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Th e nitrates (NO3–N) lost through subsurface drainage in the 
Midwest often exceed concentrations that cause deleterious 
eff ects on the receiving streams and lead to hypoxic conditions 
in the northern Gulf of Mexico. Th e use of drainage and water 
quality models along with observed data analysis may provide new 
insight into the water and nutrient balance in drained agricultural 
lands and enable evaluation of appropriate measures for reducing 
NO3–N losses. DRAINMOD-NII, a carbon (C) and nitrogen 
(N) simulation model, was fi eld tested for the high organic 
matter Drummer soil in Indiana and used to predict the eff ects 
of fertilizer application rate and drainage water management 
(DWM) on NO3–N losses through subsurface drainage. Th e 
model was calibrated and validated for continuous corn (Zea 
mays L.) (CC) and corn–soybean [Glycine max (L.) Merr.] (CS) 
rotation treatments separately using 7 yr of drain fl ow and NO3–N 
concentration data. Among the treatments, the Nash-Sutcliff e 
effi  ciency of the monthly NO3–N loss predictions ranged from 
0.30 to 0.86, and the percent error varied from −19 to 9%. Th e 
medians of the observed and predicted monthly NO3–N losses 
were not signifi cantly diff erent. When the fertilizer application 
rate was reduced ?20%, the predicted NO3–N losses in drain 
fl ow from the CC treatments was reduced 17% (95% confi dence 
interval [CI], 11–25), while losses from the CS treatment were 
reduced by 10% (95% CI, 1–15). With DWM, the predicted 
average annual drain fl ow was reduced by about 56% (95% CI, 
49–67), while the average annual NO3–N losses through drain 
fl ow were reduced by about 46% (95% CI,  32–57) for both tested 
crop rotations. However, the simulated NO3–N losses in surface 
runoff  increased by about 3 to 4 kg ha−1 with DWM. For the 
simulated conditions at the study site, implementing DWM along 
with reduced fertilizer application rates would be the best strategy 
to achieve the highest NO3–N loss reductions to surface water. 
Th e suggested best strategies would reduce the NO3–N losses to 
surface water by 38% (95% CI, 29–46) for the CC treatments and 
by 32% (95% CI, 23–40) for the CS treatments.
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Nitrate (NO3–N) in water removed from fi elds by 
subsurface drainage systems in the Midwest is often at 
concentrations exceeding the 10 mg N L–1 maximum 

contaminant level set by the USEPA for drinking water and 
has been implicated in contributing to the hypoxia problem in 
the northern Gulf of Mexico (Jaynes et al., 2008). Subsurface 
drainage systems can behave like shallow, direct pipelines or 
conduits to surface waters and increase the speed with which 
water moves through the soil (Dinnes et al., 2002). Numerous 
studies have shown signifi cant end-of-pipe NO3–N losses from 
subsurface drained fi elds (Kanwar et al., 1988; Drury et al., 
1996; Kladivko et al., 1999; Jaynes et al., 2001). Nonpoint 
loss of NO3–N from agricultural fi elds to water resources is 
not infl uenced by artifi cial drainage alone but by a combina-
tion of factors including soil properties (physical, chemical, 
and biological), climatic factors (precipitation and temperature 
patterns), farming practices (cropping system, fertilization, and 
tillage), and hydrology (Dinnes et al., 2002).

Th e Mississippi River/Gulf of Mexico Watershed Nutrient 
Task Force (MRGMWNTF) has set up a goal to reduce the 
total riverine nitrogen (N) discharges (combination of organic 
and inorganic N [NH4

+ and NO3
−]) from the Mississippi and 

Atchafalaya Rivers to the Gulf by 45% (Gowda et al., 2008; 
MRGMWNTF, 2008). Early attempts to reduce NO3–N 
losses through subsurface drains in the Midwest have mainly 
focused on the timing, placement and rate of N application, 
and on growing of winter cover crops (Bakhsh et al., 2002; 
Kladivko et al., 2004; Th orp et al., 2007; Gowda et al., 2008; 
Lawlor et al., 2008; Nangia et al., 2008). Th ese studies indi-
cate that reducing the fertilizer application rate and changing 
the timing of application from fall to spring has a potential to 
reduce annual NO3–N losses by 17 to 25%, although there is 
some risk to crop yield (Dinnes et al., 2002; Jaynes et al., 2001). 
Applying fertilizer at reduced rates over a long period in certain 
soil types may not be sustainable due to N mining from the soil 
(Jaynes et al., 2001). Nitrogen fertilizer management for corn 
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production is not enough to achieve the MRGMWNTF river-
ine N reduction goal; therefore, additional methods of NO3–N 
removal from subsurface drainage are needed (Dinnes et al., 
2002; Jaynes et al., 2008; Hernandez-Ramirez et al., 2011a).

Drainage water management (DWM) is one of the end-
of-tile methods for reducing NO3–N loss from the subsurface 
drainage systems that is gaining attention in the Midwest. A 
DWM system (also called a controlled drainage system) con-
sists of installing a water table control structure at the outlet 
of subsurface drainage systems with which the outlet elevation 
can be managed at diff erent times of the year. In addition to 
minimizing some off -site negative environmental impacts, the 
method may improve N use effi  ciency of applied fertilizer due 
to lower NO3–N losses in drain fl ow and higher N uptake 
by the crop (Wesström and Messing, 2007). Measurements 
made in Indiana indicate that approximately 40% of the annul 
NO3–N load in the north and 75% in the south is delivered to 
streams during the period from November to April when there 
is no crop in the fi eld (Hofmann et al., 2004; Kladivko et al., 
2004; Ruark et al., 2009). Managing subsurface drainage sys-
tems during the nongrowing season alone may reduce NO3–N 
losses substantially in some locations.

Several fi eld and modeling studies conducted in North 
Carolina, the Midwest of the United States, and Canada have 
reported substantial reductions (within a range of 25 to 51%) 
in NO3–N losses after implementation of DWM (Evans et 
al., 1995; Lalonde et al., 1996; Drury et al., 1996; Breve et 
al., 1998; Fausey, 2004; Ma et al., 2007; Th orp et al., 2008; 
Ale et al., 2010a; Luo et al., 2010). Th e percent reduction in 
NO3–N loss through subsurface drainage with DWM depends 
on various factors, such as drainage system design, height and 
duration of control, soil type, and precipitation. However, the 
majority of these studies did not include an examination of the 
internal cycling of N as aff ected by DWM and other crop and 
fertilizer management practices.

Used together, computer modeling and fi eld experimenta-
tion can complement each other, leading to a better under-
standing of N processes in agro-ecosystems (Youssef et al., 
2006). Th e DRAINMOD, RZWQM, and ADAPT models 
have been used in the Midwest to model N dynamics in the 
soil (Northcott et al., 2001; Th orp et al., 2007, 2009; Ma et 
al., 2007; Gowda et al., 2008; David et al., 2009; Luo et al., 
2010; Ale et al., 2010a). Studies that compared DRAINMOD 
with other commonly used drainage models such as ADAPT 
and RZWQM indicate that DRAINMOD has equal or better 
performance in predicting drain fl ow and NO3–N losses 
from subsurface drainage systems (Sands et al., 2002; Th orp 
et al., 2009). Th e most recent in the DRAINMOD series, 
the DRAINMOD-NII model, showed success in predict-
ing NO3–N losses from corn–soybean agricultural systems in 
Minnesota (Luo et al., 2010) and Iowa (Th orp et al., 2009) 
and denitrifi cation rates for a typical corn and soybean agro-
ecosystem on a tile-drained Mollisol in central Illinois (David 
et al., 2009). However, the model has not been tested for the 
high-organic-matter soils (about 21 to 25 g C kg−1 soil) such 
as Drummer soil (fi ne-silty, mixed, superactive, mesic Typic 
Endoaquoll), which is a major soil type in Indiana and Illinois.

Th e overarching goal of this study was to suggest strategies to 
reduce the NO3–N losses from subsurface drainage systems on 

high-organic-matter soils toward meeting the MRGMWNTF 
goal of reducing riverine N discharges by 45%. Th e specifi c 
objectives of this study were (i) to test the DRAINMOD-NII 
model for the conventionally drained continuous corn (CC) 
and corn–soybean (CS) treatments on the high organic matter 
Drummer silty clay loam soil at Purdue University’s Water 
Quality Field Station (WQFS), (ii) to quantify the eff ects 
of fertilizer application rate and hypothetical DWM on the 
reduction of NO3–N losses from subsurface drainage systems, 
and (iii) to study water and N mass balances at the WQFS as 
aff ected by the simulated strategies.

Materials and Methods
Study Site Management
Th e WQFS was established within the Agronomy Center for 
Research and Education (ACRE) in west central Indiana in 
1992 to evaluate the eff ects of drain spacing and crop manage-
ment practices on drainage water quality. Forty-eight drainage 
lysimeter plots were established in four blocks in a randomized, 
complete-block design to evaluate 12 cropping system treat-
ments with four replications (Ruark et al., 2009) (Fig. 1). Each 
experimental plot (48.5 × 10 m) contained a bottomless drain-
age lysimeter (24 × 10 m). Th e drains were installed at a depth 
of 0.9 m. Th e glacial till that restricted the vertical seepage 
existed at a depth of approximately 1.5 m (Hofmann, 2002). 
Th e major soil series at this site is the Drummer silty clay 
loam (fi ne-silty, mixed, superactive, mesic Typic Endoaquoll) 
(Hofmann et al., 2004). Th e elevation diff erence across the 
experimental area is less than 0.8 m (<2% slope). Th e 30-yr 
(1977–2006) average annual precipitation recorded at the 
ACRE weather station was 95 cm (ICLIMATE, 2007).

Th e tile drain fl ow and the fl ow-weighted NO3–N con-
centrations from the CC and CS treatment plots were used 
to calibrate and test the DRAINMOD-NII model. Tile drain 
fl ow was quantifi ed with a tipping bucket system (described in 
Ale et al. [2009]). Th e fl ow-weighted samples were collected 
and analyzed for NO3 concentrations. Th e NO3–N concentra-
tion in each fl ow-weighted water sample was considered as the 
NO3–N concentration for all drain fl ows that occurred since 
the previous sampling because the water samples were not col-
lected at the same frequency as drain fl ow. Th e observed daily 
NO3–N loss was estimated by multiplying the observed daily 
drain fl ow volume with the daily NO3–N concentration in 
drain fl ow (Hernandez-Ramirez et al., 2011a).

Th ree N rates for urea ammonium nitrate (UAN) (28–0–0) 
liquid fertilizer application were used in CC treatments: 157 kg N 
ha−1 (low) side dress application, 179 kg N ha−1 (medium) pre-
plant application, and 202 kg N ha−1 (high) pre-plant applica-
tion (hereafter referred to as CC (low), CC (medium), and CC 
(high) treatments). Th e three N rates applied to corn in CS 
rotation treatments (CS (low), CS (medium), and CS (high) 
treatments) were reduced by 22 kg N ha−1 from the three rates 
applied to CC plots. Th e timing of inorganic fertilizer applica-
tion varied from year to year depending on climatic conditions. 
Pre-plant application of UAN for the medium and high fertilizer 
treatments was completed between 5 April and 18 May in all 
years except 1996 (July 1) and 1999 (June 21), when excessively 
wet soil conditions in the spring delayed application (Hofmann 
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et al., 2004; Hernandez-Ramirez et al., 2011a). Th e side dress 
UAN applications for the reduced fertilizer treatment occurred 
between 4 June and 15 July. Th e pre-plant UAN was applied at 
a depth of 15 to 20 cm, and the side dress UAN was applied at a 
depth of 10 cm (Ruark et al., 2009). Additional N was applied as 
liquid starter fertilizer (19–17–0) with all corn plantings at a rate 
of 22 kg N ha−1, 5 cm to the side and 5 cm below the seed. All 
corn and soybean treatments were disked twice and cultivated in 
the spring between 15 April and 4 June. All corn treatments were 
chisel plowed in the fall between 18 October and 15 November. 
Th e planting was done between 28 April and 7 June, and the 
harvest dates ranged from 5 to 30 October.

Model Description
DRAINMOD-NII is a fi eld-scale, process-based model that 
simulates C and N dynamics in drained agricultural lands for a 
wide range of soil types, climatic conditions, and management 
practices (Youssef, 2003; Youssef et al., 2005). Th e model is an 
enhanced version of the DRAINMOD-N model (Breve et al., 
1997). It simulates organic C dynamics using a C-cycle similar 
to that of the CENTURY model (Parton et al., 1993). It consid-
ers three below-ground soil organic matter fractions (active, slow, 
and passive), a surface microbial pool, and two above-ground and 
two below-ground litter pools (metabolic and structural). It sim-
ulates a detailed N cycle that considers mineral N and organic N 
and their interaction as aff ected by C cycling. Th e model simu-
lates atmospheric deposition, application of mineral N fertilizers 
and organic N sources, plant uptake, mineralization, immobili-

zation, nitrifi cation, denitrifi cation, NH3 volatilization, and N 
losses via subsurface drainage, deep seepage, and surface runoff . 
Th e model simulates farming practices such as tillage and plant 
residue management and the application of mineral N fertilizers 
and animal manure. Model predictions include daily concentra-
tions of mineral N (i.e., NO3–N and NH4–N) in soil solution 
and drainage outfl ow, organic C content of the top 20 cm soil 
layer, and cumulative rates of simulated N processes on daily, 
monthly, and annual basis. Further details about DRAINMOD-
NII model can be found in Youssef et al. (2005).

Model Inputs
Th e model hydrology–related inputs, such as weather, soil prop-
erties, drainage system parameters, and crop inputs, used in the 
study are explained in detail in Ale et al. (2009). Th e model N–
related inputs include soil, crop, and fertilizer management data; 
N transport and transformations; and organic matter parameters. 
Some crop parameters, including grain and stover N contents, 
and the average crop yields were taken from previous measure-
ments at the WQFS (Table 1). Th e plant harvest index (HI) (a 
ratio of grain yield to the total above-ground biomass [0.48 for 
corn and 0.36 for soybean]) and root to shoot ratio (RSR) (the 
mass ratio between root dry matter and shoot dry matter [0.12 
for corn and 0.16 for soybean]) were obtained from calibration, 
and these values are within the range of published values for these 
crops (Youssef, 2003). Soil parameters (Table 2) were mainly based 
on the previous studies conducted at the WQFS (Hofmann et al., 
2004; Ruark et al., 2009; Hernandez-Ramirez et al., 2009b). Th e 

Fig. 1. Location of the Water Quality Field Station in Indiana, the experimental layout at the Water Quality Field Station, and a sketch of a 
drainage lysimeter.
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tillage intensity factor, which ranges from 0 to 1 according to the 
level of soil disturbance caused by the tillage operation (Youssef 
et al., 2005), was taken as 0.8 for the spring tillage (for corn and 
soybean) and as 0.5 for the fall tillage (corn only).

Th e N transformation parameters that determine N process 
rates (e.g., maximum reaction rate, half saturation constant, opti-
mum soil temperature, and shape factor for the soil temperature 
response function of urea hydrolysis, nitrifi cation, denitrifi cation, 
and organic matter decomposition processes) were obtained from 
model calibration (Table 3). Th e two important transport param-
eters, longitudinal dispersivity (15 cm) and tortuosity (0.5), were 
adjusted during the model calibration. Th e C/N ratios and the 
potential rates of decomposition for organic matter pools were set 
to the standard values used with the CENTURY model (Parton et 
al., 1993), as was done in the previous DRAINMOD-NII studies 
(Youssef et al., 2006; Th orp et al., 2009; Luo et al., 2010). Th e 
remaining model input parameters were taken from Youssef et al. 
(2006) or from the literature values reported in Youssef (2003).

Statistical Model Performance Evaluation Measures
Th ree statistical measures—the Nash-Sutcliff e effi  ciency (E) (Nash 
and Sutcliff e, 1970), percent error (PE), and mean absolute error 
(MAE) (Wang et al., 2006)—were used to evaluate the model 
performance at a monthly time step. Th e effi  ciency E, which is 
widely used to evaluate the performance of hydrologic and water 
quality models, measures the deviation of simulated and measured 
values in relation to the scattering of the measured data. Th e E 
value ranges between 1 (perfect fi t) and −Y (Krause et al., 2005), 
with a value greater than zero indicating that the model is a better 
predictor than the mean of the observations. Th e MAE measures 
the mean departure of simulated values from measured values, and 
the PE quantifi es the departures relative to the measured values 

(Th orp et al., 2009).Th e PE varies between −100 and Y, with 
smaller absolute values closer to 0 indicating better agreement. 
Th e MAE varies between 0 (best performance) and Y.

In each year, statistical performance measures were com-
puted only for the months in which there were no missing 
observed drain fl ow and NO3–N concentration data. Th e 
observed drain fl ow and NO3–N concentrations were fi rst cal-
culated as an average of the treatment replicates for which data 
were available, and the observed NO3–N loss was then calcu-
lated as the product of the observed average drain fl ow and 
the average NO3–N concentration in drain fl ow. According to 
Moriasi et al. (2007), model simulation can be judged as good 
if 0.65 < E ≤ 0.75 and ±10% ≤ PE < ±15% for streamfl ow and 
±25% ≤ PE < ±40% for N and can be judged as satisfactory if 
0.5 < E ≤ 0.65 and ±15% ≤ PE < ± 25% for streamfl ow and 
±40% ≤ PE < ±70% for N on a monthly time step. An E of 
>0.7 and a PE of ±20% for monthly drain fl ow and an E of 
>0.5 and a PE of ±30% for monthly NO3–N losses were used 
as the model performance evaluation criteria over the calibra-
tion and validation periods in this study.

Model Calibration and Validation
Th e accuracy of DRAINMOD-NII predictions of NO3–N 
losses in drain fl ow depends on the accuracy of model hydrol-
ogy and crop yield predictions (Youssef et al., 2006). Th e 
model hydrology and crop yield components were therefore 
initially calibrated based on the observed data at the WQFS 
before calibrating for NO3–N loss.

Hydrology and Crop Yield

Th e hydrologic component of the model was previously cali-
brated and validated for the CC (high) treatment plots at the 
WQFS (Ale et al., 2009). However, it was later realized that 
the calibrated vertical conductivity of the restrictive layer (Krl) 
reported in Ale et al. (2009) was very high (0.013 cm h−1), 
leading to unrealistically high vertical seepage of nitrates to 
groundwater. We therefore recalibrated the model hydrology for 
the CC (high) plots by adjusting Krl, the hydraulic conductiv-
ity (Ksat) of soil layers, and surface storage parameters. Th e Krl 
was reduced from 0.013 to 0.002 cm h−1 and the Ksat of the 
fi rst, second, and third soil layers were reduced from 6, 5.4, and 
2.4 to 4.0, 3.6, and 1.6 cm, respectively. Th e maximum surface 
storage was reduced from 1.0 to 0.5 cm, and the depressional 

Table 1. Observed crop inputs used in the DRAINMOD-NII model.

Treatment†
Grain/stover N content Average yield‡

Corn grain Corn stover Soybean grain Corn Soybean

————————————— % ————————————— ————— kg ha–1 —————
CC (high)§ 1.45 0.89 – 9423
CC (medium) 1.40 0.85 – 8886 –
CC (low) 1.34 0.85 – 8747 –
CS (high)¶ 1.38 0.89 6.42 9500 3608
CS (medium) 1.36 0.85 6.43 8824 3342
 CS (low) 1.34 0.83 6.39 8504 3308

† CC, continuous corn; CS, corn–soybean.

‡ Observed average yield among all the replications during 1997–2006.

§ CC (high), CC (medium), and CC (low) are the continuous corn treatments with fertilizer application rates of 224, 201, and 179 kg N ha−1, respectively.

¶ CS (high), CS (medium), and CS (low) are the corn–soybean treatments with fertilizer application rates of 202, 179, and 157 kg N ha−1, respectively, for 
the corn crop only.

Table 2. Soil inputs for the Water Quality Field Station site.

Soil parameter
Soil layer

0–5 cm 5–30 cm 30–147 cm

Soil texture
 Silt, % 65.8 64.4 63.3
 Clay, % 12.2 15.6 19.0
Dry soil bulk density, g cm−3 1.25 1.34 1.66
NH4

+ distribution coeffi  cient, cm3 g−1 2.4 2.6 2.8
Soil pH 6.4 6.4 6.4
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storage was reduced from 0.5 to 0.25 cm, which represents fairly 
good surface drainage conditions at the WQFS. Th ese changes 
have essentially reduced vertical seepage and increased surface 
runoff  while maintaining a good match between the predicted 
and observed drain fl ow. Th e model hydrology for the CS treat-
ment plots was also calibrated in this study by comparing the 
predicted monthly drain fl ows with the observed drain fl ows for 
the CS (low) treatment plots; this was not done in the earlier 
study (Ale et al., 2009). Only soybean root depths were adjusted 
during hydrology calibration for the CS treatments.

Th e DRAINMOD model simulates crop yield as relative 
yield (RY), which, when multiplied by potential crop yield, 
gives crop yield. Ale et al. (2009) used the highest observed 
crop yield among all replications in a treatment as the potential 
crop yield to estimate RY. However, recent studies (Th orp et 
al., 2009; Luo et al., 2010) have used average crop yield as the 
potential yield, and hence we decided to use average crop yields 
in RY estimation and in the model N input fi le. Th e changes 
in hydrology calibration, together with the adoption of aver-
age crop yield as the potential yield, have improved crop yield 
predictions in this study as well. Th e empirical yield model 
used in DRAINMOD does not simulate the eff ect of fertilizer 
application on crop yield, so the model-predicted crop yield 
for a particular crop rotation was compared with the observed 
yield among all fertilizer treatments within that crop rotation.

Nitrate-Nitrogen Loss

Th e DRAINMOD-NII model was calibrated and validated by 
comparing observed and predicted monthly NO3–N losses via 
subsurface drainage. Th e model was calibrated for the CC and 
CS rotations separately because the crop residues decompose 
at diff erent rates under these two rotations. In general, soy-
bean residue has a low C/N ratio and decomposes at a much 
faster rate than corn residue (Bakhsh et al., 2002).Th e NO3–N 
loss data from 1999 to 2002 were used for model calibration, 
whereas 2003 to 2005 data were used for model validation.

Th e model calibration for the CC (high) treatment was con-
ducted by manually adjusting, in a stepwise fashion, the plant HI 
and RSR, longitudinal dispersivity, and nitrifi cation and deni-
trifi cation parameters (maximum reaction rate, half saturation 

constant, optimum soil temperature, and soil water response func-
tion). Th e plant HI and RSR were fi rst adjusted by comparing 
the model-predicted plant uptake with the observed plant uptake 
at the WQFS (Hernandez-Ramirez et al., 2009a). Th e denitrifi -
cation parameters were subsequently adjusted by comparing the 
predicted rates of denitrifi cation with the measured denitrifi ca-
tion rates at the WQFS (Hernandez-Ramirez et al., 2009a). Th e 
optimum temperature and shape factor for the soil temperature 
response function for organic matter decomposition were set iden-
tical to the values used for denitrifi cation (Table 3).

After ascertaining that the hydrology predictions for the CS 
(low) treatment were comparable to the predictions for the CC 
(high) treatment, the DRAINMOD-NII model was calibrated 
for the CS (low) treatment. Corn HI and RSR, and all the trans-
port and transformation parameters except (i) the maximum 
soil N content at which organic materials enter the soil organic 
matter pools at the minimum C/N ratio (Nmax) and (ii) the half-
saturation constant for the nitrifi cation process (HSCN), were 
kept the same as their respective CC treatments. Soybean HI 
and RSR, Nmax, and HSCN were adjusted during calibration. 
Th e Nmax was changed from the default value of 10 μg N cm−3 
soil to a calibrated value of 38 μg N cm−3 soil, and the HSCN 
was changed from 23 μg N g−1 soil (calibrated value for the CC 
plots) to 10 μg N g−1 soil. Th e use of default Nmax and the CC 
HSCN values resulted in less available mineral N in the soil 
profi le and caused a systematic underprediction of NO3–N loss 
(by about 50%). When the Nmax was increased and the HSCN 
was decreased, the net mineralization and nitrifi cation in corn 
years and N fi xation in soybean years increased, resulting in the 
availability of more mineral N in the soil profi le and a closer 
agreement between the measured and predicted NO3–N losses 
in subsurface drainage. Th orp et al. (2009) also adjusted Nmax 
while calibrating the DRAINMOD-NII model for a CS system 
in Iowa and used a value of 45 μg N cm−3 soil.

Drainage Water Management Simulations
After testing, the DRAINMOD-NII model was used to quan-
tify the eff ects of fertilizer application rate and hypothetical 
DWM on NO3–N losses through subsurface drainage at the 

Table 3. Transformation parameters used in the DRAINMOD-NII model.

Parameter Urea hydrolysis Nitrifi cation Denitrifi cation Organic C decomposition

Michaelis–Menten parameters
Maximum reaction rate,† μg N g−1 soil d−1 120 14 0.9
Half saturation constant†,‡ 50 23§ 31

Temperature response function
Shape factor† 0.119 0.4 0.2 0.2
Optimum temperature,† °C 51.6 25 32 32

Soil water response function
Relative rate at wilting point 0.65 0.1 0.3
Relative rate at saturation 0.87 0.1 0.8
Optimum WFPS¶ range 0.5–0.7 0.5–0.6 0.5–0.6
Threshold WFPS† 0.85
Empirical exponent 1 1 2 1

† Parameters adjusted during calibration.

‡ Units are mg urea-N L−1 for urea hydrolysis, μg NH4–N g−1 for nitrifi cation, and mg NO3–N L−1 for denitrifi cation.

§ The calibrated value for corn–soybean rotation is 10.

¶ Water-fi lled pore space.
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WQFS and to study the internal cycling of N as aff ected by 
fertilizer application rates and DWM. Th e 95% confi dence 
intervals have been estimated for the mean percent reduc-
tions in NO3–N losses based on the variation in annual values. 
Th e model was run for the period from 1992 to 2006, and 
the results from 1997 to 2006 were analyzed. Th e fi rst 5-yr 
period during which the chosen initial organic matter pool 
distributions equilibrated was treated as a spin-up period. 
Th e DRAINMOD-NII model does not directly output the N 
addition through residue incorporation and the organic soil N 
storage, making it diffi  cult to calculate N mass balance. Th e 
amount of N mass added through crop residue was therefore 
estimated separately using the relationships used in the model 
(Youssef et al., 2005), and the change in soil N mass storage 
was estimated by subtracting total N outputs from the total N 
inputs annually, as was done by Th orp et al. (2009).

For the DWM simulations, during the growing season, the 
outlet was raised to a control height of 50 cm above the tile 
(40 cm from the surface) on the 10th day after planting and 
lowered to the drain level on the 85th day after planting (Ale 
et al., 2009, 2010b). In the nongrowing season, the outlet was 
closed from 1 November to 31 March of the following year.

Results and Discussion
Model Calibration and Validation
Continuous Corn Treatment Plots

Th e statistical performance measures obtained for the revised 
model hydrology calibration exceeded the targeted performance 
evaluation criteria and were slightly better than those achieved 
by Ale et al. (2009) (Supplemental Table S1). Th e predicted corn 
yield was also comparable to the observed yield for all the CC 
fertilizer rate treatments, and the PE in yield prediction was less 
than ±15% in all the years except 1999 and 2000 (Fig. 2a). In 
2000, a high level of Japanese beetle feeding on the silks of the 
corn crop caused poor pollination, resulting in lower observed 
yields (Hofmann, 2002) and about 8 to 16% overprediction in 
yield in all the CC treatments. In 1999, planting was delayed 
by 2 to 3 wk due to excess moisture. Th e model did not predict 
this delay, which resulted in consistent underprediction of yield 
among all the treatments in this year. A relatively 
higher PE (13.7%) in the year 2001 for the CC 
(medium) treatment could be plot specifi c because 
the PE in other CC treatments in that year was 
low (3.1% for CC (high) and −5.2% for CC (low) 
treatments). On average (1997–2005), the model 
slightly underpredicted corn yield by about 1 to 3% 
among the CC treatments.

In general, the errors in NO3–N loss predictions 
for the CC (high) treatment during the calibration 
period (1999–2002) refl ected the errors in drain 
fl ow predictions except in the year 2002 (Fig. 3). 
In 2002, the model predicted higher NO3–N con-
centrations (annual average of 13.6 mg L−1) in drain 
fl ow compared with observed NO3–N concentra-
tions (annual average of 6.2 mg L−1), resulting in 
overprediction of NO3–N loss. Th e overprediction 
of NO3–N concentration in this year was due to 
less denitrifi cation (17 kg ha−1, as compared with 

the 1997–2006 average denitrifi cation of 26.1 kg ha−1) because 
of lower annual and growing season precipitation. Higher PE 
(−54.3%) in NO3–N loss prediction in 2000 was due to an 
8 to 16% overprediction in yield (Fig. 2a), which resulted in 
more simulated plant uptake of NO3–N and less NO3–N in tile 
fl ow (Table 4). Overall, the predicted monthly NO3–N losses 
were within 1 standard deviation of the observed NO3–N losses 
in all the years except 2000. Th e medians of the observed and 
predicted monthly NO3–N losses during the calibration period 
were not statistically diff erent (p = 0.3793) according to the 
Wilcoxon nonparametric rank sum test.

During the validation period (2003–2005), the error in 
NO3–N load predictions once again mirrored the error in drain 
fl ow predictions in all the years (Fig. 3). However, the PE in 
NO3–N loss prediction during the validation years was higher 
than during the calibration period (Table 4). In 2005, less plant 

Fig. 2. The percent error in yield prediction by the model for (a) con-
tinuous corn (CC) and (b) corn–soybean (CS) rotation treatments at 
the Water Quality Field Station.

Fig. 3. Predicted and observed drain fl ow and nitrate load during (a, b) the calibration 
(1999–2002) and (c, d) the validation (2003–2005) periods for the continuous corn treat-
ment plots with high fertilizer application rate at the Water Quality Field Station. The 
observed drain fl ows and the nitrate concentrations are the averages of four replicates.
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uptake due to about 12% yield underprediction (Fig. 2a) and 
the simulated low denitrifi cation rate (16.4 kg ha−1) due to lower 
annual and growing season precipitation resulted in 71% PE in 
NO3–N loss prediction. A few small drain fl ow events that were 
predicted (but were not observed) during February and April 
resulted in higher PE (46.3%) and lower E (0.35) in NO3–N 
load predictions in 2004 (Table 4). Th e medians of the observed 
and predicted monthly NO3–N losses during the validation 
period were also not statistically diff erent (p = 0.1032).

Th e slope (0.54) of the regression line of the observed vs. pre-
dicted monthly NO3–N losses over the calibration and validation 
period was substantially lower than one, and the intercept (0.69) 
was larger than zero (r2 = 0.56) (Fig. 4a). When two outliers were 
eliminated, model monthly predictions greatly improved (slope 
= 0.91; intercept = 0.27; r2 = 0.7). Both outliers (underpredicted 
monthly NO3–N losses in April 1999 and June 2000) were due 
to large underpredictions in drain fl ow, which were associated 

with the variation in precipitation between the WQFS and the 
precipitation gauge at the ACRE, which is 2 km away. For exam-
ple, the observed and predicted drain fl ows during 15 to 18 Apr. 
1999 were 7.4 and 2.1 cm, respectively, whereas the precipitation 
input to the model during this event was 5.5 cm. Previous stud-
ies with the DRAINMOD-NII (Youssef et al., 2006), SOILN 
(Wu et al., 1998), and ADAPT models (Davis et al., 2000) have 
also demonstrated limited success in predicting the statistically 
signifi cant monthly NO3–N losses. As described in Youssef et al. 
(2006), fi eld evaluations of C and N models are often based on 
the yearly (rather than monthly) predictions due to the diffi  culty 
in modeling complex C and N dynamics and the unavailability 
of suffi  cient observed data to calibrate the models. Overall, the 
model tended to underpredict NO3–N load during the calibra-
tion period (−19%), primarily during 2000, and tended to over-
predict during the validation period (17%) in this study.

Table 4. Statistical parameters for the continuous corn treatment plots with high fertilizer application rate during the calibration and validation periods.

Year
Annual nitrate load Monthly statistics

Observed† Predicted† E‡ PE§ MAE¶

—————— kg ha−1 —————— kg ha−1 mo−1

Calibration period (1999–2002)
1999 23.1 ± 11.6# 19.2 0.73 −17.1 1.04
2000 28.8 ± 14.9 13.2 0.42 −54.3 1.85
2001 13.8 ± 4.9 13.7 0.86 −0.4 0.64
2002 20.8 ± 8.4 24.0 0.56 −15.4 0.72
1999–2002 86.5†† 70.1†† 0.55 −19.0 1.08

Validation period (2003–2005)
2003 14.6 ± 7.7 8.9 0.53 −39.1 0.99
2004 9.1 ± 5.1 13.3 0.35 46.3 0.92
2005 10.3 ± 4.8 17.6 0.71 71.0 1.04
2003–2005 34.0†† 39.8†† 0.58 17.0 0.98

Calibration and validation periods together (1999–2005)
1999–2005 120.5†† 109.9†† 0.56 −8.8 1.63

† Excluding the period of missing drain fl ow data in respective years.

‡ Nash-Sutcliff e effi  ciency.

§ Percent error.

¶ Mean absolute error.

# Standard deviation of observed nitrate load among replicates.

†† Cumulative nitrate load during the period.

Fig. 4. Scatter plots of observed and predicted monthly nitrate losses in drain fl ow from (a) continuous corn (CC) and (b) corn–soybean (CS) rota-
tion treatments at the Water Quality Field Station.
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Corn–Soybean Rotation Treatment Plots

Th e DRAINMOD model hydrology predictions for the CS 
treatments were comparable to the predictions for the CC 
treatments (Fig. 3a, 3c, 5a, 5c). Th e PE in corn and soybean 
yield prediction for the CS treatments was less than ±15% in 
all years, except in 1998 for the CS (medium) and 2002 (Fig. 
2b). Th e exception in 1998 could be plot specifi c because the 
PE in yield prediction in other CS fertilizer rate treatments 
in that year was less than −1%.Th e model did not predict the 
actual soybean planting delay in 2002 due to spring rains, 
which resulted in 17% underprediction of yield among all the 
treatments. On average (1997–2005), the model underpre-
dicted corn and soybean yield within a range of 3 to 5% among 
the CS treatments (Fig. 2b).

Th e DRAINMOD-NII model performance for the CS 
(low) treatment during the calibration period was good in 2001 
(E = 0.71; PE = −15.2%) and 2000 (E = 0.61; PE = −36.2%) 
(Fig. 5; Table 5). In 2002, greater predicted NO3–N concen-
trations (15 mg L−1) compared with observed NO3–N con-
centrations (8.4 mg L−1) resulted in an overpredicted NO3–N 
loss and poor model performance (PE = 73%; E = −0.38). Th e 
overprediction of NO3–N concentration in this year was due 
to simulated lower plant uptake (because of 17% underpredic-
tion in yield) (Fig. 2b) and lower denitrifi cation (due to lower 
annual and growing season precipitation). A high underpre-
diction (PE = −51%) in NO3–N loss in 1999 was due to the 
underprediction of drain fl ow, as explained previously. Over 
the entire calibration period (1999–2002), the E of monthly 
NO3–N losses was 0.52, while PE was −14.4%. Th e medians 
of the observed and predicted monthly NO3–N losses during 
the calibration period (1999–2002) were not statistically dif-
ferent (p = 0.2335).

During the validation period (2003–2005), the predicted 
monthly NO3–N losses resulted in good E values of 0.68 in 2003 
and 0.95 in 2005 and less than 20% PE in all the years. Also, 
the MAE was ≤0.80 kg ha−1 mo−1 among all the years (Table 5). 
Th e E, PE, and MAE for the entire validation period were much 
better than those for the calibration period. Th e medians of the 
observed and predicted monthly NO3–N losses during the vali-

dation period were also not statistically diff erent (p = 0.2003). 
Although the prediction of monthly NO3–N losses for the CS 
treatments was better than the CC treatments (Fig. 4a vs. 4b), 
the slope of the regression line (observed vs. predicted monthly 
NO3–N losses) was still substantially diff erent than one and the 
intercept was much greater than zero. Excluding two outliers 
(April 2009 and June 2000) improved the model performance. 
Overall, DRAINMOD-NII predictions of monthly NO3–N 
losses in drain fl ow were in close agreement with the observed 
losses at the WQFS for CC and CS rotations. Few discrepancies 
noticed were associated with errors in hydrology and crop yield 
predictions.

Simulated Eff ects of Fertilizer Application Rate and 
Drainage Water Management on Nitrate-Nitrogen Loss
Eff ect of Fertilizer Application Rate on Nitrate-Nitrogen Loss

As the fertilizer application rate of CC plots was decreased 
from 224 (high) to 179 kg N ha−1 (low) (20% reduction), on 
average (1997–2006), the predicted NO3–N loss decreased 
from 21.7 to 17.9 kg ha−1 (17% reduction within a 95% con-
fi dence interval [CI] of 11 and 25%) (Fig. 6; Table 6). Th e 
predicted reduction in NO3–N loss for the CC (medium) rela-
tive to the CC (high) treatment was about 7%. In addition to 
smaller amounts of fertilizer applied, the timing of application 
(side-dress vs. pre-plant) resulted in higher N use effi  ciency 
and lower NO3–N losses for the CC (low) treatment relative 
to the CC (medium) treatment. Th e predicted NO3–N losses 
from CC plots at the WQFS were about 10% of the amount 
of fertilizer applied and were slightly lower than the observed 
NO3–N losses in a fi eld study in Iowa, which were about 13% 
of the applied fertilizer (Bakhsh and Kanwar, 2007).

As the fertilizer application rate during corn years in the CS 
treatments decreased by 22% from 202 (high) to 157 kg ha−1 
(low), on average (1997–2006), the predicted NO3–N loss 
through subsurface drains decreased from 21.9 to 19.9 kg ha−1 (a 
10% reduction; 95% CI, 1–15%) (Fig. 6). Th e predicted percent 
NO3–N loss reductions with reduced fertilizer application to the 
CS treatments are comparable to a simulated 13% reduction in a 
Minnesota study when the applied fertilizer was reduced from 180 

to 123 kg ha−1 (Nangia et al., 2008) and lower than 
a simulated 18% reduction in NO3–N loss when the 
fertilizer application rate was reduced from 180 to 
130 kg ha−1 in an Iowa study (Th orp et al., 2007).

Eff ect of Drainage Water Management on Nitrate-

Nitrogen Loss and Water Balance

With DWM, on average (1997–2006), NO3–N 
losses through drain fl ow were reduced from 17.9, 
20.2, and 21.7 kg ha−1 to 9.7, 11.0, and 11.8 kg ha−1 
for the CC (low), CC (medium), and CC (high) 
treatments, respectively (a 46.4% reduction for all 
treatments, within 36.3 and 56.6% CI) (Fig. 6; Table 
6). For the CS rotation, on average (1997–2006), a 
46.1% reduction (95% CI, 32.7–53.5) in NO3–N 
loss was predicted due to DWM. Th e NO3–N 
losses through drain fl ow were reduced from 19.9, 
20.1, and 21.9 kg ha−1 to 10.9, 10.9, and 11.8 kg 
ha−1 for the CS (low), CS (medium), and CS (high) 

Fig. 5. Predicted and observed drain fl ow and nitrate load during (a, b) the calibra-
tion (1999–2002) and (c, d) the validation (2003–2005) periods for the corn–soybean 
rotation treatment plots with low fertilizer application rate the Water Quality Field 
Station. The observed drain fl ows and the nitrate concentrations are the averages of 
four replicates.



Ale et al.: Strategies for Reducing NO3–N Losses from Tile Drains  225

treatments, respectively, due to DWM. Th e average reduction in 
drain fl ow with DWM was 55.7% (95% CI, 49.6–67.1) for the 
CC plots and 56.4% (95% CI, 49.0–66.0) for the CS plots. Th e 
simulated water balance for the CC and CS treatments indicated 
that about 10, 71, 16, and 3% of the simulated 12 cm reduction 
in drain fl ow with DWM went to increasing evapotranspiration, 
runoff , vertical seepage (groundwater recharge), and soil moisture 
storage, respectively (Fig. 7a).

Internal Cycling of Nitrogen as Aff ected by Fertilizer 
Application Rate and Drainage Water Management
Conventional Drainage

Th e simulated average (1997–2006) annual amount of N 
added to the system through corn residues (in addition to the 
fertilizer) ranged from 71 to 98 kg ha−1 (Table 6), which was 

higher than the observed 2-yr (2005–2006) average N accu-
mulation of 68 kg ha−1 (Hernandez-Ramirez et al., 2011b). 
Th e simulated average annual N addition through soybean res-
idue (range, 136–159 kg ha−1) was higher than the corn residue 
due to higher N content in soybean roots and shoots compared 
with corn residue. As the fertilizer application rate decreased, 
on average (1997–2006), the simulated N outputs through 
denitrifi cation, vertical seepage, and plant uptake decreased as 
the amount of N available decreased (Table 6). Follett et al. 
(1991) suggest that the denitrifi cation rates for a moderately 
well drained soil with 2 to 5% organic matter should range 
from 6 to 20% of N inputs from fertilizer and rainfall, and 
the predicted denitrifi cation rates at the WQFS (19.8–26.4 kg 
ha−1) were within this range and varied from 11 to 13% of the 
fertilizer input. Th e simulated N uptake by soybean plants in 

the CS treatment includes fi xed N and the N uptake 
from the soil. Th e simulated N fi xation in this study 
(~352 kg ha−1 on average) is higher than the simu-
lated average fi xed N of 162 kg ha−1 in an Iowa study 
(Th orp et al., 2009) due to higher observed grain N 
content (6.4 vs. 5.9) (Table 1). Barry et al. (1993) 
presented a relationship between soybean grain yield 
(Mg ha−1) and N fi xed (Nfi xed) (Nfi xed = 81.1 × yield 
−98.5). Th is estimation approach suggests that the 
N fi xation at the WQFS could be as high as 242 kg 
ha−1, but the simulated N fi xation in this study is still 
higher than this value.

Th e simulated N mass balance at the WQFS 
showed N budget surpluses ranging from 36 to 54 kg 
ha−1 for the CC treatments and from 1 to 15 kg ha−1 for 
the CS treatments (Table 6), indicating that the current 
fertilizer application rates to corn crop could further be 
reduced. Th e simulated N use effi  ciency (plant uptake 
N/sum of all forms of N inputs) of CC treatments 

Table 5. Statistical parameters for the model calibration and validation periods for the corn–soybean rotation treatment plots (corn grown in odd 
years) with low fertilizer application rate.

Year
Annual nitrate load Monthly statistics

Observed† Predicted† E‡ PE§ MAE¶

—————— kg ha–1 —————— kg ha–1 mo–1

Calibration period (1999–2002)
1999 24.3 ± 9.3# 11.9 0.53 −51.0 1.39
2000 21.2 ± 7.8 13.5 0.61 −36.2 0.98
2001 13.5 ± 4.8 11.4 0.71 −15.2 0.78
2002 15.6 ± 6.5 26.9 −0.38 73.0 0.98
1999–2002 74.6†† 63.8†† 0.52 −14.4 1.03

Validation period (2003–2005)
2003 9.6 ± 4.5 10.6 0.68 10.5 0.68
2004 11.2 ± 6.0 13.3 0.52 18.2 0.79
2005 13.9 ± 3.4 14.0 0.95 0.6 0.54
2003–2005 34.7†† 37.8†† 0.86 9.0 0.67

Calibration and validation periods together (1999–2005)
1999–2005 109.3†† 101.6†† 0.61 −7.0 0.90

† Excluding the period of missing drain fl ow data in respective years.

‡ Nash-Sutcliff e effi  ciency.

§ Percent error.

¶ Mean absolute error.

# Standard deviation of observed nitrate load among replicates.

†† Cumulative nitrate load during the period.

Fig. 6. The eff ects of crop rotation, fertilizer application rate, and drainage water 
management on predicted nitrate loss from subsurface drainage systems. CC 
(high), CC (medium), and CC (low) are the continuous corn treatments with fertil-
izer application rates of 224, 201, and 179 kg N ha−1, respectively. CS (high), CS 
(medium), and CS (low) are the corn–soybean treatments with fertilizer application 
rates of 202, 179, and 157 kg N ha−1, respectively, for the corn crop only.
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(68–71%) corresponded well to the estimated 49 to 69% N use 
effi  ciencies in a long-term N rate CC fi eld study in northwest 
Illinois (Stevens et al., 2005). Relatively lower surpluses in the 
case of CS treatments compared with CC treatments could be 
due to reduced fertilizer application rates and the application of 
fertilizer in corn years only for the CS treatments.

Drainage Water Management

According to the simulated N mass balance (1997–2006 aver-
age) for the CC treatment plots, out of the total reduction in N 
mass through subsurface drainage with DWM, about 49% was 
denitrifi ed, 29% was lost through surface runoff , and 22% was 

added to the soil storage (Fig. 7b). In the case of CS treatment 
plots, the contribution from the reduced N mass to denitrifi ca-
tion (45%) and soil N storage (15%) decreased, whereas the N 
mass lost through runoff  (40%) increased compared with the 
CC treatment plots (Fig. 7c). However, the increased denitri-
fi cation rates with DWM contribute to greenhouse gases. A 
simulated lower N mass addition to soil storage in CS treat-
ment plots was due to the application of fertilizer in alternate 
years for corn crop only.

Many studies have reported that the mass reduction in N 
in drainage water with DWM was primarily because of the 
reduction in drain outfl ow volume and therefore the percent 

Table 6. Simulated average (1997–2006) annual nitrogen mass balance† for the continuous corn and corn–soybean treatment plots at the Water 
Quality Field Station.

Treatment‡
N Inputs§ N Outputs¶

ΔS#
FT FX RES PR DN VL RO DR SP UP

——————————————————————————— kg ha−1 ———————————————————————————
Conventional drainage

CC (high) 224 0 98 6.1 26.1 0 1.9 21.7 1.7 223 54
CC (medium) 201 0 89 6.1 24.5 0 1.8 20.2 1.6 203 45
CC (low) 179 0 88 6.1 19.8 0 2.4 17.9 1.4 195 36
CC (average) 201 0 92 6.1 23.5 0 2.0 20.0 1.6 207 45
CS (high)
 Corn 202 0 89 5.8 26.4 0 1.9 19.8 1.8 209 37
 Soybean 0 354 159 6.3 22.4 0 0.8 24.1 1.9 478 −7
 Average 101 177 124 6.1 24.4 0 1.3 21.9 1.8 344 15
CS (medium)
 Corn 179 0 71 5.8 25.0 0 1.8 18.2 1.7 190 19
 Soybean 0 341 136 6.3 21.0 0 0.8 22.1 1.7 454 −16
 Average 90 170 104 6.1 23.0 0 1.3 20.1 1.7 322 1
CS (low)
 Corn 157 0 80 5.8 22.7 0 2.2 17.7 1.7 183 16
 Soybean 0 361 146 6.3 21.0 0 0.7 22.0 1.7 465 4
 Average 79 181 113 6.1 21.8 0 1.5 19.9 1.7 324 10
CS (average) 90 176 114 6.1 23.1 0 1.3 20.6 1.7 330 9

Drainage water management
CC (high) 224 0 98 6.1 31.1 0 4.6 11.8 1.5 222 57
CC (medium) 201 0 89 6.1 29.3 0 4.4 11.0 1.4 202 48
CC (low) 179 0 87 6.1 23.4 0 5.0 9.7 1.4 194 39
CC (average) 201 0 91 6.1 27.9 0 4.7 10.8 1.4 206 48
CS (high)
 Corn 202 0 90 5.8 32.0 0 4.9 11.1 1.8 210 37
 Soybean 0 364 160 6.3 25.8 0 5.6 12.6 1.7 491 −6
 Average 101 182 125 6.1 28.9 0 5.3 11.8 1.8 351 15
CS (medium)
 Corn 179 0 79 5.8 30.3 0 4.6 10.3 1.7 191 26
 Soybean 0 326 149 6.3 24.2 0 5.3 11.6 1.6 443 −5
 Average 90 163 114 6.1 27.3 0 4.9 10.9 1.6 317 10
CS (low)
 Corn 157 0 80 5.8 27.7 0 5.0 9.9 1.7 183 16
 Soybean 0 343 147 6.3 24.0 0 5.1 11.9 1.6 449 5
 Average 79 172 114 6.1 25.9 0 5.0 10.9 1.6 316 11
CS (average) 90 172 117 6.1 27.3 0 5.1 11.2 1.7 328 12

† N mass balance equation: ΔS = FT + FX + RES + PR – DN – VL – RO – DR – SP – UP.

‡ CC, continuous corn; CS, corn–soybean.

§ FT, fertilizer applied; FX, N fi xation; RES, residue incorporation; PR, precipitation.

¶ DN,denitrifi cation; DR, subsurface drainage; RO, runoff ; SP, vertical seepage; UP, plant uptake; VL, volatilization.

# Change in soil N storage.
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reductions in drainage N losses with DWM 
were similar to the percent reductions in 
drain fl ow (Evans et al., 1995; Lalonde et 
al., 1996; Wesström et al., 2001; Cooke et 
al., 2005; Th orp et al., 2007; Luo et al., 
2010). However, in this study, the percent 
reductions in NO3–N losses with DWM 
(46%) were less than the predicted reduc-
tion in drain fl ow (56%). Even though 
about 16% of the simulated reduction in 
drain fl ow with DWM joined the ground-
water reservoir through vertical seepage 
(Fig. 7a), the N mass added to groundwater 
through vertical seepage under DWM is 3 
to 10% lower than that under conventional 
drainage because of the reduced nitrate con-
centrations in soil water due to increased 
denitrifi cation rates (Table 6).

Although the implementation of DWM 
reduced NO3–N losses through drain fl ow 
by about 46%, on average (1997–2006), it 
increased NO3–N losses via surface runoff  
by 2.7 to 3.8 kg ha−1 (Table 6), and hence 
the net reduction in NO3–N losses reaching 
surface water under DWM was about 30% (95% CI, 22–38) 
and 26% (95% CI, 19–32) for the CC and CS treatments, 
respectively. Implementing DWM along with reduced UAN 
fertilizer application rates (179 kg N ha−1 for CC and 157 kg 
N ha−1 for corn in CS rotation) would therefore result in the 
highest NO3–N loss reductions to surface water of 38% (95% 
CI, 29–46) and 32% (95% CI, 23–40) for the CC and CS 
treatments, respectively. Th ese simulated percent reductions in 
riverine NO3–N losses are lower than the MRGMWNTF N 
discharge reduction goal of 45%. Th e simulations also indicate 
the potential for further reducing fertilizer application from the 
lowest rates in view of the soil N budget surpluses (from ~39 to 
57 kg ha−1 for the CC treatments and from 11 to 15 kg ha−1 for 
the CS treatments) and increases in soil N storage with DWM 
(~3 kg ha−1) (Table 6), which may further reduce the NO3–N 
losses and help achieve the MRGMWNTF N discharge reduc-
tion goal. However, in related research, Hernandez-Ramirez et 
al. (2009b) observed no diff erence in total profi le N among 
CC treatments receiving 255 Kg N ha−1 applied as a pre-plant 
fall or spring hog manure and 157 Kg N ha−1 as UAN applied 
in a side-dress application. Th us, model predictions of excess 
soil N reserves with N rates examined in this study must be 
verifi ed.

Conclusions
Th e DRAINMOD-NII model showed potential to provide 
information about the water and N mass balance and to quan-
tify the eff ects of fertilizer application rate and DWM on 
NO3–N losses from subsurface drainage systems. Th e simu-
lated N mass balance at the WQFS showed N budget surpluses 
ranging from 36 to 54 kg ha−1 for the CC treatments and from 
1 to 15 kg ha−1 for the CS treatments, indicating that the fer-
tilizer application rates to corn could further be reduced from 
the lowest rate at this site. When the fertilizer application rate 
was reduced approximately 20%, the predicted NO3–N loss 

from the CC treatments was reduced 17% (95% CI, 11–25), 
while losses from the CS treatment were reduced by 10% (95% 
CI, 1–15). With DWM, the predicted average annual drain 
fl ow was reduced by about 56% (95% CI, 49–67), while the 
average annual NO3–N loss through drain fl ow was reduced 
by about 46% (95% CI, 32–57) for CC and CS treatments. 
Th e simulated N leaching to groundwater was reduced by 3 to 
10% under DWM, but the NO3–N losses in surface runoff  
increased by about 3 to 4 kg ha−1. Implementing DWM with 
reduced fertilizer application rate (179 kg N ha−1 for CC and 
157 kg N ha−1 for corn in CS rotation) was found to be the best 
strategy for achieving the highest NO3–N loss reductions to 
surface water. As compared with the high fertilizer application 
treatment, the simulated reduction in NO3–N losses to surface 
water with the best CC strategy was 38% (95% CI, 29–46), 
while the reduction with the best CS strategy was 32% (95% 
CI, 23–40).
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