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Increased availability and reduced cost of synthetic-nitrogen fertilizers have led to excess 

nitrogen being deposited in reservoirs. The accumulation of nitrogen (N) in reservoirs has 

negative effects, generating algal blooms, hypoxic zones, and poor drinking water quality. Corn 

and soybean utilize nitrogen at different rates, resulting in higher nitrogen fertilizer application to 

fields for corn than for soybean. This work examines whether the nitrate concentration in a 

stream may be correlated to the percentage of land devoted to growing corn or soybeans in the 

watershed. To investigate potential relationships, discharge (Q) and nitrate concentration data 

from ten USGS gauging stations across Indiana, Illinois, Iowa, Kansas, and South Dakota and 

agricultural land-use data from USDA were analyzed. Watershed areas ranged from 106 km² 

(Spoon River) to 154,767 km² (Kansas River). Corn was grown on between 14.3% (Kansas 

River) to 56.1% (Indian Creek) of the land, while soybeans accounted for 7.2% (Kansas River) 

to 45.4% (Spoon River). Crop percentages were compared to both weighted flow concentrations 

and nitrate loads per area from 2008 to 2017. For each system, weighted flow concentration 

equated to the total annual NO3-N-load (kg) divided by the total annual Q. Nitrate load per area 

represented the quotient of annual NO3-N-load (kg) to the watershed area (km²). The analyses 

indicated that as the percentage of corn cultivated in the watershed increased, both the weighted 



flow concentration and nitrate load per area decreased for all watersheds, except for the Kansas 

River, which is the largest watershed with the least amount of corn. Collectively, analysis of the 

data indicated weighted concentrations increase as the percentage of land with corn increases. 

Opposite trends were observed when the percentage of soybean cultivated in the watershed 

increased; weighted flow concentration and nitrate load per area all increased with respect to the 

percentage of soybean cultivated both for individual watersheds and collectively. The one 

exception being the North Raccoon River. The results imply soybean production has a more 

direct impact on nitrate concentrations, although corn fertilizer application and total cultivation 

rates are higher in each watershed. 
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CHAPTER I: INTRODUCTION 

INTRODUCTION 

The emphasis on studying long-term nitrate trends in the Mississippi River Basin stems 

from nitrate’s central importance to the development of the Gulf of Mexico hypoxic zone and 

because of the changes that have taken place within the drainage basin (Stets et al, 2015). These 

changes within the basin include degradation of streams and reservoirs as a result of alterations 

associated with fertilizer application, subsurface drainage, and decrease in crop diversity in 

agriculture that have taken place within the last century within the basin (Gentry et al, 1998; Dinnes 

et al, 2002: David et al, 2010; Stets et al, 2015). Hypoxic conditions develop from a process called 

eutrophication, which is excess nutrients input in a body of water resulting in lost biodiversity and 

degradation of water quality (Stets et al, 2015). With an area of 16,700 km² at the outlet of the 

Mississippi River (Turner et al, 2008), the Gulf of Mexico hypoxic zone is the largest manifestation 

of anthropogenic pollution from synthetic nitrogen (N)-fertilizer application in the heavily 

cultivated Mississippi River Basin (MRB) in the United States (Stets et al, 2015). Hypoxia in the 

Gulf of Mexico is just one of the more than 400 hypoxic zones occurring in coastal waters that lie 

downstream of major population centers and agricultural areas across the globe (Diaz and 

Rosenberg, 2008; Hanrahan et al, 2018). Thus, it is important to understand the threats of excess 

N has on drinking water supplies (Kovacic et al., 2006; Hanrahan et al, 2018) and aquatic 

biodiversity (Carpenter et al., 1998; Stets et al, 2015; Hanrahan et al, 2018). 

Agricultural regions have undergone specific environmental changes associated with land 

use decisions and crop practices, which has led to water quality problems (Dinnes et al, 2002). In 

the Midwest, artificially drained areas, increased use of synthetic fertilizers, and decreased 

diversity in crop rotation are among the most notable causes of agricultural nutrient contamination 



2 

of water resources (Dinnes et al, 2002). Less than 50 years ago, corn was grown in rotation with 

cereal crops and forage legumes, such as alfalfa, red clover, and sweet clover (Dinnes et al, 2002). 

These farming practices began to change with the increased availability of commercial nitrogen 

fertilizers that were introduced during the 1960s and 1970s; the need to incorporate legumes into 

a crop rotation was no longer needed for an optimal yield (Dinnes et al, 2002). The introduction 

of nitrogen-based fertilizers led to a rapid growth of application rates as well as nitrate 

concentrations in rivers and reservoirs concurrently increasing throughout agricultural regions 

during this period (Gentry et al, 1998). In 1964, the average N-fertilizer rate applied to corn in the 

United States was 64.25 kg ha-1; that rate had increased to 162.52 kg ha-1 in 2016 (Figure 1). In 

central Illinois where the predominant cropping system is a corn-soybean rotation with extensive 

networks of subsurface drainage, corn receives nitrogen fertilization at an average rate of 196 kg 

N ha-1 (Gentry et al, 1998). On average, soybean yields of 50 to 80 bu/acre receive 0 to 35 kg ha-1 

of N-fertilizer (Schmidt, 2016). When soybeans are in production, the addition of nitrogen 

fertilizer does not enhance soybean yield as soybeans accumulate 25 to 50% of  utilized nitrogen 

though soil and atmospheric fixation (Gentry et al, 1998; Jones et al, 2016). Nitrogen-based 

fertilizer has become the most commercially used fertilizers, which is generally applied during 

spring and fall, in row crop production (Goswami and Kalita, 2010). Reported nitrate losses from 

plots growing corn are higher than those with soybeans (Keeney and Deluca, 1993; Powers, 2007; 

Randall and Mulla, 2001) and are higher on plots continually growing corn (217 kg ha-) than from 

corn-soybean rotations (204 kg ha-) over a four year period ( Randall and Mulla, 2001; Weed and 

Kanwar, 1996). In areas where crop rotation is no longer practiced and corn has become the 

dominant crop, the loss of N has increased (Secchi et al., 2011).   
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Figure 1. N-Fertilizer application rate applied to corn and soybean from 1964-2016. Data 

retrieved from the United States Department of Agriculture – National Agricultural Statistics 

Service (USDA, NASS) (Last Updated 2/21/2018).  

 

In addition to fertilizer application and crop changes, the land use in agricultural 

watersheds has undergone significant hydrological modifications. These modifications have been 

occurring for decades and include channelization of the headwater streams and installation of 

intensive subsurface tile drainage in fields that efficiently route water to nearby streams (David et 

al, 2010). A tiled field implies that there is inadequate natural drainage that has resulted in the 

installation of a subsurface drainage tile system to transport excess water and nutrients from the 

soil (Lemke et al., 2010). Draining excess water from the soil prevents the crops from flooding but 

rapidly transports excess nutrients not taken up by the crops to surface water bodies, which 

ultimately creates nutrient problems downstream. Tile drainage has been in place since the 1860s 

and continues being replaced and expanded each year, with plastic pipes instead of the original 

clay pipes being used since the 1950s (Baker et al., 2008; David et al, 2010). In Illinois, about 
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4,000,000 ha are tile drained, representing 35% of all Illinois cropland (USDA, 1987; David et al, 

1997). Streams in agricultural areas have shown high concentrations of N in the form of nitrate 

(NO3
-), at concentrations often greater than the EPA drinking water standard of 10 mg/L nitrate as 

nitrogen (NO3-N) (David et al, 1997; Kladivko et al, 2004; Hanrahan et al, 2018). High 

concentrations come from a combination of agricultural runoff through tile-drainage and the use 

of nitrogen fertilizers in areas adjacent to streams (Miller et al, 2011; Lemke et al, 2011). With the 

help of tile drains, nutrient transportation is accelerated from fields to streams that are bound for 

the Mississippi River and ultimately the Gulf of Mexico (Sugg, 2007). Approximately 25% of the 

NO3
- in the stream system will remain mobile and continue to the Mississippi River, where it is 

eventually discharged into the Gulf of Mexico (Arango et al., 2007; Christensen et al., 1990; 

Kovacic et al., 2006). Most NO3-N exported from tile-drained watersheds in the Midwest occurs 

from January to June, coinciding with seasonal patterns of increased precipitation, elevated stream 

discharge, and fertilizer application (Royer et al., 2006; David et al., 2010; Raymond et al., 2012; 

Hanrahan et al, 2018). Therefore, management strategies, including agricultural conservation 

practices that prevent NO3-N loss to adjacent waterways, have been suggested as potential 

solutions for reducing excess NO3-N export from the MRB (Dinnes et al., 2002; Hanrahan et al, 

2018). 

In an attempt to improve aquatic conditions and reduce the hypoxic zone in the Gulf of 

Mexico, the EPA has established a goal of reducing N loads by 45% in the Mississippi River by 

2035, with an intermediate goal of 20% reduction by 2025 (United States Environmental 

Protection Agency, 2017). Approaches to reducing Ν losses from agriculture in the MRB have 

been grouped into three categories: (1) managing the fate of nitrate loss from agricultural fields, 

(2) adjusting Ν fertilizer management, and (3) ecologically based nutrient management practices 
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(Blesh and Drinkwater, 2013). In addition, the 12 states in the MRB created their plan to reduce N 

loads into the Mississippi River. Illinois set a goal of developing best management practices for 

reducing nitrate-nitrogen load by 15% by 2025, with an eventual target of 45% reduction (IEPA, 

2017). The Iowa strategy, which was developed over a two-year period as a result of the Gulf 

Hypoxia Action Plan, follows the recommended framework provided by the EPA in the 2011 

memo (Iowa Nutrient Reduction Strategy, 2017). Within each of the state’s reduction plan, priority 

watersheds have been identified. In this study, seven (7) of the ten (10) watersheds that were 

analyzed are subwatersheds of the priority watersheds or the priority watersheds identified are 

subwatersheds of this study.     

To understand the fate of nitrate loss from agricultural fields, a statistical analysis was 

conducted using USGS water quality data and USDA land classification data. The analysis 

incorporated data on an annual scale and seasonal scale to determine the effect of land cover 

changes on nitrate export in agricultural streams. The goal of this work was to answer the following 

two questions, (1) is there a relationship between crop type (corn or soybean) and nitrate export? 

(2) Is there a statistical difference in nitrate export among seasons?  

 

HYPOTHESES 

1. As the percentage of cultivated crops devoted to corn increases, the annual mean nitrate 

load in a stream will increase. This is because corn receives more nitrogen fertilizers 

than soybean. 

2. As the percentage of cultivated soybean increases, the annual mean nitrate load will 

decrease.  This is the initial thought since soybean fixes its own nitrogen for growth 

and receives a lower application of nitrogen fertilizers than corn. 
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3. When looking at the seasonal loads, the highest nitrate loads are expected in the spring 

and fall, while the lowest loads occur during the summer and winter months. Farmers 

apply most of the fertilizer in the spring and fall (Goswami and Kalita, 2010). With the 

potential to have bare soil and no crops taking up the nitrogen creates a higher chance 

for more runoff. 

 STUDY AREA 

Table 1. Study Sites with agricultural statistics. Table sorted based on percent 

agriculture; pasture not included as percent agriculture. 

 

This study incorporated data from 10 watersheds that spanned across Midwestern United 

States, specifically the states of Indiana, Illinois, Iowa, Kansas, and South Dakota (Figure 2). In 

each watershed, land use were primarily row-crop agricultural production of corn and soybeans 

(Table 1). Each watershed was chosen based on the availability of nitrate concentration and 

discharge data available from the USGS (Table 1). Watershed areas ranged from 106 km² (Spoon 

River) to 154,767 km² (Kansas River), while land-use devoted to cultivated crops in 2017 ranged 

from 59.2 (Big Sioux River) to 92.2% (Spoon River). Historically, corn and soybean cultivation 

USGS 

Station 

River Watershed 

Area 

(km²) 

Percent 

Agriculture 

(2017) 

NO3-N 

Availability 

3336850 Spoon River 106 92.1% 2013 – 2017 

5554300 Indian Creek 175 91.7% 2011 – 2017 

5482300 North Raccoon River 1813 84.3% 2008 – 2017 

5482500 Raccoon River 4195 84.0% 2008 – 2017 

5447500 Green River 2597 81.5% 2015 – 2017 

5524500 Iroquois River 1162 78.5% 2015 – 2017 

5464420 Cedar River 16425 75.9% 2012 – 2017 

5465500 Iowa River 32375 70.8% 2009 – 2017 

6481000 Big Sioux River 10170 59.2% 2017 

6892350 Kansas River 154767 44.4% 2013 – 2017 
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dominated the land cover in each watershed, with the Kansas River being the only exception.  

Within the Kansas River watershed, pasture (40.3%) was the dominant land cover. Comparing the 

cultivation difference between corn and soybean, corn was grown on between 14.3% (Kansas 

River) to 56.1% (Indian Creek) of the land, while soybeans accounted for 7.2% (Kansas River) to 

45.4% (Spoon River) of the land. The percentage of corn and soybean for each watershed is shown 

in Figure 3.  

 

 

 

Figure 2. Locations of the watersheds within Midwest USA.   
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Figure 3. Annual percentage of agricultural land use devoted to corn (yellow) and soybean (green) 

for each watershed; a) Spoon River, b) Indian Creek, c) North Raccoon River, d) Raccoon River, 

e) Green River, f) Iroquois River, g) Cedar River, h) Iowa River, i) Big Sioux River, j) Kansas 

River. 
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CHAPTER II: METHODOLOGY 

STREAM DATA 

Continuous, 15-minute interval NO3-N concentration (mg N/L) and discharge (Q in m3/s) 

data were downloaded from the USGS Water Science Center 

(https://waterwatch.usgs.gov/wqwatch/) for each of the ten watersheds. The timeframe of 

available data for each watershed varied between 2008 and 2017 from the USGS, but all 

watersheds had at least a one-year dataset.  

 

The total annual NO3-N load was the summation of the discharge (Qi) multiplied by the 

concentration (Ci) for each 15 minute interval (i) (eq1), where D is the constant representing the 

conversion factors.   

 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑁𝑂3-N  𝑙𝑜𝑎𝑑 (𝑘𝑔) = ∑ 𝑄𝑖 × 𝐶𝑖 × 15 𝑚𝑖𝑛 × 𝐷        eq 1  

 

Having multiple watersheds with different areas and potentially different climates, NO3-

N was normalized to discharge (discharge normalization) or to area (area normalization), 

removing potential bias introduced by variation of these parameters among the watersheds. For 

each system, weighted-flow concentration (discharge normalization) equated to the total annual 

NO3-N-load (kg) divided by the total annual Q (eq 2).  

 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐹𝑙𝑜𝑤 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑁𝑂3-N 𝑙𝑜𝑎𝑑 (𝑘𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑄 (𝑚3)
  eq 2  

 

Nitrate load per area (area normalization) represented the quotient of annual NO3-N-load 

(kg) to the watershed area (km²) (eq 3). These variables were used for linear regression analysis.  

 

𝑁𝑖𝑡𝑟𝑎𝑡𝑒 𝐿𝑜𝑎𝑑 𝑝𝑒𝑟 𝐴𝑟𝑒𝑎 =  
𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑛𝑢𝑎𝑙 𝑁𝑂3-N 𝑙𝑜𝑎𝑑 (𝑘𝑔)

𝑤𝑎𝑡𝑒𝑟𝑠ℎ𝑒𝑑 𝑎𝑟𝑒𝑎 (𝑘𝑚2)
   eq 3   
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DATA CATEGORIZATION 

The relationships between the percentage of crop and nitrate load expressed as weighted-

flow concentrations or nitrate load per area were examined on an annual and seasonal basis. The 

annual timeframe of April 1 to March 31 was based on previous studies (King, et al, 2015; 

Williams et al, 2015; Pease et al, 2018; Hanrahan et al, 2018). On a seasonal scale, the categories 

were spring (Apr-Jun), summer (Jul-Sep), fall (Oct-Dec), and winter (Jan-Mar). These seasonal 

dates represent the planting season (spring), the growing seasons (summer), the harvest season 

(fall), and fallow season (winter) (Hanrahan et al, 2018). 

GIS 

Before analyzing crop cover, the watershed for each gauging station was created. The first 

step was downloading the 30-meter digital elevation model (DEM) of each of the states from 

USGS National Elevation Dataset. Using the ArcMap version 10.6 hydrology tools, individual 

watersheds were created using the steps presented in Figure 4. When snapping the pour point, GPS 

coordinates for each gauging station were used to accurately delineate the watershed.  

 

 
 

 Figure 4. Process of creating watersheds using hydrology tools in ArcMap. 

 

Annual crop data in the form of the Cropland Data Layer (CDL) developed by the United 

States Department of Agriculture – National Agricultural Statistics Service (USDA, NASS) were 

used for evaluating large-scale agricultural change at annual intervals (Shao et al., 2016). Since 

1997, the USDA has cataloged the type of crop grown by farmers throughout the entire United 

States at a resolution of 30 meters. As a raster, these data were imported into ArcMap and clipped 

DEM Fill Flow Direction
Flow 

Accumulation
Snap Pour 

Point
Delineate 

Watershed
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to their respective watershed. Once the land data were clipped to their respective watershed, then 

land use percentages were determined within the watershed. 

In addition to the yearly crop data, the USDA provides crop frequency for corn and soybean 

through Cropscape. These data provide how many consecutive years an area was the same crop. 

Corn and soybean frequency data from 2008 to 2017 for each watershed were used. The mean 

weighted sum for each crop was calculated and compared to the mean weighted-flow concentration 

and the mean nitrate load per area.  

REMOTE SENSING 

The watersheds, along with the annual crop classification data, were exported from 

ArcMap to ENVI version 5.3 (Exelis Visual Information Solutions, Boulder, Colorado), an image 

analysis software, to determine crop rotation. Using ENVI, annual percent land cover change was 

determined by running a thematic change analysis. These tools show the percentage of land that 

stayed the same and what had changed classification on an annual scale. The results of the thematic 

change analysis showed the percent of crop changed, which gives the percentage of crop rotation 

between corn and soybean.  Figure 5 shows the process of completing a thematic change.  

 

 
Figure 5. Process of completing a thematic change using ENVI. 

 

STATISTICS 

Linear Regression 

Linear regression analysis evaluates the relative impact of a predictor variable on a 

particular outcome (Zou et al, 2003). The independent variables used were percent of crop, corn 

or soybean, vs. the dependent variable, weighted-flow concentration or nitrate load per area. A 

Import Image Exported 
from AcrMap

ISO Data Classification Change Detection Statistics
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simple linear regression was used for each variable with an  of 0.05. In addition to the linear 

regression, a Pearson Coefficient Correlation analysis was conducted. The analysis provided the 

strength and direction of the linear relationship between two continuous variables (Zou et al, 2003). 

If the coefficient value is -1, then the strength of the correlation is perfectly negative. If the value 

is +1, then the strength is perfectly positive, and if the value is 0, then there is no association 

between the variables.  

ANOVA 

An ANOVA was run to determine any statically difference between the nitrate export and 

the season. An ANOVA is best used when comparing statistical significance among more than 

three groups. For this study, since the data were categorized into four season, an ANOVA was 

the best statistical test. If results show there is significance among the four seasons, then a Tukey 

Test was conducted to see identify seasons with significant differences between their nitrate 

loads. 
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CHAPTER III: RESULTS 

To address the relationships between corn cultivation or soybean cultivation and nitrate 

load, the data were looked at on both a watershed scale and collectively, using all ten of the 

watersheds. To examine the seasonal influence, the relationship between crop type and nitrate 

export was broken down into seasons: spring (Apr-Jun), summer (Jul-Sep), fall (Oct-Dec), and 

winter (Jan-Mar).  

Corn and soybean cultivation dominated the land cover in each watershed, with the Kansas 

River being the only exception. Within the Kansas River watershed, pasture (40.3%) was the 

dominant land cover and corn and soybean combined for 21.5% of the agricultural use. Comparing 

the cultivated difference between corn and soybean, corn was grown on between 14.3% (Kansas 

River) to 56.1% (Indian Creek) of the land, while soybeans accounted for 7.2% (Kansas River) to 

45.4% (Spoon River) of the land. Within each of the watersheds, corn cultivation was always 

greater than soybean cultivation (Figures 3 and 6-15).  

Crop rotation and crop frequency were used to determine any relationship between 

continuous cultivation in a single parcel and nitrate export. The crop rotation analysis showed that 

on average more soybean was rotated to corn, then corn rotated to soybean (Figure 16). While 

rotation did occur between corn and soybean crops, the corn or soybeans were grown on the same 

parcel for consecutive years throughout each watershed. The mean years for consecutive planting 

of corn ranged from 4.1 years (Kansas River) to 6.6 years (Green River). Mean years of 

consecutive soybean cultivation ranged from 3.1 years (Green River) to 4.6 years (Spoon River). 

Of the 10 years of data provided by the USDA, on average corn was planted consecutively in the 

same parcel for 5.3 years before it was rotated to a different crop, while soybean was planted in 
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the same parcel on average of 4.1 years before being rotated. There was no spatial evaluation of 

the cultivated crops, just the overall percentages of corn and soybean in each watershed.  

 

 
Figure 6. Total cultivated corn (yellow) and soybean (green) within the Spoon River watershed 

2013- 2017. 
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Figure 7. Total cultivated corn (yellow) and soybean (green) within the Indian Creek watershed 

2011 – 2017 
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Figure 8. Total cultivated corn (yellow) and soybean (green) within the North Raccoon River 

watershed 2008 – 2017. 
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Figure 9. Total cultivated corn (yellow) and soybean (green) within the Raccoon River 

watershed 2008 – 2017. 
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Figure 10. Total cultivated corn (yellow) and soybean (green) within the Green River watershed 

2015 – 2017.  

 

 

 
Figure 11. Total cultivated corn (yellow) and soybean (green) within the Iroquois River 

watershed 2015 – 2017. 
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Figure 12. Total cultivated corn (yellow) and soybean (green) within the Cedar River watershed 

2012 – 2017. 
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Figure 13. Total cultivated corn (yellow) and soybean (green) within the Iowa River watershed 

2009 – 2017 
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Figure 14. Total cultivated corn (yellow) and soybean (green) within the Big Sioux River 

watershed 2017. 
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Figure 15. Total cultivated corn (yellow) and soybean (green) within the Kansas River watershed 

2013 – 2017. 
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 Figure 16.  Crop rotation between corn and soybean for each watershed for the years in 

which NO3-N data were available; a) Spoon River 2013 – 2017, b) Indian Creek 2011 – 2017, c) 

North Raccoon River 2008 – 2017, d) Raccoon River 2008 – 2017, e) Green River 2015 – 2017, 

f) Iroquois River 2015 – 2017, g) Cedar River 2012 – 2017, h) Iowa River 2009 – 2017, i) Kansas 

River 2013 – 2017. 

 

 Table 2. Mean years of consecutive planting of a single crop within each watershed. 

 

Consecutive planting of each crop in years 

Watershed Corn Soybean 

Spoon River 5.1 6.6 

Indian Creek 5.5 4.4 

North Raccoon River 5.4 4.3 

Raccoon River 5.6 4.1 

Green River 6.6 3.1 

Iroquois River 5.7 3.5 

Cedar River 5.6 4.0 

Iowa River 5.5 4.0 

Big Sioux River 4.2 4.0 

Kansas River 4.1 3.2 
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ANNUAL NO3-N WEIGHTED-FLOW CONCENTRATION 

Corn 

Examining the data among the watersheds collectively, mean weighted-flow 

concentrations ranged from 8.6×10-4 kg/m3 (Kansas River, 16.3% corn) to 1.07×10-2 kg/m3 (North 

Raccoon River, 48.8% corn). The data showed a statistically significant positive relationship (p< 

0.01) between weighted-flow concentration and cultivated corn (Figure 17). 

 

Figure 17. Mean weighted-flow concentration vs. mean cultivated corn for all ten watersheds.  

Points represent mean values and error bars represent one standard deviation (). 
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At the individual watershed scale, annual weighted-flow concentrations ranged from 

1.37×10-4 kg/m3 (Kansas River, 2015) to 1.54×10-2 kg/m3 (North Raccoon River, 2013), which 

corresponded to 15.2% corn cultivation in the Kansas River watershed and 48.93% corn within 

the North Raccoon River watershed (Figure 18). At watershed scale, the data demonstrated 

negative relationships among the watersheds, with the exception of Kansas River and the Iowa 

River, which showed a positive to no relationship between weighted-flow concentration and 

cultivated corn within each watershed. 

 

Figure 18. Weighted-flow concentration vs cultivated corn for each watershed on an 

individual scale. The Big Sioux River was not included because it only had one year of data; a) 

Spoon River, b) Indian Creek, c) North Raccoon River, d) Raccoon River, e) Green River, f) 

Iroquois River, g) Cedar River, h) Iowa River, i) Kansas River. 

 

Soybean 

 Examining the data among the watersheds collectively, mean weighted-flow 

concentrations ranged from 8.62×10-4 kg/m3 (Kansas River, 7.9% soybean) to 1.07×10-2 kg/m3 

(North Raccoon River, 36.2% soybean). The data showed a statistically significant positive 

relationship (p< 0.01) between weighted-flow concentration and cultivated soybean (Figure 19). 
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Figure 19. Mean weighted-flow concentration vs. mean cultivated soybean with one 

standard deviation for all ten watersheds. Points represent mean values and error bars represent 

one standard deviation (). 

 

 

On an individual watershed scale, annual weighted-flow concentrations ranged from 

1.37×10-4 kg/m3 (Kansas River, 2015) to 1.54×10-2 kg/m3 (North Raccoon River, 2013), which 

corresponded to 7.9% soybean cultivation in the Kansas River watershed and 34.8% soybean 

within the North Raccoon River watershed (Figure 20). At watershed scale, the data demonstrated 

positive relationships amount the watersheds, with the exception of North Raccoon River between 

weighted-flow concentrations and cultivated soybean. 
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Figure 20. Weighted-flow concentration vs cultivated soybean for each watershed on an 

individual scale. The Big Sioux River was not included because it only have one year of data; a) 

Spoon River, b) Indian Creek, c) North Raccoon River, d) Raccoon River, e) Green River, f) 

Iroquois River, g) Cedar River, h) Iowa River, i) Kansas River. 

 

 

Crop Frequency 

Both corn and soybean experienced a positive relationship between the mean number of 

years for consecutive crop cultivation and the mean weighted-flow concentration in the watershed 

(Figure 21). Average consecutive corn cultivation ranged from 4.12 years (Kansas River) to 6.62 

years (Green River). Average consecutive soybean cultivation ranged from 3.13 years (Green 

River) to 4.63 years (Spoon River).  
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Figure 21. Average consecutive corn (circles) and soybean (squares) cultivation vs mean 

weighted-flow concentration. 

 

 

ANNUAL NO3-N LOAD PER AREA 

Corn 

Examining the data among the watersheds collectively, annual mean nitrate load per area 

ranged from  2.8 × 101 kg/m2 (Kansas River, 16.3% corn) to 2.29 × 103 kg/m2 (North Raccoon 

River, 47.8% corn). The data showed a significant positive relationship (p < 0.01) between nitrate 

load per area and cultivated corn within the watershed (Figure 22). 
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Figure 22. Mean nitrate load per area vs. mean cultivated corn.  Points represent mean 

values and error bars represent one standard deviation (). 

 

 

On an individual watershed scale, nitrate load per area ranged from 3.99 kg/m2 (Kansas 

River, 2015) to 6.31 × 103 kg/m2 (North Raccoon River, 2015), which corresponded to 15.2% 

corn cultivation in the Kansas River watershed and 48.9% corn within the North Raccoon River 

watershed (Figure 23). Spoon River, Indian Creek, North Raccoon River, and the Raccoon River 

each had a negative relationship between cultivated corn and nitrate load per area. All other 

watersheds exhibited positive relationship. 
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Figure 23. Annual nitrate load per area vs cultivated corn for each watershed on an individual 

scale. The Big Sioux River was not included because it only have one year of data; a) Spoon River, 

b) Indian Creek, c) North Raccoon River, d) Raccoon River, e) Green River, f) Iroquois River, g) 

Cedar River, h) Iowa River, i) Kansas River. 

 

Soybean 

Examining the data among the watersheds collectively, nitrate load per area ranged from 

2.8 × 101 kg/m2 (Kansas River, 7.9% soybean) to 2.29 × 103 kg/m2 (North Raccoon River, 

34.8% soybean). Collectively, the data showed a statistically significant positive relationship (p< 

0.01) between nitrate load per area and cultivated soybean within the watershed (Figure 24). 
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Figure 24. Mean nitrate load per area vs. mean cultivated soybean with one standard 

deviation for all ten watersheds. Points represent mean values and error bars represent one standard 

deviation (). 

 

 

On an individual watershed scale, nitrate load per area ranged from 3.99 × 100 kg/m2 

(Kansas River, 2015) to 6.31 × 103 kg/m2 (North Raccoon River, 2015), which corresponded to 

7.9% soybean cultivation in the Kansas River watershed and 34.8% soybean within the North 

Raccoon River watershed (Figure 25). Individually, the data demonstrated positive relationships 

among the watersheds, with the exception of Iroquois River and the Green River between nitrate 

load per area and cultivated soybean. 
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Figure 25. Annual nitrate load per area vs cultivated soybean for each watershed on an 

individual scale. The Big Sioux River was not included because it only have one year of data; a) 

Spoon River, b) Indian Creek, c) North Raccoon River, d) Raccoon River, e) Green River, f) 

Iroquois River, g) Cedar River, h) Iowa River, i) Kansas River. 

 

Crop Frequency 

 Both corn and soybean exhibited a positive relationship between their respective 

consecutive cultivation and the mean nitrate load per area in the watershed (Figure 26). Average 

consecutive corn cultivation ranged from 4.12 years (Kansas River) to 6.62 years (Green River). 

Average consecutive soybean cultivation ranged from 3.13 years (Green River) to 4.63 years 

(Spoon River).  
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Figure 26. Average consecutive corn (circles) and soybean (squares) cultivation vs mean 

load per area. 

 

SEASONAL NO3-N LOADS 

Both mean weighted-flow concentration and mean load per area were observed highest in 

the spring and then decreased as the year progressed; the lowest export occurred during the winter 

(Figure 27). An ANOVA determined that there was a statistical difference among the seasons (p 

< 0.01 between nitrate export and the seasons). Given a statistical difference among the seasons, a 

Tukey Test (Table 7) determined the significance among the individual seasons. Results showed 

that spring export were different than those in the summer, fall, and winter, all had a p < 0.01.  

None of the other seasons illustrated statistical differences (p > 0.01). This means, that the greatest 

difference in nitrate export occurred during the spring.  
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Table 7. Tukey Test p values between the seasons for nitrate export in both mean weighted-

flow and load per area. Bold indicates statically significant correlations. 

 

Tukey Results 

Season Weighted-flow Load per Area 

Summer – Spring <0.001 <0.001 

Fall – Spring <0.001 <0.001 

Winter – Spring <0.001 <0.001 

Fall – Summer  0.552 0.530 

Winter – Summer 0.099 0.391 

Winter – Fall  0.759 0.996 

 

 
Figure 27. Box and whisker plots of the weighted-flow average and the annual load per 

area for each season. The line in the box represents the median value, with the edge of the box 

corresponding to the 25th and 75th percentiles. The end caps are the 5th and 95th percentiles.  

 

Seasonal NO3-N weighted concentrations ranged from 7.26 × 10−5 kg/m3 (Iowa River) in 

the fall of 2011 to 2.01 × 10−2 kg/m3 (North Raccoon River) in the spring of 2015. For corn, 

positive relationships between seasonal NO3-N weighted concentrations and cultivated corn were 

observed for each of the four seasons, with the highest concentrations observed during the spring, 



35 

then steadily decreased throughout the year (Figure 28). For soybeans, positive relationships 

between seasonal NO3-N weighted concentrations and cultivated soybean were also observed for 

each of the four seasons, with the highest concentrations observed during the spring, then steadily 

decreased throughout the year (Figure 29). 

Seasonal NO3-N load per area ranged from 2.11 × 10−2 kg/km2 (Indian Creek) in the 

summer of 2011 to 2.59 × 103 kg/km2 (Indian Creek) in the spring of 2013. Positive relationships 

between NO3-N load per area and cultivated corn were observed across all four seasons, with the 

highest export observed during the spring, and then gradually decreased as the year progressed 

(Figure 30). The same positive relationships were observed with cultivated soybean and the load 

per area where the highest load were observed in the spring, the decreased as the year progressed 

(Figure 31). These seasonal trends for both the weighted-flow concentration and the load per area 

were similar to the overall collective trend of cultivated crops and nitrate export on an annual level. 
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Figure 28. Seasonal NO3-N weighted-flow concentrations vs cultivated corn on a 

collective scale.  Points represent mean values and error bars represent one standard deviation (). 
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Figure 29. Seasonal NO3-N weighted-flow concentrations vs cultivated soybean on a 

collective scale. Points represent mean values and error bars represent one standard deviation (). 
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Figure 30. Seasonal NO3-N load per area vs cultivated corn on a collective scale. Points 

represent mean values and error bars represent one standard deviation (). 
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Figure 31. Seasonal NO3-N load per area vs cultivated soybean on a collective scale. Points 

represent mean values and error bars represent one standard deviation (). 
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CHAPTER IV: DISCUSSION 

RELATIONSHIP BETWEEN AGRICULTURE AND NITRATE EXPORT 

Both the weighted-flow concentration (discharge normalization) and the nitrate load per 

area (area normalization) represent nitrate load, and both normalizations versus the type of crop 

(corn or soybean) generated similar relationships. Thus to avoid confusion, nitrate export will be 

used from this point rather than the individual reduced data type.   

The analyzed data for all ten watersheds showed that as the percentage of either corn or 

soybean increased in a watershed, the nitrate export increased. Increases in the percentage of 

land devoted to soybean cultivation generated a higher nitrate export as compared to an equal 

increase in corn cultivation. Row crop production as a whole has been linked with increased 

nitrate surface water contamination over the last several decades (Keeney and Deluca, 1993); 

thus, a positive relationship between nitrate export and either corn or soybean for all ten 

watersheds comes from the fact that these areas have high-cultivated agricultural production. 

Even under optimal growing conditions, crop yield only accounts for 50% of the added N; the 

excess nitrogen remains within or is exported from the system (Oberle and Keeney, 1990). 

Further analysis of the data revealed a positive relationship between the percentage of 

land-use devoted to row crop agriculture and nitrate export (Figure 32a, 33a). However, 

excluding corn and soybean land use from the data generated a negative relationship between 

agriculture and nitrate export (Figures 32b, 33b). The data suggest that corn and soybean 

contribute the most nitrate export than any other row crop in the Midwest. With corn and 

soybean accounting for more than 65% of the row crops in all the watersheds, except for Kansas, 

their importance regarding nitrogen management cannot be discounted. 
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Figure 32. Mean weighted-flow concentration vs. a) mean cultivated row crops and b) 

row crops excluding corn and soybean with one standard deviation for all ten watersheds. Points 

represent mean values and error bars represent one standard deviation (). 
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Figure 33. Mean nitrate load per area vs. a) mean cultivated row crops and b) row crops 

excluding corn and soybean with one standard deviation for all ten watersheds. Points represent 

mean values and error bars represent one standard deviation (). 
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The distribution of nitrate export to crop type was similar across all four seasons, with the 

highest export occurring during the spring and then decreasing throughout the year. Tile flow in 

the Midwest usually occurs primarily in April through June (Randall and Goss, 2008a), which 

coincides with seasonal patterns of increased precipitation, elevated stream discharge, and 

fertilizer application (David et al., 2010; Hanrahan et al, 2018; Raymond et al., 2012;  

Royer et al., 2006). Hanrahan et al (2018) reported that more than 70% of NO3-N export 

occurred during high tile flow. This timeframe of increased title flow is the same timeframe as 

the spring season in this study. A lack of tile flow during the winter prevents the rapid transport 

and export of nutrients from the soils, but as spring approaches and temperatures increase 

leading to snowmelt, the tiles will be flushed out and available nitrogen in the system would 

have been transported to the streams. It was also observed that spring had the highest nitrate 

export regardless of the crop, as any residual, regardless of crop, that was left on the fields after 

harvest is insignificant since overall crop rotation is minimum and seasonal trends are the same 

regardless of crop type (Figure 28, 29). In addition to crop residues showing up in the spring, 

spring fertilizer applications can also cause an increase in NO3-N in streams with the help of 

precipitation and runoff. March through May precipitation causes the highest loss of N from 

fertilized fields before the crops growth and uptake of N starting in June (Balkcom et al, 2003).  

 

THE ROLE OF CORN AND SOYBEAN WITHIN A WATERSHED 

While the overall dataset showed a positive relationship between nitrate export and crop 

type, an opposite trend was observed on an individual watershed scale, with corn, a negative 

relationship occurred, and with soybean, a positive relationship occurred. A number of factors 
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including, percentage of crop cultivation, fertilizer rates, nitrogen uptake, residue breakdown, 

and denitrification rates of the crops can explain this relationship.  

While corn receives more nitrogen fertilizer than soybean (Figure 1), the N fertilizer 

efficiency for corn was higher than N efficiency for soybean (Hesterman et al, 1987). Within the 

Raccoon River watershed, Jones et al. (2016) reported higher export of N after soybean 

cultivation, contributing the excess N to the decomposition of the soybean plant residue. In 

addition, the amount of runoff after harvest plays a role in nitrate export, even though it was not 

accounted for in this study. After harvest, soybean residual decomposes faster than corn, 68% of 

soybean residue decomposes over a 32-day period (Broder and Wagner, 1988), leaving behind 

bare soil that becomes exposed to direct rainfall (Laflen and Moldenhauer, 1979). Since corn 

residue is higher than soybean, corn residue provides surface cover to enhance rainfall capture 

and erosion control (Meki et al, 2013). David et al. (2009) evaluated six different watershed 

models in Illinois and each predicated lower denitrification rates for soybean than compared to 

corn, with an average rate of 9.35 kg N ha-1 yr-1 for soybean and 14.53 kg N ha-1 yr-1 for corn. 

Jones et al. 2016 also reported that more denitrification occurs in corn fields than in soybean 

fields, making less NO3-N available for loss through subsurface drainage.  

The higher the cultivation of corn corresponding with, the higher denitrification rates, the 

more nitrogen uptake by corn, and longer residue residence time ultimately leads to lower nitrate 

export from agricultural fields. For example, Indian Creek experienced the highest cultivation of 

corn on an annual basis, with between 48.5% and 56.1% of growing corn (Figure 3). These land 

uses correspond with decreased nitrate export as corn percentage increased (Figure 18b and 23b).    

If the amount of corn production changes, then these rates will also change, leading to a change 

in nitrate export. The Kansas River serves as the lower bound in the overall trend of the data, 
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having the lowest production of corn between 14.3% and 18.4%. Within the watershed, a 

positive trend between corn and nitrate export was observed. Watersheds that exhibited greater 

than 47% corn cultivation had a negative relationship towards nitrate export. Watersheds with 

less than 47% corn cultivation generally exhibited a positive relationship as seen within the 

Kansas River and Iowa River.  The data indicates there may be a threshold on percent corn 

cultivation, where further increases result in less nitrate export. Thus, increasing corn cultivation 

in Kansas River or Iowa River watershed will increase nitrate export from those watersheds until 

the threshold is reached. However, nitrate export will still be high collectively but the 

relationship on an individual watershed scale may show a decreasing trend between corn 

cultivation and nitrate export in these respective watersheds.     

State nutrient reduction strategies have been implemented to reduce NO3-N export; Iowa 

has reported that the use of cover crops, buffer systems, reduced tillage, and increased crop 

rotation all helped reduced NO3-N export (Thompson et al, 2017). Data from this study speaks to 

the increased crop rotation to help reduce nitrate export. Previous research examining nitrogen 

use efficiency and crop rotation showed that a corn-soybean rotation had a 69% higher nitrogen 

use efficiency than a continuous corn cropping system (Attia et al, 2015). In addition, Attia et al 

(2015) indicated that planting corn and soybean on 2 to 3 year rotation systems could improve N 

usage between the crops. Among the examined watersheds, crop rotation occurred each year, but 

the amount of rotation on a year to year basis is minimal (Figure 16). Among the watersheds, the 

consecutive years of soybean cultivation in a field were lower than consecutive years of corn 

cultivation in a field. Average consecutive corn cultivation ranged from 4.12 years (Kansas 

River) to 6.62 years (Green River). Average consecutive soybean cultivation ranged from 3.13 

years (Green River) to 4.63 years (Spoon River). Both corn and soybean had a positive 
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relationship between consecutive crop cultivation and nitrate export (Figures 21 and 26). The 

data align with those of Attia et al. (2015); during periods with less years of continuous crop 

cultivation, nitrate export is lower. As the time a crop was continuously grown in a field 

increased, the export of nitrate simultaneously increased.  Iowa have reported that increased crop 

rotation on 3 to 5 years can help reduce nutrient loss, but this practice is uncommon. Survey 

results in 2014 showed that 65% of farmers did not use extended rotations nor did they plan to 

use it in the future, 18% reported they did not use it, but might consider it in the future, finally 

17% reported they used extended rotations (Nowatzke and Arbuckle, 2016). The data presented 

in this study, show that as crop rotations increase, then nitrate export will decrease (Figures 21 

and 26). 

While the variables mentioned above were not looked at during this study, they do 

support and explain the trends between nitrate export and crop type within a corn-soybean 

cropping system. To meet the goal of the nutrient reduction plan, having best management 

practices in place in agricultural areas as well as understanding the relationships between corn 

and soybean is important to reduce the overall impact of nitrate leaching into nearby streams and 

affecting areas downstream. 
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CHAPTER V: CONCLUSIONS 

The results of the collective data showed a positive relationship between percent corn or 

percent soybean and nitrate export, supporting the hypothesis as the percentage of cultivated corn 

increases, the annual nitrate load would increase; but arguing against the hypothesis as percentage 

of cultivated soybean increases, the annual nitrate load would decrease. Seasonal results both 

supports and argues against the highest nitrate loads are expected in the spring and fall, while the 

lowest loads occur during the summer and winter months. The data showed that spring had the 

highest export, while summer, fall, and winter all exhibited lower nitrate loads.   

Conclusions can be made from the data in this study and data from previous studies. 1) 

Corn has a higher cultivation percentage, higher fertilizer application rate, higher denitrification 

rate, higher N uptake rate, and a lower residual breakdown when compared to soybean. These 

factors all influence the relationship between crop type and nitrate export within a watershed, 

which the data support with a negative relationship between corn and nitrate export and a positive 

relationship between soybean and nitrate export. 2) Rotation is a key in reducing nitrate export to 

nearby streams. The more frequent rotation between corn and soybean, the lower nitrate export to 

the streams. This has been stated by the Iowa Nutrient Reduction strategy as well and could be a 

factor in reducing nitrate in agricultural watersheds given the different characteristics between corn 

and soybean. 

 

  



48 

REFERENCES 

Arango, C.P., Tank, J.L., Schaller, J.L., Royer, T.V., Bernot, M.J., and David, M.B., 2007, 

Benthic organic carbon influences denitrification in streams with high nitrate 

concentration: Freshwater Biology, v. 52, p. 1210-1222, doi: 10.1111/j.1365-

2427.2007.01758.x. 

Attia, A., Shapiro, C., Kranz, W., Mamo, M., and Mainz, M., 2015, Improved Yield and 

Nitrogen Use Efficiency of Corn following Soybean in Irrigated Sandy Loams: Soil 

Science Society of America Journal, v. 79, p. 1693-1703, doi: 

10.2136/sssaj2015.05.0200. 

Balkcom, K.S., Blackmer, A.M., Hansen, D.J., Morris, T.F., and Mallarino, A.P., 2003, Testing 

soils and cornstalks to evaluate nitrogen management on the watershed scale: Journal of 

Environmental Quality, v. 32, p. 1015-1024, doi: 10.2134/jeq2003.1015. 

Blesh, J., and Drinkwater, L.E., 2013, The impact of nitrogen source and crop rotation on 

nitrogen mass balances in the Mississippi River Basin: Ecological Applications, v. 23, p. 

1017-1035, doi: 10.1890/12-0132.1. 

Boryan, C., Yang, Z., Mueller, R., and Craig, M., 2011, Monitoring US agriculture: the US 

Department of Agriculture, National Agricultural Statistics Service, Cropland Data Layer 

Program: Geocarto International, v. 26, p. 341-358, doi: 10.1080/10106049.2011.562309. 

Broder, M.W., and Wager, G.H., 1988, Microbial Colonization and Decomposition of Corn, 

Wheat, and Soybean Residue: Soil Science Society of America Journal, v. 52, p. 112-

117, doi: 10.2136/sssaj1988.03615995005200010020x. 



49 

Carpenter, S.R., Caraco, N.F., Correll, D.L., Howarth, R.W., Sharpley, A.N., and Smith, V.H., 

1998, Nonpoint pollution of surface waters with phosphorus and nitrogen: Ecological 

Applications, v. 8, p. 559-568, doi: 10.2307/2641247. 

Christensen, P.B., Nielsen, L.P., Sorensen, J., and Revsbech, N.P., 1990, Denitrification in 

Nitrate-Rich Streams - Diurnal and Seasonal-Variation Related to Benthic Oxygen-

Metabolism: Limnology and Oceanography, v. 35, p. 640-651, doi: 

10.4319/lo.1990.35.3.0640. 

Copeland, P.J., Allmaras, R.R., Crookston, R.K., and Nelson, W.W., 1993, Corn Soybean 

Rotation Effects on Soil-Water Depletion: Agronomy Journal, v. 85, p. 203-210. 

David, M.B., and Gentry, L.E., 2000, Anthropogenic inputs of nitrogen and phosphorus and 

riverine export for Illinois, USA: Journal of Environmental Quality, v. 29, p. 494-508. 

David, M.B., Gentry, L.E., Kovacic, D.A., and Smith, K.M., 1997, Nitrogen balance in and 

export from an agricultural watershed: Journal of Environmental Quality, v. 26, p. 1038-

1048, doi: 10.2134/jeq1997.00472425002600040015x. 

David, M.B., Del Grosso, S.J., Hu, X., Marshall, E.P., McIsaac, G.F., Parton, W.J., Tonitto, C., 

and Youssef, M.A., 2009, Modeling denitrification in a tile-drained, corn and soybean 

agroecosystem of Illinois, USA: Biogeochemistry, v. 93, p. 7-30, doi: 10.1007/s10533-

008-9273-9. 

David, M.B., Drinkwater, L.E., and Mclsaac, G.F., 2010, Sources of Nitrate Yields in the 

Mississippi River Basin: Journal of Environmental Quality, v. 39, p. 1657-1667, doi: 

10.2134/jeq2010.0115. 

Diaz, R.J., and Rosenberg, R., 2008, Spreading dead zones and consequences for marine 

ecosystems: Science, v. 321, p. 926-929, doi: 10.1126/science.1156401. 



50 

Dinnes, D.L., Karlen, D.L., Jaynes, D.B., Kaspar, T.C., Hatfield, J.L., Colvin, T.S., and 

Cambardella, C.A., 2002, Nitrogen management strategies to reduce nitrate leaching in 

tile-drained midwestern soils: Agronomy Journal, v. 94, p. 153-171. 

Fausey, N.R., Brown, L.C., Belcher, H.W., and Kanwar, R.S., 1995, Drainage and Water-Quality 

in Great-Lakes and Corn-Belt States: Journal of Irrigation and Drainage Engineering-

Asce, v. 121, p. 283-288, doi: 10.1061/ (ASCE) 0733-9437(1995)121:4(283). 

Gentry, L.E., David, M.B., Smith, K.M., and Kovacic, D.A., 1998, Nitrogen cycling and tile 

drainage nitrate loss in a corn/soybean watershed: Agriculture Ecosystems & 

Environment, v. 68, p. 85-97, doi: 10.1016/S0167-8809(97)00139-4. 

Goswami, D., and Kalita, P.K., 2010, Correlations of Surface and Groundwater Flow with 

Nitrate-N Concentration in Agricultural Drainage Ditches in Two Illinois Watersheds: 

Hauppauge; 400 Oser Ave, STE 1600, Hauppauge, NY 11788-3635 USA, Nova Science 

Publisher, INC, p. 402. 

Han, W., Yang, Z., Di, L., and Mueller, R., 2012, CropScape: A Web service based application 

for exploring and disseminating US conterminous geospatial cropland data products for 

decision support: Computers and Electronics in Agriculture, v. 84, p. 111-123. 

Hanrahan, B.R., Tank, J.L., Christopher, S.F., Mahl, U.H., Trentman, M.T., and Royer, T.V., 

2018, Winter cover crops reduce nitrate loss in an agricultural watershed in the central 

U.S: Agriculture Ecosystems & Environment, v. 265, p. 513-523, doi: 

10.1016/j.agee.2018.07.004. 

Hansen, M.C., and Loveland, T.R., 2012, A review of large area monitoring of land cover 

change using Landsat data: Remote Sensing of Environment, v. 122, p. 66-74, doi: 

10.1016/j.rse.2011.08.024. 



51 

Hatfield, J.L., McMullen, L.D., and Jones, C.S., 2009, Nitrate-nitrogen patterns in the Raccoon 

River Basin related to agricultural practices: Journal of Soil and Water Conservation, v. 

64, p. 190-199, doi: 10.2489/jswc.64.3.190. 

Hesterman, O.B., Russelle, M.P., Sheaffer, C.C., and Heichel, G.H., 1987, Nitrogen-Utilization 

from Fertilizer and Legume Residues in Legume-Corn Rotations: Agronomy Journal, v. 

79, p. 726-731, doi: 10.2134/agronj1987.00021962007900040029x. 

Illinois Environmental Protection Agency (IEPA). 2015. Illinois nutrient loss reduction strategy. 

www.epa.illinois.gov/topics/water-quality/watershed-management/excess-

nutrients/nutrient-loss-reduction-strateg y/index (accessed 2 Mar. 2019). 

Iowa Nutrient Reduction Strategy. 2017. A science and technology-based framework to assess 

and reduce nutrients to Iowa waters and the Gulf of Mexico. Iowa Department of 

Agriculture and Land Stewardship, Iowa Department of Natural Resources, and Iowa 

State University College of Agriculture and Life Sciences, Ames, IA. 

Jones, C.S., Seeman, A., Kyveryga, P.M., Schilling, K.E., Kiel, A., Chan, K.-., and Wolter, C.F., 

2016, Crop rotation and Raccoon River nitrate: Journal of Soil and Water Conservation, 

v. 71, p. 206-219, doi: 10.2489/jswc.71.3.206. 

Keeney, D.R., and Deluca, T.H., 1993, Des-Moines River Nitrate in Relation to Watershed 

Agricultural Practices - 1945 Versus 1980s: Journal of Environmental Quality, v. 22, p. 

267-272, doi: 10.2134/jeq1993.00472425002200020006x. 

King, K.W., Williams, M.R., and Fausey, N.R., 2015, Contributions of Systematic Tile Drainage 

to Watershed-Scale Phosphorus Transport: Journal of Environmental Quality, v. 44, p. 

486-494, doi: 10.2134/jeq2014.04.0149. 



52 

King, K.W., Williams, M.R., and Fausey, N.R., 2016, Effect of crop type and season on nutrient 

leaching to tile drainage under a corn-soybean rotation: Journal of Soil and Water 

Conservation, v. 71, p. 56-68, doi: 10.2489/jswc.71.1.56. 

Kladivko, E.J., Frankenberger, J.R., Jaynes, D.B., Meek, D.W., Jenkinson, B.J., and Fausey, 

N.R., 2004, Nitrate leaching to subsurface drains as affected by drain spacing and 

changes in crop production system: Journal of Environmental Quality, v. 33, p. 1803-

1813, doi: 10.2134/jeq2004.1803. 

Kovacic, D.A., Twait, R.M., Wallace, M.P., and Bowling, J.M., 2006, Use of created wetlands to 

improve water quality in the Midwest - Lake Bloomington case study: Ecological 

Engineering, v. 28, p. 258-270, doi: 10.1016/j.ecoleng.2006.08.002. 

Laflen, J.M., and Moldenhauer, W.C., 1979, Soil and Water Losses from Corn-Soybean 

Rotations: Soil Science Society of America Journal, v. 43, p. 1213-1215, doi: 

10.2136/sssaj1979.03615995004300060032x. 

Laurie Nowatzke and J. Gordon Arbuckle Jr. 2016. Iowa Farmers and the Iowa Nutrient 

Reduction Strategy: 2015 Survey Results. SOC 3078. Department of Sociology, Iowa 

State University, Ames, Iowa. 16 pp. 

Laurie Nowatzke and J. Gordon Arbuckle Jr. 2018. Iowa Farmers and the Iowa Nutrient 

Reduction Strategy: Survey Results from the Missouri-Little Sioux Watershed. SOC 

3087. Department of Sociology, Iowa State University, Ames, Iowa. 27 pp. 

Lawlor, P.A., Helmers, M.J., Baker, J.L., Melvin, S.W., and Lemke, D.W., 2008, Nitrogen 

application rate effect on nitrate-nitrogen concentration and loss in subsurface drainage 

for a corn-soybean rotation: Transactions of the ASABE, v. 51, no.1, p. 83-94. 



53 

Lemke, A.M., Kirkham, K.G., Lindenbaum, T.T., Herbert, M.E., Tear, T.H., Perry, W.L., and 

Herkert, J.R., 2011, Evaluating Agricultural Best Management Practices in Tile-Drained 

Subwatersheds of the Mackinaw River, Illinois: Journal of Environmental Quality, v. 40, 

p. 1215-1228, doi: 10.2134/jeq2010.0119. 

Lemke, A.M., Lindenbaum, T.T., Perry, W.L., Herbert, M.E., Tear, T.H., and Herkert, J.R., 

2010, Effects of outreach on the awareness and adoption of conservation practices by 

farmers in two agricultural watersheds of the Mackinaw River, Illinois: Journal of Soil 

and Water Conservation, v. 65, p. 304-315, doi: 10.2489/jswc.65.5.304. 

Mattingly, R.L., Herricks, E.E., and Johnston, D.M., 1993, Channelization and Levee 

Construction in Illinois - Review and Implications for Management: Environmental 

Management, v. 17, p. 781-795, doi: 10.1007/BF02393899. 

Miller, M.P., Tesoriero, A.J., Hood, K., Terziotti, S., and Wolock, D.M., Estimating Discharge 

and Nonpoint Source Nitrate Loading to Streams From Three End-Member Pathways 

Using High-Frequency Water Quality Data: Water Resources Research, p. n/a, doi: 

10.1002/2017WR021654. 

Meki, M.N., Atwood, J.D., Norfleet, L.M., Williams, J.R., Gerik, T.J., and Kiniry, J.R., 2013, 

Corn Residue Removal Effects on Soybean Yield and Nitrogen Dynamics in the Upper 

Mississippi River Basin: Agroecology and Sustainable Food Systems, v. 37, p. 379-400, 

doi: 10.1080/10440046.2012.724529. 

Oberle, S. L., and Keeney, D. R., 1990, Factors influencing corn fertilizer N requirements in the 

northern US corn belt: Journal of Production Agriculture, v. 3, no. 4, p. 527-534, 

doi:10.2134/jpa1990.0527. 



54 

Pease, L.A., King, K.W., Williams, M.R., LaBarge, G.A., Duncan, E.W., and Fausey, N.R., 

2018, Phosphorus export from artificially drained fields across the Eastern Corn Belt: 

Journal of Great Lakes Research, v. 44, p. 43-53, doi: 10.1016/j.jglr.2017.11.009. 

Powers, S. E., 2007, Nutrient loads to surface water from row crop production: The International 

Journal of Life Cycle Assessment, v. 12, no. 6, p. 399-407, doi:10.1065/lca2007.02.307. 

Randall, G. W., and Mulla, D. J., 2001, Nitrate nitrogen in surface waters as influenced by 

climatic conditions and agricultural practices: Journal of Environmental Quality, v. 30, 

no. 2, p. 337-344, doi:10.2134/jeq2001.302337x. 

Randall, G.W., and Vetsch, J.A., 2005, Nitrate losses in subsurface drainage from a corn-

soybean rotation as affected by fall and spring application of nitrogen and nitrapyrin: 

Journal of Environmental Quality, v. 34, p. 590-597, doi: 10.2134/jeq2005.0590. 

Randall, G.W., Vetsch, J.A., and Huffman, J.R., 2003, Nitrate losses in subsurface drainage from 

a corn-soybean rotation as affected by time of nitrogen application and use of nitrapyrin: 

Journal of Environmental Quality, v. 32, p. 1764-1772, doi: 10.2134/jeq2003.1764. 

Randall, G.W., and Goss, M.J., 2008, Chapter 6 - Nitrate Losses to Surface Water Through 

Subsurface, Tile Drainage: Nitrogen in the Environment: Sources, Problems and 

Management (Second Edition), p. 145-175. 

Raymond, P.A., David, M.B., and Saiers, J.E., 2012, The impact of fertilization and hydrology 

on nitrate fluxes from Mississippi watersheds: Current Opinion in Environmental 

Sustainability, v. 4, p. 212-218, doi: 10.1016/j.cosust.2012.04.001. 

Royer, T.V., David, M.B., and Gentry, L.E., 2006, Timing of riverine export of nitrate and 

phosphorus from agricultural watersheds in Illinois: Implications for reducing nutrient 



55 

loading to the Mississippi River: Environmental Science & Technology, v. 40, p. 4126-

4131, doi: 10.1021/es052573n. 

Schmidt, J.P., 2016, Nitrogen Fertilizer for Soybean?: DuPont Pioneer, 

https://www.pioneer.com/home/site/us/agronomy/library/nitrogen-fertilizer-for-

soybean/#conclusions (accessed February 2018). 

Secchi, S., Kurkalova, L., Gassman, P. W., and Hart, C., 2011, Land use change in a biofuels 

hotspot: The case of Iowa, USA: Biomass and Bioenergy, v. 35, no. 6, p. 2391-2400, 

doi:10.1016/j.biombioe.2010.08.047. 

Shao, Y., Taff, G.N., Ren, J., and Campbell, J.B., 2016, Characterizing major agricultural land 

change trends in the Western Corn Belt: ISPRA Journal of Photogrammetry and Remote 

Sensing, v. 122, p. 116-125, doi: 10.1016/j.isprsjprs.2016.10.009. 

Stets, E.G., Kelly, V.J., and Crawford, C.G., 2015, Regional and Temporal Differences in Nitrate 

Trends Discerned from Long-Term Water Quality Monitoring Data: Journal of the 

American Water Resources Association, v. 51, p. 1394-1407, doi: 10.1111/1752-

1688.12321. 

Sugg, Z., 2007, Assessing U. S. farm drainage: can GIS lead to better estimates of subsurface 

drainage extent? World Resources Institute. 

Thompson, C. A. J.; Helmers, Matthew J.; Isenhart, Thomas M.; and Lawrence, John D., 2017, 

"Reducing Nutrient Loss: Science Shows What Works" (2014). Iowa State University 

Extension and Outreach Agriculture and Environment Extension Publications. 223.  

Turner, R.E., Rabalais, N.N., and Justic, D., 2008, Gulf of Mexico hypoxia: Alternate states and 

a legacy: Environmental Science & Technology, v. 42, p. 2323-2327, doi: 

10.1021/es071617k. 



56 

Williams, M.R., King, K.W., Macrae, M.L., Ford, W., Van Esbroeck, C., Brunke, R.I., English, 

M.C., and Schiff, S.L., 2015, Uncertainty in nutrient loads from tile-drained landscapes: 

Effect of sampling frequency, calculation algorithm, and compositing strategy: Journal of 

Hydrology, v. 530, p. 306-316, doi: 10.1016/j.jhydrol.2015.09.060. 

United States Department of Agriculture, 2013, Fertilizer use and price, in Nehring, R., ed., 

Volume 2018, United States Department of Agriculture,. 

United States Environmental Protection Agency, 2017, Mississippi River/Gulf of Mexico 

Watershed Nutrient Task Force 2017 Report to Congress, United States Environmental 

Protection Agency, Washington, DC, Second Biennial Report,  121 p. 

Weed, D. A. J., and Kanwar, R. S., 1996, Nitrate and water present in and flowing from root-

zone soil: Journal of Environmental Quality, v. 25, no. 4, p. 709-719, 

doi:10.2134/jeq1996.00472425002500040010x. 

Zou, K.H., Tuncali, K., and Silverman, S.G., 2003, Correlation and simple linear regression: 

Radiology, v. 227, p. 617-622, doi: 10.1148/. 

 


