important soil parameter in DSSAT for controlling 
tile drainage was SLDR (related to per day drainage rate). SLRD for FCC 
and FN was calibrated to 0.04 and 0.01, respectively. The soil properties 
calibrated for FCC and FN treatments, were utilized to validate the 
model on SCC and SN treatments, respectively, for soil water and ni
trogen budget. 

After the soil water-nitrogen budget calibration, the crop biomass 
and yield calibration were conducted to simulate the whole agroeco
logical system. The calibration process was initiated with the cereal rye 
biomass calibration, followed by maize-soybean biomass and yield 
calibration. Since the DSSAT does not provide a separate model to 
predict the cereal rye growth, the CERES-wheat model was used as a 
surrogate model due to the similarities in the phenological properties of 
winter wheat and cereal rye. However, these two crops have different 
tolerance capacities for low temperatures. The high tolerance capacity 
of cereal rye for the Midwest’s harsh climate makes it a suitable winter 

Table 2 
Calibrated soil profile data for the treatment- fall dominated N application with 
cover crop (FCC).  

Soil 
Depth 
(cm) 

Wilting 
Point 
(cm3cm- 

3) 

Field 
Capacity 
(cm3cm- 

3) 

Saturated 
Water 
Content 
(cm3cm-3) 

Root 
Growth 
Factor 
(cm3cm- 

3) 

Bulk 
Density 
(g/ 
cm3) 

Organic 
Carbon 
(%) 

5  0.210  0.389  0.456  1.00  1.35  5.55 
30  0.208  0.408  0.426  0.70  1.50  1.28 
60  0.192  0.395  0.410  0.40  1.60  0.65 
80  0.188  0.383  0.402  0.24  1.60  0.45 
90  0.157  0.380  0.398  0.18  1.65  0.35 
150  0.137  0.255  0.388  0.09  1.65  0.25 
250  0.115  0.228  0.290  0.01  1.75  0.25  
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cover crop in the region. Cereal rye can sustain in temperatures as low as 
− 35 ◦C, whereas the lowest viable temperature for winter wheat is −
10 ◦C. Therefore, the temperature-related parameters in DSSAT were 
adjusted to prevent the cereal rye plant from hardening (hence, drop
ping the biomass suddenly) due to lower temperatures in the winter 
(Table 4). A similar approach was used by (Basche et al., 2016a) to 
replicate the observed cereal rye biomass using the wheat module of the 
APSIM model. Other parameters in the ecotype coefficient file were 
related to photosynthetically active radiation usage and leaf area. Most 
of the genotype coefficients are related to grain and yield. Therefore, the 
default values of winter wheat cultivar Newton in DSSAT were utilized 
except for the PHINT coefficient (described in Table 4). All the param
eters used to calibrate the cereal rye biomass are presented in Table 4. 
The cereal rye biomass was calibrated in the maize-soybean sequence of 
FCC and validated in the SCC treatment. After the cereal rye growth 
calibration, the genotype coefficients of maize and soybean were 
adjusted to calibrate their biomass and yield (Tables 5 and 6). Since the 
in-situ maize cultivars for the years- 2015 and 2017 and soybean culti
vars for the years- 2016 and 2018 were different, both the cultivars’ 
genotype coefficients for both crops were calibrated separately for fall N 
application treatments (FCC, FN) and validated for spring N application 
treatments (SCC, SN). 

The model performance for tile drainage and nitrate loss via tile 
drainage were estimated using Nash-Sutcliffe efficiency (NSE), root 
mean squared error (RMSE), and RMSE-observations standard deviation 
ratio (RSR = RMSE/standard deviation of the observations) recom
mended by Moriasi et al. (2007). The Coefficient of Determination (CD, 
R2) was also used to compare the observed and simulated cereal rye 
biomass. The lower RMSE with RSR less than or equal to 0.70, NSE 
greater than equal to 0.50, R2 greater than or equal to 0.50 are 
considered satisfactory in agroecological modeling (Moriasi et al., 
2007). The model performance for crop biomass and yield for cereal rye 
and other cash crops were measured using percentage difference and 
data visualization between simulated and observed data due to limited 
experimental data availability. 

2.4. Cereal rye impact assessment 

The calibrated and validated model was utilized to assess cereal rye’s 
impact on soil water and nitrogen dynamics. To investigate the impact of 
cover crop in reducing nitrate loss and tile drainage, simulated nitrate 

Table 3 
Calibrated soil profile data for the treatment- fall dominated N application 
without cover crop (FN).  

Soil 
Depth 
(cm) 

Wilting 
Point 
(cm3cm- 

3) 

Field 
Capacity 
(cm3cm- 

3) 

Saturated 
Water 
Content 
(cm3cm-3) 

Root 
Growth 
Factor 
(cm3cm- 

3) 

Bulk 
Density 
(g/ 
cm3) 

Organic 
Carbon 
(%) 

5  0.210  0.398  0.412  1.00  1.40  5.45 
30  0.208  0.398  0.408  0.70  1.55  1.22 
60  0.192  0.383  0.392  0.40  1.65  0.65 
80  0.188  0.371  0.381  0.24  1.60  0.45 
90  0.157  0.370  0.380  0.18  1.65  0.35 
150  0.137  0.219  0.391  0.09  1.65  0.25 
250  0.115  0.216  0.272  0.01  1.75  0.25  

Table 4 
Calibrated specie-type, ecotype, and genotype parameters for cereal rye (winter 
wheat cultivar).  

Coef. Description Value 

Specie-type Coefficients 
TKLF Temperature at which leaves start getting hardened (◦C)  -25 
Ecotype Coefficients 
TKFH Temperature at which whole plant gets fully hardened (◦C)  -25 
PARUE Photosynthetically Active Radiation (PAR) conversion to dry 

matter ratio, before last leaf stage (g/MJ)  
1.4 

LA1S Area of standard first leaf (cm2)  1.0 
Genotype Coefficients 
PHINT Interval between successive leaf tip appearances (◦C d)  150  

Table 5 
Calibrated genotype coefficients of maize cultivars.  

Coef. Description 2015 
Cultivar 

2017 
Cultivar 

P1 Thermal time from seedling emergence to the 
end of the juvenile phase (expressed in degree 
days above a base temperature of 8 ◦C) during 
which the plant is not responsive to changes 
in photoperiod.  

270  270 

P2 Extent to which development (expressed as 
days) is delayed for each hour increase in 
photoperiod above the longest photoperiod at 
which development proceeds at a maximum 
rate (which is considered to be 12.5 h)  

0.75  0.70 

P5 Thermal time from silking to physiological 
maturity (expressed in degree days above a 
base temperature of 8 ◦C).  

650  650 

G2 Maximum possible number of kernels per 
plant  

880  720 

G3 Kernel filling rate during the linear grain 
filling stage and under optimum conditions 
(mg/day)  

8.9  8.9 

PHINT Interval between successive leaf tip 
appearances (◦C d)  

38.9  38.9  

Table 6 
Calibrated genotype coefficients of soybean cultivars.  

Coef. Description 2016 
Cultivar 

2018 
Cultivar 

ECO Code for the ecotype to which this cultivar 
belongs 

SB0201 SB0401 

CSDL Critical Short Day Length below which 
reproductive development progresses with no 
daylength effect (for short day plants) (hour) 

13.5 12.64 

PPSEN Slope of the relative response of development 
to photoperiod with time (positive for short 
day plants) (1/hour) 

0.294 0.294 

EM-FL Time between plant emergence and flower 
appearance (R1) (photothermal days) 

17.0 15.5 

FL-SH Time between first flower and first pod (R3) 
(photothermal days) 

8.9 9.5 

FL-SD Time between first flower and first seed (R5) 
(photothermal days) 

13.0 12.8 

SD-PM Time between first seed (R5) and physiological 
maturity (R7) (photothermal days) 

35.8 30.5 

FL-LF Time between first flower (R1) and end of leaf 
expansion (photothermal days) 

30.0 26.0 

LFMAX Maximum leaf photosynthesis rate at 30 C, 350 
vpm CO2, and high light (mg CO2/m2-s) 

1.090 1.090 

SLAVR Specific leaf area of cultivar under standard 
growth conditions (cm2/g) 

395 300 

SIZLF Maximum size of full leaf (three leaflets) ((cm2) 180 180 
XFRT Maximum fraction of daily growth that is 

partitioned to seed + shell 
1.00 1.00 

WTPSD Maximum weight per seed (g) 0.17 0.21 
SFDUR Seed filling duration for pod cohort at standard 

growth conditions (photothermal days) 
24.5 18.0 

SDPDV Average seed per pod under standard growing 
conditions (#/pod) 

2.20 2.20 

PODUR Time required for cultivar to reach final pod 
load under optimal conditions (photothermal 
days) 

11.5 8.5 

THRSH Threshing percentage. The maximum ratio of 
(seed/(seed+shell)) at maturity. Causes seeds 
to stop growing as their dry weight increases 
until shells are filled in a cohort 

77.0 78.0 

SDPRO Fraction protein in seeds (g(protein)/g(seed)) 0.405 0.400 
SDLIP Fraction oil in seeds (g(oil)/g(seed)) 0.205 0.200  
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loss via tile drains and tile drainage in cover crop treatments (FCC and 
SCC) were compared to those from without cover crop treatments (FN 
and SN). The overall reduction in tile drainage and nitrate loss due to 
cereal rye as a winter cover crop was compared with obeserved values. A 
comparative analysis of model-based outcomes against observed change 
in cash crop growth and induced mineralization due to the cereal rye 
inclusion was also conducted. The impact of N fertilization timing along 

with the introduction of cereal rye effect on different aspects of agro
ecosystem were also examined. 

Fig. 1. Cereal rye biomass (a) calibration with FCC treatment and (b) validation with SCC treatment along with its comparison against daily growing degree days 
(GDD), observed biomass, and N uptake for years 2014–15, 2015–16, 2016–17, and 2017–18. [FCC = Fall N application with cover crop, SCC = Spring N application 
with cover crop, NUP = N uptake of cereal rye, S = Simulated, O =Observed]. 
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3. Results and discussion 

3.1. Model performance 

3.1.1. Cereal rye growth 
The CERES-Wheat model of DSSAT with winter wheat cultivar per

formed well (calibration R2 = 0.94, validation R2 = 0.91) in replicating 
cereal rye growth in maize-soybean rotation after calibration. Fig. 1(a) 
shows the cereal rye biomass calibration on FCC treatment from 2014 to 
2018. The average simulated and observed biomass at termination 
(observation date) were found to be 854 and 995 kg/ha, respectively. 
Fig. 1(b) shows the cereal rye biomass validation on SCC treatment from 
2014 to 2018. The calibrated model predicted the average cover crop 
biomass to be 877 kg/ha for SCC treatment, while the observed biomass 
was 1033 kg/ha. The model overpredicted the cereal rye biomass by 
8.2% for 2014–15 for FCC treatment and underpredicted by 10.9% for 
2015–16 for SCC treatment compared to the average observed biomass. 
The year 2017–18 had the coldest winter during the study period, which 
impacted the cereal rye growth drastically reducing the observed 
biomass by 50% and 43% (compared to the average observed values) for 
FCC and SCC treatments. The model performance was poor in 2017–18 
with underestimation of cereal rye biomass by 44.3% (simulated value: 
276 kg/ha, observed value: 496 kg/ha) for FCC treatment and by 51.5% 
(simulated value: 286 kg/ha, observed value: 590 kg/ha for SCC treat
ment. Due to the warm winter in 2016–17, the cereal rye biomass 
increased to 2208 kg/ha for FCC and 2186 kg/ha for SCC treatments. In 
contrast, the model underpredicted the cereal rye biomass by 20.5% for 
FCC and 19.2% for SCC treatments. The model was not successful in 
replicating the observed biomass in the extreme climatic conditions- 
harsh and warm winter years with similar efficiency as in other years. 
However, it should be noted that the daily biomass in all the years 
shadowed the GDD curve considerably well (R2 = 0.82). The average 

(FCC and SCC) simulated N uptake for cereal rye were 21.4, 14.9, 37.6, 
and 2.6 kg-N/ha for 2014–15, 2015–16, 2016–17, and 2017–18, 
respectively. In contrast, the average (FCC and SCC) observed N uptake 
for cereal rye were 53.5, 31.4, 80.9, and 16.6 kg-N/ha for the same 
period. The simulated cereal rye biomass to N uptake ratio ranged from 
46.8 to 74.6 kg [biomass]/kg [N uptake] for all the years except in the 
year 2017–18 with 98.6 and 120.0 kg [biomass]/kg [N uptake] in the 
FCC and the SCC treatment, respectively. Singer et al. (2011) also 
simulated similar cereal rye biomass to N uptake ratio, which ranged 
from 34.4 to 88.8 kg [biomass]/kg [N uptake] in maize-soybean rotation 
using CERES wheat model in RZWQM. On average, the cereal rye N 
uptake was underpredicted by the CERES wheat model of DSSAT for 
both FCC as well as SCC treatment ranging from 53% to 84%. This 
underprediction may be attributed to the fact that wheat accumulates 
less nitrogen than cereal rye (Paponov et al., 1999). Similarly, another 
plausible reason can be the changes made to the PARUE and LA1S 
ecotype parameter values of winter wheat cultivar used to calibrate the 
model for cereal rye biomass in the DSSAT model. 

3.1.2. Cash crop growth 
The DSSAT model overpredicted the average maize yield of all the 

years by 2.2% for FCC treatment and underpredicted by 13.4% for FN 
treatment compared to observed results (Table 7). The trend was similar 
for SCC and SN treatments as the model overpredicted the average 
annual maize yield for all the years by 0.9% for SCC treatment and 
underpredicted by 16.3% for SN treatment. Average soybean yields in 
all the years were overestimated by 6.4% and 5.6% under FCC and SCC 
treatments, respectively. The average soybean yields were under
estimated by 0.9% in FN treatment by the DSSAT model, while the 
model was able to match the observed soybean yield in SN treatment. 
The model simulated nitrogen uptake by maize ranged from 265 to 
323 kg/ha with an average value of 285, 290, 306, and 301 kg/ha for 

Table 7 
Calibrated and validated cash crop biomass with simulated nitrogen uptake and mineralization comparing between the treatments with and without cover crops with 
fall dominated nitrogen application (FCC and FN) and spring dominated nitrogen application (SCC and SN).  

Crop Simulated Yield Total N Uptake Mineralization* * 

(Observed Yield) (N2 Fixed %) (Immobilization) 

Kg/ha Kg/ha Kg/ha 

Calibration FCC* FN* FCC FN FCC FN 

2015 Maize 11,869 11,565 265 275 241 
(91) 

218 
(88) (12,740) (12,760) – – 

2016 Soybean 5120 4667 443 416 302 
(155) 

294 
(146) (3770) (3960) (84) (90) 

2017 Maize 12,086 11,404 305 304 250 
(95) 

162 
(69) (10,690) (13,770) – – 

2018 Soybean 3455 3516 536 402 282 
(184) 

295 
(187) (4289) (4278) (89) (84) 

Average Maize 11,978 11,485 285 290 245 
(93) 

190 
(78) (11,715) (13,265) – – 

Soybean 4288 4092 490 409 292 
(170) 

295 
(167) (4030) (4119) (86) (87) 

Validation SCC* SN* SCC SN SCC SN 
2015 Maize 11,976 11,644 288 284 238 

(84) 
213 
(76) (12,280) (13,190) – – 

2016 Soybean 5108 4670 442 418 308 
(158) 

295 
(146) (3900) (4070) (83) (83) 

2017 Maize 11,919 11,047 323 318 245 
(91) 

159 
(67) (11,410) (13,910) – – 

2018 Soybean 3473 3882 537 426 289 
(190) 

301 
(192) (4227) (4485) (88) (84) 

Average Maize 11,948 11,346 306 301 241 
(88) 

186 
(71) (11,845) (13,550) – – 

Soybean 4291 4276 490 422 298 
(174) 

298 
(169) (4064) (4278) (85) (83) 

* *Mineralization and immobilization are calculated for a crop year. For 2015 maize and FCC treatment, mineralization from 2014 cereal rye planting day to 2015 
maize harvesting is 241 Kg/ha. 

* FCC = Fall N application with cover crop, FN = Fall N application without cover crop, SCC = Spring N application with cover crop, SN = Spring N application 
without cover crop 
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FCC, FN, SCC, and SN, respectively for 246.5 kg/ha N of average N 
fertilizer application during maize year. The research conducted by 
Dattamudi et al. (2020) on agricultural nitrogen budget in the Little 
Vermillion River watershed in Illinois reported 223 kg/ha of average 
nitrogen uptake with 192 kg/ha of N fertilization. These findings sug
gest that the simulated N uptake values in this research are realistic. In 
soybean, the total nitrogen uptake ranged from 282 to 308 kg/ha in all 
the treatments. The average nitrogen uptake by soybean was found to be 
295 and 296 kg/ha in the treatments with cover crop and the treatments 
without cover crop, respectively, with 86% and 85% of average atmo
spheric nitrogen fixation. Salvagiotti et al. (2008) reported the nitrogen 
fixation percentage of total nitrogen uptake could be as high as 98% 
without any N fertilization in soybean crops. 

3.1.3. Tile drainage and nitrate loss through tile drainage 
Simulated daily cumulative tile drainage flow and nitrate loss 

through tile drainage were compared against observed values to 
examine the model performance for soil-water and N dynamic for cali
bration and validation treatments. Fig. 2 shows the comparison between 
simulated and observed daily cumulative tile drainage and nitrate loss 
for the FCC and FN treatments used for calibration. It is evident from the 
figure that the model was able to replicate not only the pattern but also 
the cumulative values of tile drainage and nitrate loss via tile drains. For 
tile drainage, RSR and NSE were 0.20 and 0.96 for FCC and 0.29 and 
0.92 for FN. For nitrate loss through tile drainage, RSR and NSE values 
were 0.30 and 0.91 for FCC and 0.28 and 0.92 for FN, respectively. 
These results indicate that the calibrated model successfully reproduced 
the flow through tile drainage and nitrate loss in the flow. The model 
was also able to capture the differences in the flow and nitrate loss due to 
cereal rye (FCC vs. FN). Fig. 3 shows the comparison between simulated 
and observed daily cumulative tile drainage and nitrate loss for the SCC 
and SN treatments used for validation. The NSE values for tile drainage 
and nitrate loss validation results on SCC were 0.75 and 0.74, respec
tively. The RSR values for tile drainage and nitrate loss validation results 
on SCC were 0.50 and 0.51, respectively. For SN treatment, the RSR and 

NSE values for tile drainage were 0.50 and 0.75, and same for nitrate 
loss were 0.52 and 0.72, respectively. Hence, the RSR and NSE values for 
tile drainage and nitrate loss through tile drains during both calibration 
and validation can be considered good, as per Moriasi et al. (2007). The 
decrease in the model performance during validation could be related to 
the differences in the field topography or the soils amongst the plots 
used for different treatments (FCC vs. SCC and FN vs. SN). The observed 
tile drainage in SCC and SN treatments were observed to be ~27% and 
~10% higher as compared to FCC and FN, respectively. However, the 
model failed to reproduce such differences in the tile drainage with the 
changes in fertilization timing. The SSURGO soil database provides the 
average values for field topography, soil hydrology, and layered soil 
profile for a large map unit, and it might provide a single value for all the 
plots. However, the soil information could vary at the plot scale (soil 
properties of the plots used for FCC/FN might be different than SCC/SN), 
which could explain the model’s inability to reproduce similar efficiency 
in the validation (SCC/SN) like in calibration (FCC/FN). The difference 
in observed tile drainage between fall N and spring N application 
treatments was also reflected in the nitrate loss through tile drain since 
the nitrate loss via tile drains is linked with the tile drainage. 

3.2. Cereal rye impact assessment 

3.2.1. Cereal rye impact on nitrate loss and tile drainage 
The modeled nitrate loss and tile drainage results confirmed that 

cereal rye inclusion as a winter cover crop reduced nutrient loss through 
the sub-surface drainage system. The total nitrate losses in the CC and 
the NCC treatments with fall N application were simulated to be 
68.2 kg/ha for FCC and 120.8 kg/ha for FN reducing the total nitrate-N 
loss by 43.6% (48.6% observed) (Table 8). Similarly, the simulated ni
trate loss reduced from 116.3 kg/ha to 63.5 kg/ha (reduced by 45.4% in 
simulation and 47.8% in observation) in spring-dominated N applica
tion due to cover crop inclusion (SCC vs. SN). Even with the change in N 
fertilization timing, there was no major difference in nitrate loss 
reduction due to cover crop neither in simulated values nor observed. 

Fig. 2. Comparison of simulated vs observed daily cumulative tile drainage and nitrate-N loss through tile drainage for (a) FCC and (b) FN treatments used for model 
calibration [FCC = Fall N application with cover crop, FN = Fall N application without cover crop, TDFC = cumulative tile drainage flow, NLTC = cumulative 
nitrate-N loss via tile drains, RMSE = Root Mean Squared Error, RSR = RMSE-observations standard deviation ratio, NSE = Nash-Sutcliffe efficiency,]. 
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Based on the model results, 75.0 and 77.7 kg/ha of nitrogen uptake by 
cereal rye in the FCC and the SCC treatment, respectively, from 2014 to 
18, reduced the nitrate-N loss via tile drains by 52.6 and 52.8 kg/ha. 
However, the 195.0 and 169.6 kg/ha of N uptake by cereal rye in the 
FCC and the SCC treatment, respectively, were observed to reduce 65.2 
and 70.3 kg/ha of NO3-N loss via tile drains in four years. The simulated 
tile drainage volume also reduced due to cereal rye inclusion from 1409 
to 1109 mm in the treatment with fall N application and 1403–1108 mm 
in the treatment with spring N application with an average 21% 
reduction in tile drainage volume (Table 8). The model underestimated 
the reduction in tile drainage reduction due to cover crop inclusion by 
approximately 10% for the fall N application treatments (FCC vs. FN). 
However, there was no substantial difference in simulated and observed 
tile drainage reduction for the treatments with spring N application. 

3.2.2. Impact of cereal rye on soil water balance 
The soil water balance components- precipitation (P), deep perco

lation (DP), tile drainage (TD), evapotranspiration (ET), runoff (R), and 
changes in soil water storage (Δs), were considered while following tile 
drainage calibration procedure to check on the simulated plant-scale 
hydrology by the model. The simulated values for different hydrologi
cal components are presented in Table 9 for each crop year from 2014 to 

2018. The ET as the percentage of P varied from 48.6% to 82.3% in all 
the years and treatments. An increase in ET was observed in the soybean 
years (2015–16 and 2017–18) in the CC treatments as compared to NCC 
treatments (FCC vs. FN and SCC vs. SN). However, the simulated results 
showed a decrease in ET due to cover crop in the maize years (2014–15 
and 2016–17). The ET increased by 12.4% during the cover crop period 
in CC treatments on an average compared to NCC treatments (Table S2). 
A considerable impact on the TD (~21% reduction) was observed due to 
cereal rye inclusion in the winters. This effect could be attributed to a 

Fig. 3. Comparison of simulated vs observed daily cumulative tile drainage and nitrate-N loss through tile drainage for (a) SCC and (b) SN treatments used for model 
validation. [SCC = Spring N application with cover crop, SN = Spring N application without cover crop, TDFC = cumulative tile drainage flow, NLTC = cumulative 
nitrate-N loss via tile drains, RMSE = Root Mean Squared Error, RSR = RMSE-observations standard deviation ratio, NSE = Nash-Sutcliffe efficiency]. 

Table 8 
Nitrate loss and tile drainage reduction due to inclusion of cereal rye as a cover 
crop in treatments: FCC vs. FN and SCC vs. SN.   

FCC vs FN* SCC vs SN*  

Simulated Observed Simulated Observed 

Nitrate Loss Reduction  43.6%  48.6%  45.4%  47.8% 
Tile Drainage Reduction  21.3%  30.2%  21.0%  19.4%  

* FCC = Fall N application with cover crop, FN = Fall N application without 
cover crop, SCC = Spring N application with cover crop, SN = Spring N appli
cation without cover crop 

Table 9 
Soil water balance components for all cropping seasons and treatments.  

Treatment* * Year P* 
mm 

ET* 
% 

TD* 
% 

DP* 
% 

R* 
% 

Δs* 
% 

FCC 2014–15  1054  60.8  32.1  7.6  1.6  -2.0 
2015–16  1119  52.0  32.8  8.2  0.0  7.0 
2016–17  841  81.8  29.7  8.6  0.3  -20.3 
2017–18  848  63.2  18.3  4.5  0.0  14.0 

FN 2014–15  1054  68.4  39.2  0.0  0.9  -8.4 
2015–16  1119  48.6  39.4  0.0  0.0  12.0 
2016–17  841  81.7  38.7  0.0  0.5  -22.0 
2017–18  848  53.9  26.1  0.0  0.0  19.9 

SCC 2014–15  1054  61.0  32.0  7.5  1.6  -2.0 
2015–16  1119  52.2  32.6  8.1  0.0  7.0 
2016–17  841  81.8  29.6  8.3  0.3  -20.0 
2017–18  848  63.5  18.5  4.4  0.0  13.6 

SN 2014–15  1054  68.4  39.1  0.0  0.8  -8.4 
2015–16  1119  48.9  39.1  0.0  0.0  11.9 
2016–17  841  82.3  39.5  0.0  0.5  -22.4 
2017–18  848  56.4  26.0  0.0  0.0  17.5 

**FCC = Fall N application with cover crop, FN = Fall N application without 
cover crop, SCC = Spring N application with cover crop, SN = Spring N appli
cation without cover crop 
(Please refer to Table S2 for soil water balance for individual crop growth 
period) 

* Note: The letters P, ET, TD, DP, R, and Δs stand for precipitation, evapo
transpiration, tile drainage, deep percolation, runoff, and change in soil water 
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diversion of tile drainage water to increase ET due to the cereal rye and 
to the DP (Table S2). It was noted that there was DP flow in CC treat
ments, whereas there was no DP flow found in NCC treatments. This 
could be due to the soil drainage rate parameter (SLDR), which was 
adjusted from 0.04 (CC treatments) to 0.01 in NCC treatments during 
calibration. This might have restricted the drainage water from deep 
percolation. 

3.2.3. Cereal rye impact on cash crops 
The overall simulated impact of cereal rye on maize and soybean 

yields was found to be contrary to experimental findings. The observed 
maize yield decreased by 11.7% on average due to cereal rye inclusion 
for fall N application (FCC vs. FN) and by 12.6% for spring N application 
(SCC vs. SN). On the contrary, the modeled maize yield increased by 
4.2% for the fall (FCC vs. FN) N application and 5.3% for the spring (SCC 
vs. SN) N application. An analogous discrepancy was identified for the 
soybean yield when the observed and modeled yields were compared. 
On the field, the soybean yield decreased by 2.2% and 5.0% for FCC vs. 
FN and SCC vs. SN, respectively. However, the simulated yield increased 
by 4.8% for the fall (FCC vs. FN) N application and by 0.3% for the 
spring (SCC vs. SN) N application. These discrepancies in the cash crop 
yields could be due to higher N mineralization simulated by the model. 
There was no significant variation observed in the impact of cereal rye 
on maize due to changes in the fertilization timing. Overall, the model 
failed to replicate the impact of cover crop on maize and soybean yield 
as observed in the field experiments. Several studies reported no sig
nificant impact or positive impact of cereal rye on the cash crop grown in 
the long run (decade or more) (Basche et al., 2016a, 2016b; Kuo and 
Jellum, 2000; Qi et al., 2011). However, for a short period (up to five 
years), the cereal rye could negatively impact the cash crop growth 
(Leuthold et al., 2021; Roth et al., 2018; Ruffatti et al., 2019). 

A substantial impact of cereal rye was noted in the nitrogen uptake in 
soybean due to increased simulated mineralization amid cereal rye in
clusion. The nitrogen uptake in maize was found to have mixed results- 
decrease in fall-dominated N application and increase in spring- 
dominated N application. The modeled results showed a increase (by 
11.1% on average) in mineralized N due to the cover crop inclusion. An 
increase in mineralization due to cover cropping was noted to be higher 
(ranging between 11% and 54%) in maize years. In contrast, it ranged 
from − 5–4% in soybean years. In the simulated condition, the N 
immobilization increased (by 7.9% on average) due to the cover crop
ping. Moreover, the net mineralization (mineralization minus immobi
lization) also increased by 14.3% due to planting cereal rye in the maize- 
soybean rotation in simulated condition. These model results are in 
contrast to the observations found under field conditions where a 
reduction in net mineralization was observed with the presence of cereal 
rye due to increased N immobilization occurs with a high C/N ratio of 
cereal rye residue (Basche et al., 2016b; Nevins et al., 2020; Roth et al., 
2018; Ruffatti et al., 2019). The increased N immobilization in the field 
condition is related to high cereal rye root C:N instead of its shoot C:N. 
Martinez-Feria et al. (2016) also found a similar reasoning for high N 
immobilization possibility related to cereal rye due to higher C:N ratio 
and higher biomass of its roots compared to that of the shoot. This could 
have impacted the maize N uptake negatively and hence, decreased the 
maize yield in the observed condition. The model’s weakness in repli
cating N immobilization could be due to the chemical termination of 
cereal rye used and the presence of tillage radish in the field. In the field 
experiments, the tillage radish was also incorporated along with the 
cereal rye. The radish was winter terminated in December; however, the 
cereal rye kept growing until mid-April. Since DSSAT does not support 
intercropping feature presently, the experiments were modeled using 
the cereal rye alone. Since the radish residue is high in N content (low C: 
N), mixing it with cereal rye (high C:N) reduces C:N ratio to the optimum 
level promoting the mineralization in the field condition (Ruffatti et al., 
2019). Moreover, the chemical application (glyphosate used for chem
ical termination of cereal rye) also affects the natural decomposition 

process and hence, could affect the N mineralization/immobilization 
process, which was not captured well by the model. Snapp and Borden 
(2005) observed that glyphosate application 8 days before cover crop 
termination enhanced the residual decomposition; however, it also 
reduced the amount of residue by half (approximately) compared to 
untreated cover crop termination. The decreased net mineralization 
observed in the field experiment could also be linked with the reduction 
in the cereal rye + radish residue available for decomposition (caused 
by glyphosate application). Since the current version of DSSAT does not 
support the chemical termination, the cereal rye was harvested, leaving 
all its biomass on the field to begin the natural decomposition process. 
Therefore, the model simulated the increased net mineralization due to 
untreated termination of cereal rye. Consequently, it led to the failure in 
replicating the cash crop growth observed in the field, particularly for 
the maize. The other possible reasons could be allelopathy, increase in 
maize growth damaging pests, or increased pathogens population hos
ted by cereal rye causing maize seedling disease for causing a detri
mental impact on maize yield (Bakker et al., 2016). 

4. Conclusion 

The modified CERES-wheat model in the DSSAT model did fairly 
well in replicating the cereal rye growth after carefully fixing 
temperature-related parameters to make the crop thrive on the shorter 
days and freezing temperatures. The soil water and nitrogen results 
confirmed the reliability of the DSSAT model in predicting the cereal rye 
(as a winter cover crop) inclusion impact on nitrate loss and tile drainage 
volume. Due to the absence of the chemical termination feature in the 
DSSAT, the model could not capture the N mineralization/immobiliza
tion process that affected its prediction of maize N uptake and maize 
yield. Thus, the development of the chemical termination routine in the 
model could enhance the understanding of the cover crop induced 
impact studies. In the field condition, the cereal rye and tillage radish 
seeds were broadcasted into the standing maize/soybean crop (before 
harvesting) with an overlap of 20–25 days on average. However, DSSAT 
cannot simulate the growth of multiple crops simultaneously, which 
might have affected the results. Overall, the findings revealed that NO3- 
N loss from the field could decrease by 43.6% and 45.4% for fall-applied 
and spring-applied N fertilizer treatments, respectively. Moreover, 
cereal rye can potentially reduce the tile drainage volume by approxi
mately 21%. Even though the model performed poorly in simulating the 
impact of cereal rye cover crop on the subsequent cash crop yield, the 
insightful findings on soil water-N dynamics encourage the use of the 
model for agricultural policymaking at a large scale and the long-term 
impact assessment. 
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