
 

XVIIth World Congress of the International Commission  
of Agricultural and Biosystems Engineering (CIGR) 

Hosted by the Canadian Society for Bioengineering (CSBE/SCGAB) 
Québec City, Canada   June 13-17, 2010 

SUBSURFACE DRAINAGE NITROGEN DISCHARGES FOLLOWING 
MANURE APPLICATION: MEASUREMENTS AND MODEL ANALYSES 

 
 J. MELKONIAN1, L.D. GEOHRING2, H.M. VAN ES3, P.E. WRIGHT4,  

T.S. STEENHUIS2, C. GRAHAM3 

 
1 J. MELKONIAN, Department of Crop and Soil Sciences, Cornell University, Ithaca, NY 14853, USA, 
jjm11@cornell.ed. 
1 L.D. GEOHRING, Department of Biological and Environmental Engineering, ldg5@cornell.edu. 
1 H.M. VAN ES, Department of Crop and Soil Sciences, hmv1@cornell.edu. 
1 T.S. STEENHUIS, Department of Biological and Environmental Engineering, tss1@cornell.edu. 
1 C. GRAHAM, Department of Crop and Soil Sciences. 
2 P.E. WRIGHT, USDA-Natural Resources Conservation Service, 441 S. Salina St., Suite 354, Syracuse, 
NY 13202, USA, peter.wright@ny.usda.gov. 
 
CSBE100201 – Presented at ASABE's 9th International Drainage Symposium (IDS) 
 
ABSTRACT Increasing concentrations of nitrate-nitrogen (NO3

-- N) in surface and 
groundwater resources are a major water quality concern. A five year experiment to 
examine NO3

-- N leaching losses to subsurface drains under continuous maize (Zea mays 
L.) was carried out, where mineral N and two separate liquid dairy manure applications 
under different conditions were applied following current agronomic N management 
guidelines. Yearly cumulative drainage and mass of NO3

-- N leached varied from 118 
mm – 353 mm, and 10.9 – 30.9 kg ha-1, respectively, over the five years. The timing and 
extent of N losses were associated with antecedent soil moisture conditions, soil 
temperature, preferential flow, precipitation, tillage and timing/rate/method of manure 
application. Well-calibrated dynamic simulation models can be used to integrate these 
factors, and predict the impact of different manure N management practices for maize 
production on N losses. We have developed such a model, the Precision Nitrogen 
Management (PNM) model, composed of LEACHN, the N module of LEACHM   linked 
to a maize N uptake, growth and yield model. We compared PNM model predictions of 
daily drainage, mass of NO3

-- N leached and NO3
-- N concentration exiting the root zone 

with measured values in subsurface drains over the course of the study. The model 
predictions provided a good fit to the observed data. The adjusted R2 were 0.82 and 0.80, 
and the Wilmott’s index of agreement was 0.93 and 0.94, respectively, for drainage and 
mass of NO3

-- N leached. 
 
Keywords: Drainage, Liquid manure, Manure management, Nitrates, Simulation model, 
Water quality.  
 
INTRODUCTION In New York State, silage maize is the major row crop with 
approximately 180,000 ha of production in 2008, and livestock manure is the main source 
of fertilizer N. Increasing concentrations of NO3

-- N in surface and subsurface water 
resources from manure applications are a major concern in silage maize production. 
Manure N contains two components: urea (which rapidly hydrolyzes to ammonium 
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(NH4
+-N) in the liquid portion, and a relatively stable organic N fraction in the feces 

(Klausner et al., 1994). Significant N losses due to ammonia (NH3-N) volatilization can 
occur if the manure is surface applied and not incorporated (Lauer et al., 1976; Meisinger 
and Jokela, 2000). Rapid incorporation of the manure minimizes NH3-N volatilization 
and most of the NH4

+-N is converted to NO3
-- N. The NO3

-- N is then available for crop 
N uptake, or subject to leaching and denitrification. The organic N fraction of manure 
gradually mineralizes, with the rate of mineralization affected by variations in soil, 
weather, manure composition, and management factors (Douglas and Magdoff, 1991; 
Klausner et al., 1994; Jackson and Smith, 1997). In nutrient management plans, the plant 
available N from manure is often discounted over a period of years and additional 
inorganic fertilizer or manure is applied to meet the N requirement of successive crops. 
Tan et al. (2002) suggested that currently recommended N fertilization practices lead to 
NO3

-- N concentrations in drainage water that are typically above drinking water 
guidelines (10 mg L-1 NO3

-- N), resulting in substantial accumulated N losses and 
environmental pollution. Since agro-ecosystems are inefficient and leaky systems, 
particularly where maize is the primary crop, the additional application of manure N, 
once transformed into the soluble NO3

-- N form, may further increase leaching of NO3
-- 

N from the crop root zone.  

Well-calibrated and tested dynamic simulation models of soil and crop processes have 
potential for estimating the environmental impact of N practices in crop production 
(Shaffer and Ma, 2001). We have developed the Precision Nitrogen Management (PNM) 
dynamic simulation model to estimate N leaching losses from the root zone, total N 
losses, above-ground biomass production and crop N uptake (Melkonian et al., 2007). 
The PNM model has been calibrated and parameterized for maize cropping systems in the 
Northeast U.S. (Sogbedji et al., 2001a; Sogbedji et al., 2006), and Sogbedji et al. (2006) 
also conducted preliminary testing of the PNM model for manure-fertilized maize. The 
objective of this report is to extend that testing using a multi-year data set where N 
drainage, NO3

-- N leaching and NO3
-- N concentration exiting subsurface drains under 

plots in continuous maize were measured (Geohring et al., 2005). 

MATERIALS AND METHODS  An experiment was conducted over a five year period 
(1995 (Year 1) – 1999 (Year 5))  to examine nutrient delivery to tile drains following 
both mineral N and liquid manure applications to large-scale field lysimeter plots under 
continuous silage maize production (Geohring et al., 2005). The plots are located at the 
Cornell University Willsboro Research Farm (Willsboro, New York) and had no previous 
history of manure application.  

The soil in the plots is a very deep, somewhat poorly drained Kingsbury silty clay loam 
(very-fine, illitic, mesic Aeric Epiaqualfs). The drainage characteristics of this soil are 
similar to numerous other estuarine-formed soils in New York, and represent more than 
450,000 ha of somewhat poorly drained soils commonly used for agriculture and land 
application of livestock manure. This site was previously used to obtain a better 
understanding of preferential transport of fecal coliforms and P (Geohring et al., 1999; 
Geohring et al., 2001).  

The site consists of eight plots, each having a subsurface drain about 1 m deep. The plots 
are surrounded with a perimeter drain placed at 1.5 m depth to minimize seepage from 
the adjacent undrained area. The subsurface drain in each plot discharges into a manhole 
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where the discharge was monitored using a 22.5o V-notch weir equipped with a water 
level pressure transducer connected to a data recorder. Drain effluent samples were 
obtained manually as grab samples. Starting in 1995, the drain effluent was typically 
collected weekly, but during the manure application experiments, samples were collected 
at 15 minute intervals during high flow periods and at 4, 12, 24, or 84 hour intervals as 
flow subsided. All collected samples were frozen for later NO3

-- N analysis using 
standard techniques. The cropping management of the plots for the previous 20 years 
consisted of a maize/grass-legume mix rotation, and no manure had been applied. 
Starting in 1992, maize was planted in all plots. Four plots were established as 
‘conventional tillage’ with fall moldboard plowing (FP), and the other four plots were 
planted and established as no-till (NT). Maize was planted every year (1992-1999), and 
the tillage treatments were maintained. Mineral N fertilizer application rates were 136 kg 
ha-1 for Year 1 and 2, 113 kg ha-1 in Year 3, 140 kg ha-1 in Year 4, and 106 kg ha-1 in 
Year 5. The N fertilization rate varied to account for residual N from the sod (1992-
1993), and the two manure applications (Year 2 and Year 4). The inorganic fertilizer was 
split between a starter N application (ammonium nitrate) in early May and a side-dress 
application of liquid Nitan (urea/ammonium nitrate) (injected) in mid-June. Climate data 
were collected by an automated weather station located within 250 m of the site. The long 
term average annual precipitation for this area is about 870 mm. Several rain and 
snowfall samples were also collected for NO3

-- N analysis, and contained an average of 
0.43 mg L-1 NO3

-- N. 

Liquid manure was broadcast on the soil surface of all plots on September 30, Year 2 and 
was not immediately incorporated into the soil. For the FP plots, the plowing was delayed 
by about 45 days. The liquid manure added 4.7 mm water equivalent which did not 
induce or increase tile flow in any plot. Liquid manure was applied again on October 15, 
Year 4. The manure was surface applied after maize harvest but, unlike Year 2, it was 
incorporated the same day. On the FP plots, a 15 cm thick slice of soil was inverted with 
a conventional plow and completely buried the manure and other surface residue. On the 
NT plots, the manure was lightly disk incorporated using a tandem disk harrow.  For both 
manure application experiments, the liquid dairy cow manure was applied to the soil 
surface at a rate of 47,000 L ha-1. The total N in the applied manure averaged 2020 mg L-

1, or 97 kg N ha-1 applied, of which 40.1% was in the NH4
+- N form. The liquid manure 

contained 5-7% solids at a density of 0.0103 kg L-1. A NO3
-- N analysis of the manure 

showed a concentration of 13.8 mg L-1, or about 0.26 kg ha-1 applied as NO3
-- N. Plots 

were irrigated following the manure applications.     

PNM model Model simulations were done with the PNM model (Melkonian et al., 2007) 
that was developed to track soil and crop N flows in maize cropping systems in the 
Northeast U.S. The PNM model has two components: LEACHN, the N module of 
LEACHM (Hutson, 2003), and a maize N uptake, growth and yield model (Sinclair and 
Muchow, 1995). LEACHN is well suited for simulating soil N processes, and has been 
used and tested in several studies (Jabro et al., 1994; Jemison et al., 1994b; Sogbedji et 
al., 2001a,b; Sogbedji et al., 2006). The rate constants in the equations describing 
nitrification, denitrification, and manure, soil organic matter , and plant residue 
mineralization were calibrated based on multi-year, replicated field experiments 
representing a range of N management practices for maize production found in the 
Northeast U.S., including manure additions (Sogbedji et al., 2000; van Es et al., 2006; 
Sogbedji et al., 2006).  
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Data on tillage, N practices and soil parameters were included in the model input files. 
The PNM model operates on a daily time step and archived daily climate data from the 
weather station located near the field site were automatically accessed by the model 
utilizing an operational real time climate database. The model output data reported here 
are predicted daily drainage (mm), the NO3

-- N concentration in that drainage, and the 
cumulative mass of NO3

-- N leached from an assumed 0.7 m root zone of the maize crop. 

Model Performance Model performance was evaluated using simple linear regression of 
predicted vs measured drainage and mass of NO3

-- N leached. The regressions and 
confidence intervals for the slopes calculated by the regressions were generated using 
Data Desk (Version. 6.0; Velleman, 1997). Goodness of fit of the predicted and measured 
data was evaluated using root mean square error (RMSE) (Fox, 1981), mean absolute 
error (MAE) (Wilmott and Matsura, 2005), and Wilmott’s index of agreement (IA) 
(Wilmott, 1981). These indices were calculated using Microsoft Office Excel 2007. 

RESULTS AND DISCUSSION There were no significant differences in the measured 
drainage, total mass of NO3

-- N leached, and NO3
-- N concentrations in the drainage 

effluent between the tillage treatments (Geohring et al., 2005). Therefore both measured 
and predicted data were averaged across tillage treatments and compared.  

The measured and predicted drainage and mass of NO3
-- N leached are shown in Figure 

1a and b. Predicted and measured NO3
—N concentrations in the drainage effluent are 

shown in Fig. 2. 

In general, PNM model predictions tracked the dynamics and magnitude of changes in 
the measured parameters. Exceptions were in Year 2 (drainage/ NO3

-- N concentration), 
Year 3 (drainage/ mass of NO3

-- N leached) and Year 5 (mass of NO3
-- N leached).  

In Year 2, the PNM model under-predicted the increase in NO3
-- N concentration (Fig. 2) 

and over-predicted the drainage (Fig. 1a) that occurred following the surface liquid 
manure application in late September of Year 2, although it correctly predicted the 
dynamics of changes in these parameters. The PNM model predicted very low residual N 
in the root zone at the time of the manure application (< 20 kg N ha-1) suggesting that the 
increase in measured and predicted NO3

-- N concentration (Fig. 2) following the 
application was the result of rapid nitrification of the NH4

+- N component of the manure 
and/or rapid mineralization/nitrification of organic N in the manure. There was evidence 
that some of the measured increase in N losses with this application was associated with 
preferential flow since a spike in NH4

+- N loss was observed following the manure 
application during the post-application irrigation. However, the total N losses associated 
with this spike were very low compared to the mass of NO3

-- N leached in the period 
following the manure application (Geohring et al., 2005). Using the PNM model, we 
predicted that the increase was due primarily to rapid nitrification of the NH4

+- N 
component of the liquid manure application. The manure was applied early in the fall 
when the soil was still warm and microbial-driven N transformations were still possible. 
The PNM model predicted that soil temperatures from 0 – 0.2 m were generally above 10 
C which resulted in higher predicted nitrification of the ammonium component of the 
applied manure than would have occurred at lower soil temperatures. The soil pH and 
organic matter in this soil were also conducive for mineralization and nitrification, and 
the preferential nature of this soil may have also enhanced the processes by providing 
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aeration. Although one might assume much of the NH4
+- N in the surface applied manure 

should have volatilized, the irrigation and precipitation soon after the manure application 
may have further transported it into the soil limiting this volatization (Meisinger and 
Jokela, 2000).  

In Year 3, predicted and measured NO3
-- N concentration (Fig. 2)  were similar but under 

prediction of drainage resulted in under prediction of mass of NO3
-- N leached (Fig. 

1a,b). Again, the model correctly predicted the dynamics of changes in both drainage and 
mass of NO3

-- N leached.  

In Year 4, predicted and measured values for the three parameters were similar (Fig. 1a,b; 
Fig. 2). However, it is interesting to note that the second manure application, in mid-
October of Year 4, which was incorporated and done about three weeks later in the fall 

 

Figure 1. (a) Predicted (PNM-simulated) root zone drainage (mm) and measured drain 
effluent (mm), and (b) predicted cumulative NO3

-- N leached (kg N ha-1) from the root 
zone and cumulative measured NO3

-- N leached in the drain effluent for each year of the 
study.  Data are from maize plots receiving mineral N, and liquid manure applications on 
Sept. 30, Year 2, Oct. 15, Year 4. Details of the mineral N and manure applications are 
given in the Materials and Methods. Daily precipitation (mm) is plotted on the secondary 
y axis. 



 

Figure 2. Predicted NO3
-- N concentrations in the drainage from the root zone and 

average NO3
-- N concentrations in subsurface drain effluent for each year of the study. 

Details of the mineral N and manure applications are given in the Materials and Methods. 
Daily precipitation (mm) is plotted on the secondary y axis. 

 
than the first one, did not produce an increase in measured or predicted mass of NO3

-- N 
leached (Fig. 1b) or NO3

-- N concentration (Fig. 2). One explanation for this may be that 
the drains were flowing all summer in response to the higher than normal precipitation 
(note Table 2), so much of the soil available NO3

--N was depleted, and mineralization 
and nitrification conditions were not very favorable for the manure-N incorporated into 
the wetter and cooler soil. The PNM model did predict low residual soil N in the root 
zone (approximately 20 kg N ha-1) at the time of the manure application. However, the 
temperatures following the manure application were above average, resulting in an 
increase in predicted root zone NO3

--N of approximately 30 kg N ha-1, largely as the 
result of predicted nitrification of the NH4

+- N component of the incorporated manure 
(NH3-N volatilization was minimized by incorporation). The low predicted and measured 
mass of NO3

-- N leached following the manure application occurred because there was 
little or no drainage (Fig. 1a) as a result of below average precipitation from October, 
Year 4 to March, Year 5 (187 mm compared to a long-term average of 293 mm). 
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In Year 5, over-prediction of NO3
-- N concentration (Fig. 2) in drain discharge combined 

with similar predicted and measured drainage (Fig. 1a) resulted in over-prediction of 
mass of NO3

-- N leached (Fig. 1b). Predicted and reported (van Es et al., 2006) maize 
yields and N uptake were significantly lower in Year 5 (1999) compared to the previous 
years as a result of below-average precipitation from April – August in New York State. 
The model also predicted relatively high root zone soil N levels at the time of planting as 
a result of mineralization of the mid-October incorporated manure application in Year 4, 
below average winter precipitation, and, therefore, retention of most of that N in the soil 
profile (see above). The combination of high spring root zone soil N, low growing season 
precipitation, and below-average crop N uptake, resulted in very high residual root zone 
N at harvest predicted by the model (approximately 140 kg NO3

-- N ha-1). This elevated 
residual NO3

-- N predicted by the model resulted in over-prediction of NO3
-- N 

concentration (Fig. 2) and mass of NO3
-- N leached (Fig. 1b) when both predicted root 

zone drainage and measured drainage in the subsurface drains (Fig. 1a) began again in 
response to high September precipitation (approximately 180 mm).  

Model Performance Despite the differences between measured and predicted data (Fig. 
1a,b; Fig. 2), the model performed reasonably well. Linear regression of measured 
drainage on predicted drainage over the five year study resulted in an R2 of 0.82 
indicating that 82% of the variability in measured drainage is accounted for in the 
predicted data. The slope coefficient was .75 with 95% confidence bounds of .7-.79, 
indicating that the model is slightly over predicting drainage. Linear regression of 
measured mass of NO3

-- N leached on measured data also resulted in a relatively high R2 

(0.8). The slope coefficient was .91 with a 95% confidence interval range of .85-.98. 
Intercepts for both linear regressions were significantly different from 0 (α = 0.05). 
However both were an order of magnitude smaller than the range of measured and 
predicted values (20 mm for drainage and 1.4 kg NO3

-- N ha-1 leached). 

Studentized residuals (Fig. 3) were plotted against the drainage and mass of NO3
-- N 

leached predicted by the linear regression equations fit to the data. Ideally, these 
scatterplots would show a random scatter to confirm equal variance in the residuals. 
While Fig. 3 does show some systematic variance (or periodicity), there are no significant 
outliers (with the exception of 1999 for predicted mass of NO3

-- N leached) nor is there 
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Figure 3. Studentized residuals of the linear regressions of predicted drainage from the 
root zone and measured drain effluent, and predicted mass of NO3

-- N leached from the 
root zone and measured NO3

-- N leached in the drain effluent by date. Positive residuals 
indicate the PNM model is under-predicting the measured data while negative residuals 
indicate the PNM model is over-predicting the measured data.  



Any significant deviation of the residual spread from normality (not shown). For the 
drainage scatterplot (Fig. 3), the largest deviations between predicted (by the regression 
equations) and measured data occurred in October – December in Year 2 (1996) (PNM 
over-predicted for drainage) and in October – December of Year 3 (1997) (PNM under-
predicted for drainage). 

There was a somewhat broader range of residuals associated with the mass of NO3
-- N 

leached (Fig. 3). The largest deviation with residuals ranged from 3.5 to nearly 4. A 
standard error of 4 would normally be considered an outlier. However, for the purpose of 
model assessment, they simply highlight weaknesses in the predicted data. For this 
regression, these values are all from October to December of 1999. During this period, 
the PNM model predicted very high residual soil N, resulting in over-prediction of both 
mass of NO3

-- N leached and NO3
-- N concentration in the drainage exiting the root zone.  

Additional tests of goodness of fit and modeling efficiency are shown in Table 1. Root 
mean square error (RMSE) is a commonly used measure of model goodness of fit (Fox, 
1981). The measured RMSE for drainage and NO3

-- N leached are 5.48 and 4.6 
respectively with a perfect fit equal to 0. These values are in the same units as the 
predicted drainage (units of cm for this analysis) and mass of NO3

-- N leached (kg N ha-

1), and give an overall impression of how well the predicted values approach the 
measured values. Wilmott and Matsura (2005) note, however, that the RMSE calculation 
can be dominated by a relatively small number of cases with particularly high variances 
so any such outliers inflate the RMSE, making interpretation of the statistic more 
difficult. They instead recommend a related and relatively simple statistic known as the 
mean absolute error (MAE). The MAE is calculated by summing the absolute differences 
between the simulated and measured data and dividing the sum (total error) by the total 
number of cases. The calculated MAE for the drainage and NO3

-- N leached are 3.57 and 
3.07. Again, these values are in the units of the predicted drainage and NO3

-- N leached, 
and give the magnitude of the overall mean error for the simulations.  

Another related statistic that measures the efficiency of the simulation is the Index of 
Agreement (IA) (Wilmott, 1981). While this statistic is primarily for comparison between 
models, the values are still worthwhile as stand-alone indicators of model efficiency. The 
IA value reflects the degree to which the simulated variation accurately estimates the 
measured variation (1.0 means a perfect agreement between simulated and measured 
values). The IA for drainage and NO3

-- N leached, respectively, were measured as .93 
and .94 (Table 1). These values compare favorably with other, similar studies of 
modeling efficiency (Sogbedji et al., 2006; Jemison et al., 1994b; Marchetti et al., 2004).  

Table 1. Statistical measures of goodness of fit (RMSE, MAE) and modeling efficiency 
(IA) for prediction of drainage and mass of NO3

-- N leached.  

Name  Drainage Value NO3
-- N leached Value Perfect Fit 

Root Mean Square Error (RMSE) 5.48 4.60 0.00 

Mean Absolute Error (MAE) 3.57 3.07 0.00 

Index of Agreement (IA) 0.93 0.94 1.00 
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Overall, the PNM model performed reasonably well in predicting drainage, mass of NO3-
N leached and NO3-N concentration in the drain effluent, based on several quantitative 
indicators of performance (Figs. 3; Table1). There were, however, differences between 
predicted and measured values, particularly later in the year, e.g., Years 2 and 3 for 
drainage (Fig. 1a) and Years 3 and 5 for mass of NO3-N leached  (Fig. 1b). This might in 
part be the result of the different time scales for the measured and simulated data 
(Sogbedji et al., 2006). The PNM model functions on a daily time step. However, the 
measured data were based on drain flow grab samples, and may not perfectly reflect the 
drainage, mass of NO3-N leached, and NO3-N concentration for the entire day. There 
were also differences in the soil depth at which these parameters were being predicted by 
the model (0.7 m; depth of the maize root zone for the Kingsbury silty clay loam) and 
measured (subsurface drains at approximately 1 m). Despite these differences, the PNM 
model compares well with other modeling attempts to predict N losses associated with 
manure and mineral N applications to crops (Jemison et al., 1994b; Marchetti et al., 
2004). The results here support Sogbedji et al. (2006)’s conclusion that the PNM model is 
a promising tool for predicting N dynamics in manure-fertilized maize production. 

CONCLUSIONS Nitrogen dynamics and N losses associated with manure and mineral 
N applications to maize fields are complex and dynamic, with large year-to-year 
variability associated with climate, N management practices, and soil properties. Field 
studies are critical for documenting N dynamics and losses; however, large-scale, multi-
year studies are expensive and may not fully capture the range of the processes involved. 
Well-calibrated and tested dynamic simulation models of crop/soil/climate interactions, if 
properly applied, can be used to extrapolate beyond field studies when examining N 
dynamics associated with crop production, and thus may be a useful tool in further 
refining appropriate management practices. The PNM model performed reasonably well 
predicting N dynamics in manure-fertilized maize production and shows promise for such 
applications. 
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