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ABSTRACT 

 

A better understanding of the dynamics of nitrogen 

(N) losses to streams during storms in agro-

ecosystems of the US Midwest is critical to better 

understand how to mitigate N pollution in the 

Mississippi River Basin. This study investigates storm 

NO3
-
 and NH4

+
 concentrations and fluxes in tile 

drains, overland flow and stream water in relation to 

bulk precipitation and antecedent moisture conditions. 

For moderate size spring storms (1.0 - 4.5 cm bulk 

precipitation), the occurrence of overland flow was 

primarily associated with high antecedent moisture 

conditions, but had no direct effect on stream NO3
-
 

and NH4
+
 concentrations. Mean storm NO3

-
 and NH4

+
 

concentrations in the stream and tile drains were also 

not significantly correlated (p>0.05) to either bulk 

precipitation or antecedent moisture conditions. 

Nevertheless, mean stream NO3
-
 concentrations (7.50 

mg N/L) were on average 28% lower than in tile 

drains (10.38 mg N/L). No significant difference in 

NH4
+ 

concentrations were observed between the 

stream (0.06 mg N/L) and tile drains (0.05 mg N/L). 

NO3
-
 and NH4

+ 
fluxes were positively correlated with 

bulk precipitation (p < 0.05) and high fluxes were 

typically associated with wet antecedent moisture 

conditions. Specific NO3
-
 fluxes in tile drains (750 g 

N/ha/storm) were approximately 2 times larger than in 
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the stream (398 g N/ha/storm). Such differences were 

not observed for NH4
+ 

fluxes. Considering the positive 

correlation between storm NO3
-
 fluxes and stream 

NO3
-
 baseflow concentrations (r = 0.87, p < 0.05), it is 

likely that one of the most efficient strategies for 

reducing N losses at the watershed scale may simply 

lie in reducing N inputs to cropland, as opposed to 

trying to manage N after it is applied to fields. 

 

Keywords: subsurface drainage, nitrogen, export rates, 

precipitation, runoff, overland flow. 

 

 

1. INTRODUCTION 

 
Indiana, Iowa, and Illinois are the states in the 

Mississippi River Basin (MRB) contributing the 

largest amount of nitrogen (N) to the Gulf of Mexico 

on an annual basis, with modeled export rates between 

1,801 and 3,050 kg N/km
2
/yr [1]. The impact of 

various agricultural practices (e.g. till vs. no-till, cover 

crop, tile drain spacing) on N exports in agro-

ecosystems of the US Midwest where subsurface 

drainage (a.k.a. tile drainage) is common has therefore 

been the focus of many studies in the last three 

decades [2-6]. For instance, Kladivko et al. [3] 

investigated the impact of changes in crop production 

(from corn to a corn-soybean rotation) and tile drain 

spacing (5-10-20 m) over a 15-year period on nitrate 

(NO3
-
) leaching to tile drains in Indiana. Other  

workers investigated flow/concentration relationships 

and the influence of agricultural practices (tillage vs. 

no tillage) on N losses in Iowa [2,4], or the importance 

of high flow events in regulating N exports to the Gulf 

of Mexico from Illinois headwater streams [6]. These 

studies indicate that most N losses occur in spring 

during high flow periods, and that changes in 

agricultural practices and N inputs to agricultural 

fields can have a significant impact on N losses to 

streams. Studies in the US Midwest and in tile drained 

landscapes of southern Ontario, Canada, also show 

complex non-linear relationships between antecedent 

moisture conditions and NO3
-
 losses on a storm basis, 

and stress the need for more studies focusing on 

identifying first order controls on NO3
-
 losses in 

artificially drained landscapes of the US Midwest and 

other regions (e.g. Southern Ontario, Canada) where 

tile drainage is a dominant feature of the agricultural 

landscape [7-9].  

However, in spite of all these research efforts in 

the past three decades, there is still a lack of 

integration between plot scale studies (tile drains) and 

watershed scale studies (stream). Indeed, plot-scale 
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studies have often focused on tile drain losses of N 

[3,9] or greenhouse gas emissions from soils [10]. On 

the other hand, watershed scale studies often focus on 

N dynamics in streams [11-13] or focus on identifying 

N losses via denitrification by difference using a mass 

balance approach [14-16]. In most cases, studies do 

not provide a coherent framework linking plot scale 

observations (in tile drains) to watershed scale 

observations (in the stream). The only exception may 

be a study by Gentry et al. [17], where the authors 

include both in-stream and tile drain measurements of 

NO3
-
 concentration and flux in a mass balance study 

for a small first order agricultural watershed in 

Illinois, USA.  

This lack of integration across scales strongly 

limits our ability to generalize results obtained at the 

plot scale to whole watersheds. It also limits our 

ability to understand how overland flow, when it 

occurs, affects stream water quality, and whether the 

relationship between tile drain N losses and stream N 

losses is affected by the occurrence of overland flow 

(OLF). Indeed, although OLF is often considered to be 

a negligible source of NO3
-
 to streams because NO3

-
 is 

highly soluble and primarily found in the subsurface 

in agricultural watersheds, it potentially can impact 

ammonium (NH4
+
) losses to streams as NH4

+
 tends to 

adsorb to negatively charged soil particles often 

exported as overland flow [5]. In agricultural 

watersheds, NH4
+
 often represents a small fraction of 

N losses to tile drains (<7%) [9], but NH4
+
 is 

important in regulating stream metabolism as NH4
+
 

concentrations in Midwestern streams impact stream 

biotic integrity and algae dynamics [18]. 

In addition to better understanding how to scale 

up knowledge obtained at the plot scale to the 

watershed scale, there is also a need to better quantify 

NO3
-
 and NH4

+
 losses to streams during storms in term 

of not only concentrations, but also fluxes. Although 

NO3
-
 and NH4

+
 concentrations are important, a better 

characterization NO3
-
 and NH4

+
 losses both as specific 

fluxes (i.e. g N/ha/storm) and specific yields (g 

N/ha/hr) is needed to understand how NO3
-
 and NH4

+
 

losses to streams and tile drains might change in the 

coming years in response to changes in precipitation 

characteristics and antecedent moisture conditions. 

Several studies report N losses on an annual basis 

[2,3,6], but few report NO3
-
 and NH4

+
 fluxes during 

storms. With the exception of a few studies that report 

NO3
-
 and NH4

+
 fluxes in tile drains or streams during 

storms in tile drained landscapes [7-9], those that do 

report N losses to stream during storms often focus in 

other regions (e.g. Western New York, Oregon) 

[11,19]. 

In order to address some of these gaps in 

knowledge, this study investigates NO3
-
 and NH4

+
 

dynamics (concentration and flux) in two adjacent tile 

drains, stream water (watershed outlet), and overland 

flow for 7 storms in Leary Weber Ditch watershed, a 

7.2 km
2
 watershed representative of tile drained agro-

ecosystems of the US Midwest. We address three key 

questions: 1) To what extent can we use precipitation 

amount and antecedent moisture conditions in the 

watershed to estimate NO3
-
 and NH4

+
 losses (both 

concentrations and fluxes) to the stream and tile 

drains? 2) Does overland flow matter for N exports? 

3) Are NO3
-
 and NH4

+
 concentrations, concentration 

patterns, and fluxes observed in tile drains similar to 

those observed in the stream during storms?  The 

implications of these results for watershed manage-

ment are discussed. 

 

 

2. MATERIALS AND METHODS 

 

2.1. Site Description 

 

Leary Weber Ditch Watershed (LWD) (7.2 km
2
) is 

located in the larger Sugar Creek watershed, 

approximately 20 km east of Indianapolis, Indiana 

(Fig. 1). Climate at the site is classified as temperate 

continental and humid. The average annual 

temperature for central Indiana is 11.7
o
C with an 

average January temperature of -3.0
o
C and an average 

July temperature of 23.7
o
C. The long-term average 

annual precipitation (1971-2000) is 100 cm [20]. Soils 

in the watershed are dominated by well-buffered 

poorly drained loams or silt loams, and typically 

belong to the Crosby-Brookston association. Crosby-

Brookston soils generally are deep, very poorly 

drained to somewhat poorly drained with a silty clay 

loam texture in the first 30 cm of the soil profile. Soils 

in LWD are suited for row crop agriculture such as 

corn and soybean but require artificial drainage to 

lower the water table, removing ponded water, adding 

nutrients and ensuring good soil tilth. Conventional 

tillage and a corn/soybean rotation has been 

implemented consistently for the last 20 years in 

LWD.  

Each year, approximately 50% of the watershed is 

corn, and the remaining portion is soybean. Soybean is 

generally planted in early May, and glyphosate is 

applied mid-May. Phosphorus application on soybean 

generally averages 112 kg ha
-1 

yr
-1

. For corn, fertilizer 

as anhydrous ammonia generally is applied in spring 

at a rate of 180 kg N ha
-1

 yr
-1

 and herbicides atrazine 

and acetochlor are generally applied mid-May. Potash 
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(K2O) is applied post-harvest on soybean fields at a 

rate of approximately 220 kg ha
-1

. LWD (87% row 

crop, 6% pasture, 7% non-agricultural land use) was 

chosen by the US Geological Survey for their National 

Water Quality Assessment Study to represent a typical 

agricultural watershed of the US Midwest [21]. It 

represents agricultural watershed of the US Midwest 

where poorly drained soils dominate, and where 

artificial drainage is commonly used to lower the 

water table [22].  

 

 
 

Figure 1 Experimental site location. TD1 and TD2 

correspond to the two tile drains (TD) monitored for 

this study in 2009 and 2010. 

 

2.2. Hydrological Measurements 

 

A total of 7 storms were monitored between 

November 2008 and May 2010. Over the study period, 

the majority of storms generating a clear increase in 

discharge in this watershed occurred in late winter and 

spring (March through June each year) when the soil 

was bare or when crops were just starting to grow 

(Figure 2). Bulk precipitation for the storms studied 

was measured using a network of 7 rain guages 

distributed throughout the watershed. The two tile-

drains monitored for this study (TD1 and TD2) are 

located in the headwaters of the watershed (Figure 1). 

Each tile-drain is 20.3 cm in diameter and located 

approximately 120 cm below the ground surface. TD1 

extends 660 m from the stream and drains an area 

approximately 8.1 ha in size [5]. TD2 extends 710 m 

from the stream and drains an area approximately 6.1 

ha in size size [5].  

Each tile drain was equipped with a Doppler 

velocity meter (ISCO 2150) for continuous discharge 

measurements, and an In-Situ LTC probe (level-

temperature-conductivity). The occurrence of 

overland flow (yes/no) was measured using a H-flume 

inserted into the ground, equipped with an In-Situ LT 

(level-temperatue) logger (In-Situ Inc.). Stream stage 

at the outlet of the watershed was measured using an 

In-Situ LTC probe (In-Situ Inc.). Discharge was 

measured biweekly using a handheld Doppler velocity 

meter (Sontek) to establish a rating  curve. A total of 8 

riparian zone wells (2 inches in diameter, 2 m deep) 

were also installed between the field edge and the 

stream to capture antecedent water table depth at the 

field edge before each storm, as well as riparian 

groundwater quality.  

For this study, the start of each event was defined 

when a perceptible rise in discharge in the stream was 

observed. The end of the event was defined when flow 

in the stream stabilized or when a new event started, 

whichever occurred first. Seven and fourteen day 

antecedent discharges (7dQ and 14dQ, respectively) in 

the stream were calculated as the mean discharge 

during the 7 and 14 days preceeding each event.  

  

2.3. Water Chemistry 

 

Water samples for NO3
-
 and NH4

+
 analysis were 

collected in tile drains TD1 and TD2, in overland flow 

(if any), and in the stream using auto samplers (ISCO 

6712). In tile drains, the sample collection line from 

each ISCO sampler was located at least 1m into the 

tile-drains, and Doppler velocity measurements 

confirmed that no flow reversals occurred in the tile-

drains during the storms studied, therefore indicating 

that tile samples were not contaminated by stream 

water when the tiles were submerged during storms. 

Samplers used to collect water samples in the stream 

and the two tile drains were triggered manually before 

the beginning of each storm and generally set to 

collect water samples every 20 minutes during the 

rising limb of the hydrograph or the first 24 hours of 

the storm. Each 1L sample was a composite of 3 

samples taken 20 minutes apart (1 bottle per hour = 24 

hours). The sampling interval was extended to 2 hours 

(3 samples taken 40 minutes apart per bottle) on the 

falling limb of the hydrograph. Although all water 

samples collected on the rising limb of the hydrograph 

and around peak flow were analyzed, not all samples 

were necessarily analysed on the falling limb of each 

hydrograph to limit cost. Additional water samples 

were also collected in riparian groundwater wells 

(immediately before each storm) and in rain guages 

(immediately after each storm) to measure riparian 

and precipitation water chemistry for each of the 

storms studied. 
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Figure 2 Mean daily discharge (L/s) in the stream at the outlet of the study watershed (Leary Weber Ditch) 

between November 2008 and May 2010. Storm 1 (Feb. 26, 2009), storm 2 (Apr. 1, 2009), storm 3 (Apr. 29, 

2009), storm 4 (Jun. 11, 2009), storm 5 (Mar. 29, 2010), storm 6 (Apr. 8, 2010), and storm 7 (April 26, 2010) are 

the storms during this period for which water samples were collected in the watershed. Bulk precipitation 

amounts (Bulk P), antecedent water table depth below ground surface (WT BGS), 7-day antecedent discharge 

(7dQ), 14-day antecedent discharge (14dQ), and the occurrence of overland flow (OLF) are also indicated for 

each storm. 

 

Water samples were never left more than 24 hours 

in the field and were immediately filtered using GF/F 

Whatman 0.7 µm filter upon return to the laboratory. 

Triplicate analysis of 10% of all samples and analysis 

of check standards every 10 samples were performed 

to assess measurement error, and check for the 

accuracy and precision of measurement techniques. 

The standard error on reported solute values was 

typically less than 10% for all solutes. Both NO3
-
 and 

NH4
+
 concentrations were determined colorimetrically 

using standard methods [23] on a Konelab 20 

Photometric Analyzer (EST Analytical). 

Solute fluxes in gram of N per storm were 

calculated for each storm by first multiplying the 

concentration of the sample for each sampling interval 

(mg N /L) by the average discharge for that interval 

(L/s) and a unit conversion factor. Fluxes reported 

here in g N/ha/storm were obtained by dividing the 

solute flux for each storm (g N/storm) by the 

contributing area to each tile-drain (m
2
) or the stream 

(m
2
) and a unit conversion factor.  Solute export yields 

(g N/ha/hr) before each storm are calculated as the 

flux in the hour preceding the beginning of the storm. 

Solute export yields (g N/ha/hr) during storms are 

calculated as the average hourly solute fluxes over the 

duration of the storm.  

When means for two groups are compared to 

establish significant differences between groups, 

unpaired t-test assuming equal variance, with a 95% 

confidence interval, were used. The significance of 

correlation coefficients between variables in two 

independent groups were calculated using the 

correlation coefficient, and the number of variables in 

each group. For all tests, significance was established 

at p < 0.05. All calculations were performed in 

GraphPad Software,  

 

 

3. RESULTS 

 
As indicated on Figure 2, overland flow occurred for 

storms 3, 5 and 6, and was associated with higher 7 

day (7dQ > 117 L/s) and 14 day (14dQ > 124 L/s) 

antecedent flow conditions than for any of the other 

storms (7dQ < 78 L/s, 14dQ < 88 L/s). Antecedent 

water table (WT) depth in centimeters below ground 

surface (cm BGS) was also higher for storm 3, 5, 6 

(WT < 125 cm BGS) than for storms 1, 2, 4, and 7 
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(WT > 127 cm BGS). However, bulk precipitation 

(Bulk P) was not consistently higher for storms 3, 5 

and 6 (1.0 cm < Bulk P < 4.5 cm) than for the other 

storms (2.0 < Bulk P < 2.7 cm). Mean daily flow was 

higher for storms with high antecedent moisture 

conditions and overland flow (i.e. storms 3, 5 and 6), 

than for those without overland flow and lower 

antecedent moisture conditions, as indicated by lower 

7dQ and 14dQ (i.e. storms 1, 2, 4, and 7) (Figure 2). 

Mean NO3
-
 and NH4

+
 concentrations before and 

during storms 1-7 throughout the watershed are shown 

in Tables 1 and 2. Variability in NO3
-
 and NH4

+
 

concentrations during the storms is shown in the 

chemographs (Figures 3 and 4); consequently, only 

mean concentration values immediately before and 

during storms 1-7 are presented in this section. Before 

the beginning of each storm, average mean NO3
-
 

concentration in TD1 and/or TD2 (if flowing) (10.35 

mg N/L) was 3.64 mg N/L higher than in the stream 

(6.71 mg N/L), and two orders of magnitude higher 

than in the riparian zone (0.81 mg N/L). Similarly, 

average mean NO3
-
 concentration in tile drains during 

storms (10.38 mg N/L) was higher than in the stream 

(7.50 mg N/L). NO3
-
 concentrations in precipitation 

and overland flow were low (< 1.1 mg N/L), except in 

overland flow for storm 3 where nitrate concentrations 

were high at 10.02 mg N/L (stdev = 3.15, n = 10). 

When storms were compared, some of the highest 

NO3
-
 concentrations were consistently observed for 

storms 3 and 4 in TD1, TD2, and the stream (Table 1). 

Unlike NO3
-
 concentrations, average pre-storm 

NH4
+
 concentrations were higher in the stream (0.06 

mg N/L) than in tile drains (0.04 mg N/L), and were 

higher in riparian groundwater (0.14 mg N/L) than in 

either the stream or tile drains before the storms. 

During storms, mean NH4
+
 concentrations varied from 

storm to storm, but were not, on average, significantly 

greater (p>0.05) in the stream (0.06 mg N/L) than in 

tile drains (0.05 mg N/L). Mean NH4
+
 concentrations 

in overland flow were similar for storm 5 and lower 

for storm 6 than those in tile drains or the stream, but 

were significantly higher (p<0.05) (0.74 mg N/L) than 

mean NH4
+
 concentration in either the stream or tile 

drains for storm 3. When storm and pre-storm NH4
+
 

concentrations were compared, mean stream NH4
+ 

concentrations were, on average, similar before and 

during the storms (NH4
+
 = 0.06 mg N/L both before 

and during storms). In tile drains, mean NH4
+
 

concentrations were slightly higher (but not 

significantly, p>0.05) during the storms (0.05 mg N/L) 

than immediately prior to each storm (0.04 mg N/L). 

When storms were compared, highest NH4
+ 

concen-

trations were observed during and immediately before 

storm 4 in tile drains. In the stream, highest NH4
+
 

concentrations during storms occurred during storm 6. 

 

Table 1 Mean NO3
-
 concentrations before storm 1 (Feb. 26, 2009), storm 2 (Apr. 1, 2009), storm 3 (Apr. 29, 

2009), storm 4 (Jun. 11, 2009), storm 5 (Mar. 29, 2010), storm 6 (Apr. 8, 2010), and storm 7 (April 26, 2010) in 

the stream, tile drain 1 (TD1), tile drain 2 (TD2), and riparian groundwater (RZ). Mean NO3
-
 concentrations 

during storms 1-7 in precipitation, the stream, TD1, TD2, and overland flow (OLF) are also indicated. Values in 

parenthesis indicate one standard deviation. (n/a = not available). 

 

Pre-storm During storm Mean NO3
-
 

(mg N/L) Stream TD1 TD2 RZ Precip. Stream TD1 TD2 OLF 

Storm 1 5.27 

(0.66) 

n/a 9.11 

(0.43) 

2.92 

(5.00) 

0 

(n/a) 

7.16 

(1.08) 

n/a 8.72 

(1.51) 

- 

Storm 2 5.56 

(0.71) 

9.20 

(0.02) 

n/a 0.18 

(0.49) 

1.03 

(n/a) 

5.99 

(0.65) 

10.33 

(0.41) 

n/a - 

Storm 3 9.52 

(0.54) 

14.26 

(0.65) 

15.14 

(0.53) 

0.66 

(0.54) 

0.87 

(n/a) 

8.32 

(1.35) 

13.96 

(2.06) 

14.40 

(1.48) 

10.02 

(3.15) 

Storm 4 7.31 

(0.23) 

10.56 

(0.15) 

12.02 

(0.41) 

0.45 

(0.17) 

0.68 

(n/a) 

8.95 

(0.81) 

12.08 

(0.65) 

12.17 

(0.76) 

- 

Storm 5 7.83 

(0.43) 

9.14 

(1.71) 

9.46 

(0.21) 

0.75 

(1.02) 

0.82 

(n/a) 

8.04 

(0.39) 

9.58 

(0.83) 

9.96 

(0.63) 

0.27 

(0.04) 

Storm 6 5.76 

(0.67) 

8.61 

(0.50) 

No 

flow 

0.34 

(0.19) 

0.34 

(n/a) 

6.70 

(0.54) 

7.75 

(0.66) 

8.49 

(0.43) 

0.30 

(0.09) 

Storm 7 5.72 

(0.14) 

No 

flow 

No 

flow 

0.38 

(0.13) 

0.93 

(n/a) 

7.32 

(0.91) 

8.41 

(0.90) 

8.71 

(0.92) 

- 
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Table 2 Mean NH4
+
 concentrations before storm 1 (Feb. 26, 2009), storm 2 (Apr. 1, 2009), storm 3 (Apr. 29, 

2009), storm 4 (Jun. 11, 2009), storm 5 (Mar. 29, 2010), storm 6 (Apr. 8, 2010), and storm 7 (April 26, 2010) in 

the stream, tile drain 1 (TD1), tile drain 2 (TD2), and riparian groundwater (RZ). Mean NH4
+
concentrations 

during storms 1-7 in precipitation, the stream, TD1, TD2, and overland flow (OLF) are also indicated. Values in 

parenthesis indicate one standard deviation. (n/a = not available). 

 

Pre-storm During storm Mean NH4
+
 

(mg N/L) Stream TD1 TD2 RZ Precip. Stream TD1 TD2 OLF 

Storm 1 0.04 

(0.01) 

n/a 0.02 

(0.01) 

0.20 

(0.22) 

0.47 

(n/a) 

0.03 

(0.01) 

n/a 0.02 

(0.01) 

- 

Storm 2 0.06 

(0.01) 

0.03 

(0.02) 

n/a 0.16 

(0.13) 

0.34 

(n/a) 

0.05 

(0.02) 

0.02 

(0.01) 

n/a - 

Storm 3 0.03 

(0.01) 

0.02 

(0.02) 

0.02 

(0.01) 

0.10 

(0.08) 

0.99 

(n/a) 

0.06 

(0.04) 

0.03 

(0.02) 

0.03 

(0.03) 

0.74 

(0.41) 

Storm 4 0.09 

(0.03) 

0.10 

(0.00) 

0.09 

(0.03) 

0.13 

(0.03) 

0.80 

(n/a) 

0.07 

(0.03) 

0.17 

(0.20) 

0.07 

(0.05) 

- 

Storm 5 0.05 

(0.02) 

0.03 

(0.01) 

0.04 

(0.01) 

0.09 

(0.06) 

0.66 

(n/a) 

0.05 

(0.02) 

0.05 

(0.03) 

0.04 

(0.01) 

0.05 

(0.03) 

Storm 6 0.07 

(0.01) 

0.02 

(0.00) 

No 

flow 

0.11 

(0.08) 

0.34 

(n/a) 

0.08 

(0.04) 

0.05 

(0.02) 

0.06 

(0.03) 

0.03 

(0.01) 

Storm 7 0.09 

(0.02) 

No 

flow 

No 

flow 

0.16 

(0.08) 

0.26 

(n/a) 

0.06 

(0.02) 

0.04 

(0.01) 

0.04 

(0.01) 

- 

 

High temporal resolution NO3
-
 and NH4

+
 

concentration patterns in relation to stream flow are 

shown for storms 1-7 on Figures 3 and 4. For storm 1, 

NO3
-
 concentrations in TD2 (TD1 not available) 

decreased as stream flow peaked, while NO3
-
 

concentrations in the stream progressively increased 

as storm 1 progressed. For storms 2, 4, 5, 6, and 7, 

NO3
- 

concentrations were consistently higher in tile 

drains than in the stream, and showed no clear dilution 

or concentration pattern as a function of flow for these 

storms. For storm 3, equipment malfunction did not 

allow us to continuously sample TD1 and TD2 during 

the second peak in discharge. However, grab samples 

in both TD1 and TD2 were collected during the 

second peak in discharge in the stream. For this storm, 

a brief decrease in NO3
-
 concentration in tile drains 

was observed during the first peak in discharge, and 

grab samples suggested a sharp decrease in NO3
-
 

concentration as stream flow peaked during the 

second peak in discharge. In the stream itself, a 

progressive decrease in NO3
-
 concentration from 

approximately 10 mg/L at the onset of the storm to 

approximately 8 mg/L at the end was observed, but 

this change in concentration was not associated with 

rapid changes in NO3
-
 concentration as stream flow 

peaked during the storm (Figure 3). 

Relative to NO3
-
 concentrations, NH4

+
 concen-

trations were more variable. For storms 1, 5, and 7, no 

clear concentration or dilution patterns were observed 

for NH4
+
 as stream flow peaked in either the stream or 

the tile drains. For storm 2, 3, and 6, stream NH4
+
 

concentrations clearly increased as discharge peaked, 

but no consistent concentration or dilution patterns 

were observed for NH4
+
 in either TD1 or TD2 for 

these storms. Storm 4 was unique in that no strong 

increase in NH4
+
 concentration was observed in the 

stream or TD2 as stream flow peaked, whereas a sharp 

increase in NH4
+
 concentration was observed on the 

rising limb of the stream hydrograph in TD1.  

Expectedly, NO3
-
 and NH4

+
 specific fluxes (g 

N/ha/storm) vary widely as a function of flow 

conditions in the stream and tile drains (Table 3). 

Highest stream NO3
-
 fluxes occurred during storms 3, 

5 and 6, with a maximum flux of 1121 g N/ha in the 

stream for storm 3. In tile drains, the two highest NO3
-
 

fluxes were recorded for storm 3 in TD1 (1710 gN/ha) 

and TD2 (1758 gN/ha), respectively. NH4
+ 

fluxes in 

the stream and tile drains were also generally highest 

for storms 3 (11.5 g N/ha in the stream, 5.3-5.5 g N/ha 

in tile drains) (the only exception is in TD1 for storm 

4). In both the stream and tile drains, inter-storm 

variability was high, with NO3
-
 and NH4

+ 
fluxes 

varying by approximately one order of magnitude 

between storms 1-2 (small fluxes), and storm 3 

(largest fluxes) (Table 3).  

When tile drains and the stream were compared, 

specific NO3
-
 fluxes were, on average, 1.9 times 

higher in tile drains than in the stream. On the other 
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hand, NH4
+
 fluxes were slightly lower (0.9 time) in 

tile drains than in the stream. From a mass balance / 

flux perspective, NH4
+
 represented between 0.50% 

and 1.39% of dissolved inorganic nitrogen (DIN) 

fluxes (i.e. sum of NO3
-
 and NH4

+
 fluxes) in the 

stream depending on the storm (across storm average 

= 0.82%). In tile drains, NH4
+
 fluxes represented 

between 0.18% and 1.30% of DIN fluxes (across 

storm average = 0.47%). 

 

 
Figure 3 Stream discharge (L/s) (solid line), and nitrate (NO3

-
) and ammonium (NH4

+
) concentrations in the 

stream (watershed outlet) and in tile drain 1 (TD1) and tile drain 2 (TD2) for storms 1, 2 and 3. (* = Equipment 

malfunction did not allow for sample collection to occur where data points are missing in tile drains).  
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Figure 4 Stream discharge (L/s) (solid line), and nitrate (NO3
-
) and ammonium (NH4

+
) concentrations in the 

stream (watershed outlet) and in tile drain 1 (TD1) and tile drain 2 (TD2) for storms 4, 5, 6 and 7. 

 

NO3
-
 and NH4

+
 yields (g N/ha/hr) were also 

calculated to quantify changes in NO3
-
 and NH4

+
 

export yields in the stream before and during the 

storms. Because tile drains were rarely flowing before 

the storms, pre-storm NO3
-
 and NH4

+
 yields were not 

calculated in tile drains. On average, NO3
-
 yields in 

the stream were 3 times larger during storms than in 

the hour preceding the beginning of the storm. When 

all the storms were considered, NO3
-
 yields were 

approximately 2 times higher in tile drains than in the 

stream. Stream NH4
+
 yields were on average 3 times 

larger during storms, than immediately before each 

storm. However, unlike NO3
-
, NH4

+
 yields during the 

storms were not significantly different (p>0.05) 

between the stream and the tile drains studied.  
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Table 3 Nitrate (NO3
-
) and ammonium (NH4

+
) fluxes (g N/ha/storm) and yields (g/ha/hr) for storm 1 (Feb. 26, 

2009), storm 2 (Apr. 1, 2009), storm 3 (Apr. 29, 2009), storm 4 (Jun. 11, 2009), storm 5 (Mar. 29, 2010), storm 6 

(Apr. 8, 2010), and storm 7 (April 26, 2010) in tile drain 1 (TD1), tile drain 2 (TD2), and the stream (watershed 

outlet). (Note: Fluxes in TD 1 and TD2 for storm 7 were not calculated because discharge data in these tile 

drains were not available for this storm). 

 

 

 Nitrate Flux in g N/ha/storm Ammonium Flux in g N/ha/storm 

 Stream 

(base flow) 

Stream 

(storm flow) 

TD1 TD2 Stream 

(base flow) 

Stream 

(storm flow) 

TD1 TD2 

Storm 1  157 n/a 350  0.8 n/a 0.8 

Storm 2  146 290 n/a  1.1 0.5 n/a 

Storm 3  1121 1710 1758  11.5 5.3 5.5 

Storm 4  255 367 422  1.8 7.2 3.2 

Storm 5  388 457 734  2.1 2.2 3.0 

Storm 6  323 548 865  4.5 2.4 3.2 

Storm 7  189 n/a n/a  1.6 n/a n/a 

 

 Nitrate Yield in g N/ha/hr Ammonium Yield in g N/ha/hr 

 Stream 

(base flow) 

Stream 

(storm flow) 

TD1 TD2 Stream 

(base flow) 

Stream 

(storm flow) 

TD1 TD2 

Storm 1 0.91 4.66 n/a 10.87 0.01 0.02 n/a 0.02 

Storm 2 0.72 4.30 7.54 n/a 0.01 0.03 0.01 n/a 

Storm 3 4.17 16.42 30.95 31.26 0.02 0.17 0.10 0.10 

Storm 4 1.97 4.82 7.93 9.07 0.03 0.04 0.16 0.07 

Storm 5 5.16 8.58 9.94 17.79 0.04 0.05 0.05 0.07 

Storm 6 2.86 8.57 9.29 21.77 0.03 0.12 0.04 0.08 

Storm 7 1.29 3.20 n/a n/a 0.02 0.03 n/a n/a 

 

 

4. DISCUSSION 

 

All monitored storms occurred between late winter 

and late spring. Indeed, high stream flow events in 

summer months were rare (Figure 2), and previous 

work has shown that even large precipitation events (> 

3 cm bulk precipitation) often do not generate 

significant stream or tile flow response in summer and 

fall in this type of watershed (July through November) 

[3, 7]. Most nitrogen losses to streams in the US 

Midwest also occur in late winter and spring, and 

spring nitrogen losses to the MRB have been linked to 

the development of hypoxic zones in the Gulf of 

Mexico in summer [1, 6]. Finally, below freezing 

temperatures and/or significant snow cover between 

December and early February each year also made it 

impossible to efficiently operate the ISCO samplers 

for water sampling. Nevertheless, in spite of the 

limited seasonal coverage offered, this study is one of 

the first to simultaneously document NO3
-
 and NH4

+ 

concentrations, concentration patterns, and fluxes 

(both in g N/ha/storm and g N/ha/hr) in tile drain flow, 

stream flow, and overland flow. It provides a unique 

opportunity to thoroughly analyze the dynamics of 

NO3
-
 and NH4

+
 throughout the study watershed at a 

high temporal resolution during spring storms. 

 

4.1. Dataset Validation 

 

Morgan et al. [24] report mean stream nitrogen 

concentrations between 5.5-8.8 mg N/L for NO3
-
 and 

0.02-0.06 mg N/L for NH4
+
 between December and 

March for 5 streams in Illinois. Although seasonal 

mean concentrations are not directly comparable to 

event flow concentrations, these values are overall 

consistent with those reported in Tables 1 and 2 for 

NO3
-
 and NH4

+
. In Iowa, Schilling et al. [25] report 

NO3
-
 concentrations within the 8-14 mg N/L range 

between March and July in Walnut Creek, Iowa, while 

Wagner et al. [26] report maximum concentrations in 
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an Indiana agricultural stream during storms between 

8.5-14.33 mg N/L. These seasonal and maximum 

NO3
-
 concentrations are consistent with the mean 

(Table 1) and maximum (Figures 3 and 4) stream NO3
-
 

concentrations reported in this study.   

Nitrate and NH4
+
 concentrations in overland flow, 

precipitation, and in the riparian zone are also 

consistent with those reported elsewhere. For instance, 

Schilling et al. [25] report NO3
-
 concentrations < 2 mg 

N/L in a riparian zone in Walnut Creek, Iowa. In 

LWD, Baker et al. [5] report NO3
-
 concentration < 0.1 

mg N/L in overland flow and precipitation.  The only 

“abnormal” concentrations reported in this study are 

the extremely high NO3
-
 and NH4

+
 concentrations in 

overland flow for storm 3 on April 29, 2009 (mean 

NO3
-
 = 10.2 mg N/L, stdev = 3.15, n =10; and mean 

NH4
+
 = 0.74 mg N/L, stdev = 0.41, n = 10). No clear 

explanation could be established for these larger-than-

normal concentrations in both NO3
-
 and NH4

+
 in 

overland flow for this storm; however, soils are 

generally ploughed in late April, which could have 

brought up NO3
-
 and NH4

+ 
rich soil near the surface, 

and could explain the extremely large NO3
-
 and NH4

+
 

concentrations observed in overland flow for this 

storm.  

Storm 3 being the largest of the storms studied, it 

is also possible that the large NO3
-
 and NH4

+
 

concentrations in overland flow for this storm were 

simply the result of tile water rising to the soil surface 

as the soil became saturated during storms. Recent 

fertilizer applications as anhydrous ammonia could 

also have contributed to these high NO3
-
 and NH4

+
 

concentrations.  

The lack of clear NO3
-
 concentration patterns 

during storms (Figures 3 and 4) is also consistent with 

data reported by Vanni et al. [27], who observed no 

consistent dilution or concentration patterns as a 

function of flow for NO3
-
. Wagner et al. [26] also 

report a lack of consistent dilution or concentration 

patterns for NO3
-
 in Indiana streams during storms. In 

tile drains, Cuadra and Vidon [9] report a dilution of 

NO3
-
 concentration in tile flow during storms, but only 

for storms associated with precipitation event 

generating more than 6 cm in bulk precipitation. For 

storms generating less than 6 cm of bulk precipitation 

(like those presented here), no clear concentration or 

dilution patterns were observed [9].  

Few studies report NO3
-
 and NH4

+
 fluxes on a 

individual storm basis. In a small watershed (2.7 km
2
) 

similar in land use to LWD, MacRae et al. [8] report 

NO3
-
 fluxes between almost 0 g N/ha/storm and app-

roximately 3500 g N/ha/storm for storms ranging from 

1 to 5 cm in bulk precipitation, with most values 

varying between approximately 100-1200 g 

N/ha/storm. For our storms (1.0 - 4.5 cm in bulk 

precipitation), NO3
-
 fluxes in the stream vary between 

146-1121 g N/ha/storm, which is consistent with 

results reported in MacRae et al. [8]. Similarly, 

Cuadra and Vidon [9] report fluxes between 730-1994 

g N/ha/storm for NO3
-
 and 1-115 g N/ha/storm for 

NH4
+
 in tile drains in LWD for a series of storms in 

2008. Although fluxes reported here (Table 3) in tile 

drains for NO3
-
 (290-1758 g N/ha/storm) and NH4

+
 

(0.5-7.2 g N/ha/storm) are lower (especially for NH4
+
) 

than those reported in Cuadra and Vidon [9], storms 1-

7 were also smaller (1.0-4.5 cm bulk precipitation) 

than those analyzed in that study (2.2-10.8 cm bulk 

precipitation). 

 

4.2. Impact of Storm Characteristics and 

Antecedent Moisture Conditions on N Dynamics, 

and Role of Overland Flow in Regulating N Losses 

to the Stream 

 
For the storms studied, antecedent moisture conditions 

(i.e. antecedent water table depth, 7dQ, 14dQ) (Figure 

2) and bulk precipitation both appear to be important 

in regulating NO3
-
 and NH4

+
 fluxes at the watershed 

scale. Indeed, the highest fluxes (for both the stream 

and tile drains) do occur for storm 3, the storm with 

both the highest antecedent moisture conditions, and 

the highest amount of bulk precipitation (Figure 2). 

Further, although antecedent water table depth, 7dQ, 

or 14dQ (from Figure 2) are not significantly 

correlated to NO3
-
 and NH4

+
 fluxes (from Table 3) (p 

> 0.05), when all the storms are considered, overland 

flow, highest daily discharges, and highest stream 

NO3
-
 and NH4

+
 fluxes, all occur for storms 3, 5, 6, that 

are the three storms with the wettest antecedent 

moisture conditions (Figure 2). Furthermore, there is a 

significant positive correlation between bulk 

precipitation and both NO3
-
 fluxes (r = 0.72, p<0.05) 

and NH4
+
 fluxes (r = 0.77, p <0.05) in the stream for 

the 7 storms studied. This suggests that both bulk 

precipitation and to a lesser extent antecedent 

moisture conditions are important in regulating NO3
-
 

and NH4
+
 fluxes. This is consistent with results 

previously reported in the watershed where Cuadra 

and Vidon [9] indicate that both bulk precipitation and 

antecedent moisture conditions are important in 

regulating NO3
-
 and NH4

+
 fluxes. 

Unlike fluxes, mean NO3
-
 and NH4

+
 concen-

trations are however not consistently higher for storms 

3, 5, and 6 than for the other storms associated with 

drier antecedent moisture conditions (i.e. storms 1, 2, 

4 and 7). These concentrations are also not 
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significantly correlated (p>0.05) to bulk precipitation. 

This is consistent with the highly variable NO3
-
 and 

NH4
+ 

concentration patterns observed during the 7 

storms studied (Figures 3 and 4).  Overall, data 

therefore suggest that although precipitation amounts 

and antecedent flow conditions do not seem to have a 

significant impact on mean NO3
-
 or NH4

+ 

concentrations and concentration patterns as a 

function of flow, there is a positive association 

between bulk precipitation and antecedent moisture 

conditions, and NO3
-
 and NH4

+
 fluxes for the range of 

storm studied (1.0-4.5 cm bulk precipitation).  

With respect to the impact of overland flow on N 

losses to the stream, data indicate that although 

overland flow did occur for the three storms for which 

the highest stream NO3
-
 and NH4

+
 fluxes were 

observed, overland flow likely did not play a major 

role in regulating NO3
-
 and NH4

+ 
concentrations or 

fluxes in the stream. For instance, for storm 3 during 

which NH4
+
 concentrations in overland flow were one 

order of magnitude higher than in the stream, NH4
+
 

concentrations in the stream were not consistently 

higher than for other storms (Table 2). Similarly, 

although stream NO3
-
 varies from storm to storm, 

stream NO3
-
 concentrations during storms with 

overland flow were not consistently higher or lower 

than for storms without overland flow (Table 1). 

 

4.3. Relationship between N Exports in Tile Drains 

and the Stream 

 

A detailed analysis of NO3
-
 and NH4

+ 
concentration 

patterns indicates that mean NO3
-
 concentrations are 

consistently lower in the stream than in tile drains, but 

that mean NH4
+
 concentrations in the stream and tile 

drains are not significantly (p>0.05) different during 

storms. Consistent with these findings, specific NO3
-
 

fluxes were, on average, 1.9 times higher in tile drains 

than in the stream. However, NH4
+
 fluxes were 

slightly lower in tile drains than in the stream. With 

the exception of Gentry et al. [17], few studies directly 

quantify these differences in a systematic way for a 

series of storms. Few studies, if any, also include 

NH4
+
 in this analysis. This lack of empirical 

information linking NO3
-
 and NH4

+ 
dynamics in tile 

drains and streams strongly limits our ability to 

extrapolate plot scale data [3, 9] to watershed scale 

data [6, 18, 25]. As previously indicated, although 

individual NO3
-
 concentration patterns in TD1, TD2 

and the stream vary during storms, mean NO3
-
 

concentrations in tile drains are, on average, 2.88 mg 

N/L higher than in the stream during storms, or 28% 

lower in the stream than in tile drains. This difference 

in mean NO3
-
 concentration between tile drains and 

stream can be partially explained by differences in 

land-use between the contributing area to tile drains 

(100% corn and/or soybean) and the contributing area 

to the stream outlet (87% row crop, 6% pasture, 7% 

non-agricultural land use). Lower NO3
-
 concentrations 

in the stream than in tile drains are also consistent 

with the mixing of tile water (high in NO3
-
) in the 

stream with other water sources low in NO3
-
, such as 

riparian water (mean NO3
-
 = 0.81 mg N/L) (Table 1). 

The lack of significant difference between NH4
+
 

concentrations in the stream and in tile drains is also 

consistent with this explanation, as NH4
+
 concen-

trations in riparian water are slightly higher than in the 

stream (as opposed to consistently lower like for   

NO3
-
) (Table 2). Biological N uptake in the stream is 

very unlikely to contribute to the differences in NO3
- 

concentrations between the stream and tile drains 

because biological N uptake, if any, should affect both 

NO3
- 

and NH4
+
 (not just NO3

-
), Further, stream flow 

and stream velocity are generally considered to be too 

high during storms to allow for hyporheic processes 

and biological N uptake in the stream to significantly 

impact water quality [12].  

 

4.4. Implications for Watershed Management and 

Conclusions 

 

Storm NO3
-
 and NH4

+ 
concentrations are not 

significantly correlated to bulk precipitation or 

antecedent moisture conditions in the watershed. 

However, by affecting stream flow dynamics during 

storms, bulk precipitation and to some extent 

antecedent moisture conditions do impact NO3
-
 and 

NH4
+ 

fluxes. Interestingly, NO3
-
 fluxes (g N/ha/storm) 

(Table 3) are also significantly positively correlated 

with NO3
-
 concentrations in the stream at base flow 

(Table 1)(r = 0.87, p < 0.05). NH4
+ 

fluxes are however 

not significantly correlated to mean NH4
+
 concen-

trations at base flow (r = - 0.50, p > 0.05). From a 

watershed management perspective, this suggests that 

although NO3
-
 fluxes are clearly linked to flow 

conditions in the stream, with high NO3
-
 fluxes for 

storms generating high discharges (albeit because of 

high antecedent moisture conditions or high 

precipitation amounts), the total NO3
-
 flux in the 

stream during storms is still highly dependant upon 

the NO3
-
 concentration in the stream at base flow.  

The implications of this observation for 

watershed management are twofold. First, as 

continuous discharge measurements become more 

common, stream flow information often is available 

throughout the year in many rivers and streams in the 
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US and elsewhere. However, although base flow 

solute concentrations at regular intervals are often 

available in watersheds where federal, state and local 

agencies monitor water quality on a routine basis, high 

temporal resolution solute concentration data are often 

lacking during storms. Our results suggest that 

although baseflow concentrations vary throughout the 

year, baseflow concentrations measured immediately 

before a storm could be used to better constrain total 

NO3
-
 losses during storms when high temporal 

resolution water quality data during storms are not 

available. Secondly, this high correlation between 

stream NO3
-
 base flow concentrations and total NO3

-
 

fluxes during storms indicates that although most NO3
-
 

is exported to streams during high flow conditions, 

best management practices focusing on reducing 

background NO3
-
 concentrations in the watershed, and 

therefore NO3
-
 concentrations in the stream at base 

flow, will, ultimately, have a significant impact on 

NO3
-
 losses during storms. 

Although there is a need to monitor a larger 

number of high flow events throughout all four 

seasons to further validate the results of this study for 

a wider range of environmental conditions, our results 

shed light on the complex relationships between NO3
-
 

and NH4
+ 

concentrations and fluxes in tile drains and 

overland flow in regulating N losses to the stream at 

the watershed scale. For spring storms of moderate 

size, the significant correlation between bulk 

precipitation and N fluxes, and the positive association 

between antecedent flow conditions and N fluxes, 

suggest that if the intensity and frequency of large 

storm events in the US Midwest increase in the 

coming years, as suggested by many climate change 

models [28-30], we will likely see an increase in both 

NO3
-
 and NH4

+ 
losses at the watershed scale 

(assuming land use practices remain the same as 

today).  
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