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ABSTRACT 

 

 This research investigated the effect of quick-release and slow-release fertilizers on the 

transport of nitrate through the subsurface. The main focus of this study was studying nitrate 

concentrations in subsurface water samples over time, particularly in the presence of over-

fertilization. Evaluating nitrate movement allowed for assessment of the potential for 

contamination of shallow groundwater systems. Rainfall data was also evaluated to see the 

effects that precipitation had on nitrate concentration trends. Additionally, soil was studied to 

evaluate nitrate soil water concentrations and organic matter content. 

 It was concluded that nitrate concentrations remained elevated above the Maximum 

Contaminant Level (MCL) of 10 mg/L nearly a year after initial fertilizer applications for both 

fertilizer types and moved past the rooting zone of plants. The data also suggested that fertilizer 

plays a larger role on changes in nitrate concentrations than increased precipitation. The 

conclusions of this study emphasize the need for fertilizer users to more fully understand their 

soil and vegetation’s nutritional needs prior to fertilizer application. Over-fertilization can have 

long term consequences, including the potential to pollute shallow groundwater systems.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Nitrogen  

Nitrogen is one of the most abundant elements on Earth and makes up 78% of Earth’s 

atmosphere. Atmospheric nitrogen (N2) can enter the soil system through various methods. 

Nitrogen can enter through rainfall, plant and animal waste, and humans add it to the soil through 

fertilizers (Killpack & Buchhoiz, 1993). Nitrogen in the soil is also highly abundant, however, 

the majority of this is not readily usable by plants. Organic nitrogen in the soil is broken down by 

decomposers and nitrogen-fixing bacteria into ammonia (NH3) and ammonium (NH4
+). Through 

a process called nitrification, these can be further broken down into nitrite (NO2
-) and finally 

nitrate (NO3
-) by microorganisms (Killpack & Buchhoiz, 1993). Plants can then use this for 

growth and development. Additionally, denitrifying bacteria in the soil can convert NO3
- back to 

the gaseous state and release it into the atmosphere. Denitrification occurs under anaerobic 

conditions in waterlogged soils.  

Due to the solubility of NO3
-, this form of nitrogen can be readily washed away as it 

travels with water during rainfall events. NO3
- loss occurs due to leaching, surface runoff, and 

denitrification and becomes unavailable to plants (Killpack & Buchhoiz, 1993). A flash flooding 

event may wash fertilizer and nitrate away where it can enter surface water bodies. It may also 

cause a downward movement of nitrate through the subsurface past the rooting zone of plants 

where it could potentially increase the concentrations in groundwater. Finally, if the soil 

becomes saturated, NO3
- will be converted to a different state due to denitrification. In the 

absence of oxygen, aerobic bacteria will switch to anaerobic processes and reduce NO3
- and NO2

- 
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to the gaseous state (Skiba, U., 2008). When NO3
- is carried with water and becomes unavailable 

to plants, this can cause many problems for humans and the environment. Not only does this 

affect crop growth, elevated nitrate concentrations in water bodies can have several negative 

consequences. 

1.2 Risks of elevated nitrate concentrations  

NO3
- movement through leaching and surface runoff has the potential to pollute both 

groundwater and surface waters. In surface water, increased concentrations of NO3
- can cause 

eutrophication. Eutrophication is a process that begins with an influx of nutrients, such as nitrate, 

which causes a rapid growth of algae and plants. The subsequent death and decay of the algae 

and plants at such large quantities takes up the dissolved oxygen in the water, creating hypoxic 

conditions, and is the cause of organismal death (USGS, n.d.). Fish death is often one of the first 

reported signs of eutrophication. Increased nutrients can result in these harmful algal blooms 

typically caused by cyanobacteria that can also be toxic to humans (USGS, n.d.). A large enough 

algal bloom can aggravate respiratory conditions to those nearby. This can affect areas such as 

tourism and recreation, commercial fishing, and human health. A persistent algal bloom in an 

Ohio lake cost $37- 47 million dollars lost in tourism over two years (EPA report 2015). Another 

consequence of increased NO3
- concentrations is the possibility of contamination of drinking 

water when elevated in groundwater (Nolan et al., 1998). The concern for increased NO3
- levels 

in groundwater sources are specifically risks to human health because aquifers are drinking water 

sources.  

Groundwater accounts for 38% of the United States drinking water supply (National 

Groundwater Association, n.d.). Environmental Protection Agency (EPA) standards for NO3
- 

levels in drinking water were set to a maximum of 10 ppm under the Safe Drinking Water Act in 
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1974. This was determined based on the risk to infants for methemoglobinemia (Bureau of Toxic 

Substance Assessment, 1995). However, this act was last amended in 1996. Since this standard 

was set, numerous studies have linked elevated NO3
- to several types of cancers and adverse 

reproductive outcomes. Many of these studies indicated health risks associated with levels lower 

than the EPA standard (Ward et al., 2018). However, future studies are needed to evaluate this 

further. In the United States, the largest share of water wells for drinking water are private 

groundwater wells (National Groundwater Association, n.d.). Water quality in these private wells 

is not regulated by a governing body.  

Kansas has been determined, based on nitrogen input and aquifer vulnerability, to be 

highly susceptible to groundwater contamination (Nolan et al., 1998; Nolan et al. 2002). Some of 

the reasons for this includes the presence of the High Plains Aquifer that runs throughout western 

Kansas, as well as the high fertilizer usage in the state. The High Plains Aquifer is one of the 

largest aquifers in the United States that supplies water for irrigation and drinking water to 

millions of people. This aquifer’s depth to the water table can be as shallow as the land surface 

(USGS, n.d.).  Shallow groundwater wells have been found to be more susceptible to NO3
- 

contamination (Townsend, M., Young, D., 1995). ). Also, fertilizer application is a major 

contributor of soil nitrogen input in agricultural states, such as Kansas, and this can increase the 

risk of nitrate contamination in groundwater as well. Nitrogen rich fertilizers have been shown to 

increase NO3
- concentrations in groundwater (Almasri et al., 2004). In the Midwest, data has 

shown that NO3
- in well water is much higher than the rest of the nation (Lamond, R.E., Powell, 

G.M., Devlin, D., 1999). In one study, 28% of groundwater wells sampled in Kansas had NO3
- 

levels higher than the recommended level (Steichen et al., 1988). Another study found NO3
- 

contamination in which 4 out of 42 of the sampled wells had higher than recommended levels. 
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The shallow wells were found to have greater contamination than deeper portions (Townsend, 

M., Young, D., 1995).  

In addition, climate change plays a role and is expected to alter nitrogen concentration in 

aquatic systems due to changes in the hydrological cycle (Ward et al., 2018; Baron et al., 2013). 

Increased drought in areas causes reduced denitrification which can increase nitrogen 

transportation downstream. Increased storm severity in other areas can cause faster loading of 

nitrogen to surface and groundwaters (Baron, et al., 2013). Climate change is projected to 

increase rainfall in most regions in the U.S., particularly in the winter and spring season. The 

frequency of intense rainfall has increased in the Southeast, West, and Great Plains (Karl, 

Melillo, 2009). This is a potentially added stressor to areas already at an increased risk to NO3
- 

contamination in groundwater. Because Kansas is at increased risk for nitrate contamination due 

to the presence of shallow aquifers and the high input of nitrogen from fertilizers, it is critical 

that nitrate transport be carefully studied. In particular, it is important to study the effects of 

fertilizer application and how climate change and increased rainfall affects nitrate movement 

through the subsurface.  

1.3 Agricultural Influence  

Recent studies have shown a steady increase in agricultural demand in the United States 

(EPA, 2019; USDA, 2019). As the population increases the demand for food increases. To meet 

this demand, fertilizer utilization is also expected to grow. (Bastos & Rice, 2013). The three most 

used fertilizers are primarily nitrogen-based fertilizers, primarily phosphorus-based fertilizers, 

and primarily potassium-based fertilizers. Of these, nitrogen fertilizers (N-fertilizers) make up 

the majority and have seen the steepest rise in usage (EPA, 2019). Different fertilizers have been 

developed to keep up with this rise.  
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Quick-release (QR) fertilizers are common because of the quick availability of nutrients 

for plants (Liu et al., 2014). They typically consist of water-soluble nitrogen that can easily 

dissolve in the soil after application (Staufenbeil, J., 2018). However, controlled-release and 

slow-release fertilizers are increasing in popularity as management strategies (Liu et al., 2014). 

Slow-release (SR) fertilizers have a slower release rate but are not controlled. Conversely, 

controlled-release allow for a slower release of nutrients while having more control over rate. 

These fertilizers typically are coated in a synthetic material and release nutrients based on soil 

moisture and temperature (Staufenbeil, J., 2018). The benefit of a slower release of nutrients is 

minimizing nutrient loss and increasing the amount available to the plants (Bearden, 2014). This 

can decrease the amount of nutrients that could leach into groundwater or be lost as runoff. 

Using SR fertilizers has shown to reduce conventional fertilizer use by up to 30% while still 

obtaining the same yield (Liu et al., 2014). Although controlled and SR fertilizers are rising in 

popularity, starting costs are still higher than traditional fertilizers even though money would be 

saved over extended periods of time (Bearden, 2014).  

Not only is fertilizer used in commercial agriculture, it is also a common tool in 

residential lawncare. According to a report published by the University of Florida on consumer 

fertilizer use in the United States, only 26% of people who use fertilizer conduct soil tests prior 

to applying. (Khachatryan, H., Rihn, A., Dukes, M., 2014). Key factors in choosing fertilizers to 

purchase include word of mouth advertising, fast results, and cost. Nutrient content was not one 

of the main reasons consumers chose a particular fertilizer. SR versus QR fertilizer purchases 

were about a 50:50 ratio. (Khachatryan, H., Rihn, A., Dukes, M., 2014). Residential fertilizer use 

can be a significant source of nutrient pollution largely due to overuse and overwatering (EPA, 
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n.d). In residential use, 40-60% of the nitrogen in fertilizer can end up in surface and 

groundwaters (Mooney, C., 2015). 

1.4 Study Aims  

This study investigated the effects of precipitation events and fertilizer treatment on the 

movement of NO3
- through the subsurface in Kansas. Kansas is a primarily agricultural state and 

demands will increase as the population increases. The increased demand will lead to increased 

fertilizer use. Commercial and residential application of fertilizers can lead to excessive nitrogen 

loading on soils. Additionally, climate change is projected to increase rainfall events and Kansas 

has an elevated risk of groundwater contamination (Nolan et al., 1998; Nolan et al. 2002). Due to 

this, NO3
- contamination of shallow groundwater wells in Kansas may increase as storm 

frequency and intensity increases. This study measured the effect of rainfall events on NO3
- 

concentrations in subsurface water. The effects of distinct types of fertilizer on these 

concentrations as it relates to precipitation events was also investigated. A primarily nitrogen-

based fertilizer was used because of the popularity and availability of this type of fertilizer. This 

study compared the migration of nitrates through soils after the application of either QR or SR 

fertilizer. Due to the limitations of accessing commercial fertilizers, residential fertilizers were 

used. The emphasis was placed on fertilizer application across a gradient.  
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CHAPTER 2 

METHODOLOGY 

This field study was conducted at the Ninnescah Reserve in Kansas, a restored tall grass 

prairie. This site is 10 acres with a section of the reserve having 9 groundwater observation 

wells, one groundwater pumping well, and it is located next to the Ninnescah River. The wells 

are shallow with a maximum of 25 feet in depth. The subsurface composition consists of alluvial 

sands and vegetation at this site is native tall grass prairie species.  

2.1 Mesocosms  

Mesocosms were set up to test effects of fertilizer application on NO3
- movement through 

the subsurface. Using mesocosms allowed for sampling under more controlled conditions and 

increased replication. The mesocosms were constructed in 5-gallon buckets. See Figure 2.1 and 

Figure 2.2 for mesocosm design. 

 

Figure 2.1 Mesocosm Theoretical Design 
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Figure 2.2 Mesocosm Actual Design 

They were placed so that the tops were raised slightly above the ground to minimize 

surface runoff. The area they were placed in was dug up as a soil monolith and placed in the top 

bucket, a larger version of a soil core sample. This helped preserve the natural soil structure as 

well as preserve the native seed bank. The mesocosms were then placed in the holes. They had a 

section at the bottom for the subsurface water collection. Two 5-gallon buckets were stacked to 

allow for this collection area. The bottom of the top bucket had sections cut out with a mesh 

overlay to allow for water to pass through, but minimal soil. To obtain the water samples, the top 

bucket was lifted, and the water was sampled from the collection area. The collection area was 

then fully drained from the bucket after each sampling event. Additionally, there was a one-way 

drain in the collection area to prevent water from back flowing into the soil. The sampling 

intervals varied depending on precipitation conditions. A more detailed list of sampling dates can 

be seen in Table 2. 
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2.2 Fertilizer Application 

The mesocosms were constructed and placed at the site on March 28, 2021 – 

approximately 1 month prior to initial fertilizer application. There were two types of fertilizer 

treatments tested: QR and SR. Each fertilizer treatment had five application rates. There were 

two mesocosms of each rate within each treatment group. Both fertilizer treatments were tested 

across a gradient to increase the power of detecting a significant effect. In doing so, the results 

could be analyzed to determine a change in rate per unit. Relationships and underlying effects 

could potentially be missed if only a low application rate and high application rate were tested. 

Fertilizer selection consisted of two SR fertilizers and two QR fertilizers applied along 

this five-point gradient, with a total of four control mesocosms of zero fertilizer applied. See 

Table 1.  

TABLE 1 

TREATMENT GROUPS AND APPLICATION GRADIENT DESIGN 

Treatment 
Group 

QR Fertilizer Treatment 
(N – 28.5%) 

SR Fertilizer Treatment 
(N – 26.5%) 

Fertilizer Rates 
 

(2 Mesocosms of 
each rate) 

0 - Control 0 - Control 
0.5 0.5 
1 1 

1.5 1.5 
2 2 

 

The two brands chosen for each treatment group were mixed together, to reduce brand 

bias, and the homogenized nitrogen content was calculated. The brands chosen were selected 

from top-selling lawn fertilizers at major home improvement stores with similar nitrogen 

contents. The recommended dosage of nitrogen fertilizer was obtained from Rutgers University 
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(Heckman, J., 2003). The application rates were half the recommended dose(0.5), followed by 

the recommended dose(1), one and a half times(1.5), and double(2) the recommended dose. See 

Table 2 for fertilizer applied. These residential fertilizers were applied according to manufacture 

instructions. This resulted in both QR and SR fertilizer being applied twice. See Table 2. 

Although initial application was the same date for both fertilizer types, QR was reapplied after 6 

weeks and SR was reapplied after 10 weeks.  

The mesocosms were placed within the same 30 sq. mi area, approximately, to 

minimizing potential confounding variables related to spatial gradients. Fertilizer treatments 

were assigned using randomization to reduce bias. See Figures 2.3 and 2.4 for placement of 

mesocosms. See Table 2 and Figure 2.5 for fertilizer treatment among mesocosms. Soil moisture 

inside and outside the mesocosms was qualitatively assessed throughout the experiment using a 

soil moisture probe. This was done to evaluate if the design of the mesocosms was causing the 

soil to become drier, or more saturated than the natural soil outside the mesocosms.  

 

Figure 2.3 Selected Mesocosm Placement: Aerial View 
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Figure 2.4 Mesocosm Placement: Ground View 

 

 

Figure 2.5 Fertilizer Treatment Groups – Quick Release (QR), Slow Release (SR) and Control 
(C) Mesocosms – See Table 2 
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TABLE 2 

TREATMENT GROUPS AND FERTILIZER APPLICATION RATES 

Mesocosm Fertilizer Applied Rate % Nitrogen content Amount Applied (g) Dates Applied 

1 SR 1.5 26.5 197.31 5/21/21, 8/5/21 

2 Control 0 0 0 N/A 

3 SR 2 26.5 263.08 5/21/21, 8/5/21 

4 QR 1.5 28.5 183.7 5/21/21, 7/11/21 

5 Control 0 0 0 N/A 

6 SR 1 26.5 131.5 5/21/21, 8/5/21 

7 QR 0.5 28.5 61.23 5/21/21, 7/11/21 

8 QR 1.5 28.5 183.7 5/21/21, 7/11/21 

9 Control 0 0 0 N/A 

10 SR 1.5 26.5 197.31 5/21/21, 8/5/21 

11 SR 2 26.5 263.08 5/21/21, 8/5/21 

12 QR 1 28.5 122.47 5/21/21, 7/11/21 

13 QR 2 28.5 244.94 5/21/21, 7/11/21 

14 QR 1 28.5 122.47 5/21/21, 7/11/21 

15 QR 0.5 28.5 61.23 5/21/21, 7/11/21 

16 SR 0.5 26.5 65.77 5/21/21, 8/5/21 

17 Control 0 0 0 N/A 

18 SR 1 26.5 131.5 5/21/21, 8/5/21 

19 SR 0.5 26.5 65.77 5/21/21, 8/5/21 

20 QR 2 28.5 244.94 5/21/21, 7/11/21 

 

2.3 Background Samples 

A container to collect precipitation was placed at the site to analyze atmospheric NO3
-. At 

the beginning and end of the experiment, soil samples were collected to determine intrinsic soil 

NO3
- concentrations as well as soil organic matter content. At the conclusion of the sampling 
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events, soil core samples were obtained from each mesocosm. Soil from mesocosms of the same 

fertilizer rate and type were combined to calculate a more complete soil NO3
- concentration. 

Furthermore, there were two sampling events of mesocosms to determine initial subsurface NO3
- 

concentrations prior to fertilizer application. The control mesocosms measured natural conditions 

for both subsurface water and soil throughout the experiment as well. Finally, precipitation 

quantities were collected via an on-site weather station. 
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CHAPTER 3 

QUANTITATIVE ANALYSIS 

Concentrations of NO3
- were determined using the EPA method for cadmium reduction 

(EPA, 1992). This is a colorimetric method that uses spectroscopy to determine the concentration 

based on a sample’s absorbance value at a particular wavelength. PermaChem nitrate reagent 

packets from the Hach Company react with NO2- in the water sample and convert it to NO3
-. 

These packets are for 10mL of water per sample and can detect concentrations up to 10mg/L of 

NO3
-. This reaction causes a color change, and the water turns a red hue in the presence of NO3

-. 

The intensity of the red color is proportional to the amount of NO3
- present in the sample. This 

color is detected at a wavelength of 543nm. For this method, a standard calibration curve was 

created for known concentrations of NO3
- for each sampling and subsequent analysis event. 

Using the standard curve, an unknown sample's concentration can be determined. For this study, 

the standard NO3
- concentrations measured for this were 0 mg/L, 1 mg/L, 2mg/L, 4mg/L, 6mg/L, 

and 10mg/L.  

Prior to each analysis, samples were stored in a refrigerator overnight to allow any 

sediment to settle. Water samples were then brought to room temperature and filtered through 

nylon membrane 0.45 micron research certified filters. The reagent was added to the sample and 

mixed vigorously for one minute. The sample was allowed to sit for at least five minutes so the 

reaction could proceed. (Hach Company, 2010). Finally, the samples were measured using a 

Genesys 10S UV-Vis spectrophotometer at 543nm wavelength and absorbance was recorded. 

Absorbance was measured three times for each sample to determine an average value. NO3
- 

concentrations were then determined mathematically using these values and the standard curve 

that was created. An important aspect of this technique is that the water sample is clear prior to 
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adding the reagent. Dissolved organic matter present in the samples may cause interference in 

absorbance values.  

Rainwater was sampled using the same technique, as well as the soil NO3
- concentrations. 

The soil was soaked in a beaker of distilled water for 24 hours prior to analysis. Approximately 

10mL of water was collected from these samples, filtered, and analyzed using the cadmium 

reduction method.  

The nitrate reagent packets that were used in analysis are stated to detect concentrations 

up to 10 mg/L. Results from this study had calculated NO3
- concentrations well above this range. 

Concentration vs. absorbance values up to 10mg/L exhibited a fairly linear trend with an average 

R2 value of 0.94. See Figure 3.1. A standard curve was also created for NO3
- concentrations up to 

80mg/L to investigate the validity of samples that measured greater than 10mg/L. See Figure 3.2. 

The relationship is no longer linear at concentrations greater than 10mg/L, so calculated values 

greater than this were not accurate. As there was still an increase in absorbance values for 

increased concentrations, higher absorbance was still assumed to correlate to relatively higher 

NO3
- present in the sample. Therefore trends were still qualitatively assessed. Calculated NO3

- 

concentrations that resulted in a negative value were corrected and assumed to have a 

concentration of 0mg/L. 
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Figure 3.1 Standards: 0-10mg/L and R2 value (for standards created for 8/30/21 sampling event) 

 

 

Figure 3.2 Standards: 0-80mg/L 
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CHAPTER 4 

RESULTS 

 The data was analyzed to evaluate subsurface NO3
- concentration trends over time and 

the effect of different fertilizers and precipitation on these concentrations. The null hypotheses 

was that fertilizer and rainfall would have no effect on NO3
- concentrations. It was predicted that 

an increase in precipitation would increase NO3
- concentrations until a threshold of soil 

saturation and then denitrification would begin. It was also predicted that both fertilizers would 

cause an increase in NO3
- concentrations but QR would cause a higher initial spike and faster rate 

of increase while SR would result in a more gradual increase.  

4.1 Fertilizer Application 

 After initial fertilizer application in May, all the native vegetation appeared to have been 

killed. This was true of all rates of application except in mesocosms 7, 16, and 19 (0.5 rate). See 

Figures 4.1 - 4.4. The vegetation in the control mesocosms was unaffected. New growth was not 

seen in any other mesocosms until the December sampling event. In December-February grass, 

moss, and clover was observed in mesocosms 6, 12, 14, 15, and 18 as well.  

 

Figure 4.1 Before (left) and After (right) – Mesocosm #1 SR - 1.5 
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Figure 4.2 Before (left) and After (right) – Mesocosm #16 SR - 0.5 

 

 

Figure 4.3 Before (left) and After (right) – Mesocosm #2 Control 

 

 

Figure 4.4 Before (left) and After (center) and New Growth in December (right) -- Mesocosm 
#12 QR – 1 (red circle denoting new growth) 
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4.2 Mesocosm Water Samples 

 Subsurface water samples were analyzed for 9 months from May 9th, 2021 – February 

13th, 2022 to determine NO3
- concentrations. Subsurface water sample collection and quantity 

from mesocosms was dependent on precipitation quantity. Water samples were collected 

bimonthly during the months of May through August. After which, precipitation rates decreased 

and it was not feasible to collect more than once a month. The final three months had 

precipitation in the form of snow, rather than rain. Along with this, no sampling event found 

100% of the mesocosms with water in them. See Table 3. The percentage of mesocosms with 

available water samples increased as precipitation rates increased. More rain over a shorter 

period was ideal. As a result, sampling was highly variable and intermittent.  

TABLE 3 

SAMPLING QUNATITIES 

Date of Sampling Mesocosms with 
Water Samples (%) 

Precipitation Rate 
(inches/day) 

9 - May 55 – 

21 - May 60 0.09 

3 - Jun 95 0.22 

23 - Jun 75 0.03 

6 - Jul 75 0.22 

5 - Aug 55 0.11 

30 - Aug 45 0.01 

25 - Sep 40 0.01 

31 - Oct 55 0.12 

9 - Dec 35 0.01 

13 - Feb 20 0.001 
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To analyze this data, due to the intermittent nature, the average concentrations per 

sampling event were calculated within treatment groups. Temporal concentration trends were 

then graphed and QR and SR fertilizer types were compared. Rain data was also displayed to 

compare this to both fertilizers. See Figures 4.5, 4.6, 4.8, and 4.9. The shaded areas within these 

graphs correspond to fertilizer application events (grey – initial, green – QR reapplication, 

orange – SR reapplication). The control mesocosms never showed groundwater that had elevated 

NO3
- concentrations, as can be seen in these graphs.  

4.3 Linear Concentration Trends 

The following trends were calculated based on a linear fit to the prepared standard 

solutions. As this relationship becomes nonlinear around 10 mg/L, the concentrations are likely 

an underestimation. For fertilizer that was applied at a rate of 0.5 times the recommended dose, 

groundwater NO3
- concentrations increased for both the QR and SR. Although there were slight 

differences. There was a delay after initial fertilizer application for both types, and then a 

dramatic increase was seen due to the QR fertilizer after an influx of rain. There was an even 

further delay in in the mesocosms containing SR fertilizer. These concentrations eventually 

spiked as well but much later than the QR displayed. At this point, the mesocosms containing the 

SR no longer produced water for sampling. Thus, only the QR trends could be calculated from 

July until February for this application rate. The QR fertilizer appears to have caused an even 

greater increase of groundwater NO3
- concentration following the spike in rainfall in mid-July 

and the second application of QR fertilizer. This fertilizer saw rapid declines as well following 

these dramatic increases.  

Similar trends were seen for fertilizer applied at the recommended rate (1). NO3
- 

concentrations increased sharply following initial application. The SR fertilizer had a slight delay 
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at this rate as well, but to a much lesser extent than at the 0.5 rate. While both fertilizers caused 

an increase in NO3
-, the QR shows a greater magnitude of increase and the maximum 

concentration detected is relatively greater than the SR fertilizer. Overall both fertilizer types 

exhibit similar trends with SR concentrations lagging. The QR showed dramatic decreases as 

well to concentrations lower than that of the SR. This was likely due to a quick influx of NO3
- 

after the rainfall and subsequent quicker flushing of NO3
- through the soil than SR. Neither 

fertilizer type showed NO3
- concentration decreasing to initial groundwater levels and 

interestingly, SR increases slightly after a snow event and stays elevated above the QR.  

At a fertilizer rate of 1.5 times the recommended application, again similar trends were 

seen. NO3
- concentrations increased dramatically after initial fertilizer application and the rainfall 

events seen in May. QR caused higher NO3
- concentrations than SR and both fertilizer types saw 

a decline in concentrations following this, even after a spike in rainfall. NO3
- concentration due 

to QR declined following the second application of this fertilizer type but began increasing again 

shortly after an increase in rainfall. The concentration did not reach the levels seen with the 

initial application. SR increased again as well after the second application of this fertilizer type. 

Again, not to the levels seen initially. This rate also shows SR increasing concentrations slightly 

above that of QR but the overall trend for both fertilizers is a decrease in concentration over 

time.  

 At a rate of 2 times the recommended dose, QR fertilizer caused an immediate and sharp 

increase of NO3
- concentrations. SR again saw a delay but increased as well following the 

increase in rainfall. For this rate, SR appears to have caused greater NO3
- concentrations than QR 

fertilizer. This fertilizer type increases until the second application and then decreases 

concentrations as sharply as they increased with only a slight increase in August and 
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concentrations level out for the remainder of the sampling events. QR increases again as well 

following the second application with a subsequent decrease.  

All fertilizer application rates caused a sharp increase in NO3
- concentrations following 

initial fertilizer application. Rates 0.5, 1, and 1.5 showed a delay in initial increase for both QR 

and SR fertilizer. SR fertilizer showed an even further delay and increased at a slower rate than 

QR. This was more pronounced at the 0.5 rate of application. At a rate of 2 times the 

recommended dose, QR did not follow this pattern and instead increased NO3
- concentration in 

groundwater immediately following the initial application event. Both fertilizer types also 

increased NO3
- concentrations following the second application events, although not always 

immediately and not always to a concentration greater than the initial increase. Only the rates 0.5 

and 2 show concentrations that are higher than the initial upper limit. At the 0.5 rate, QR exhibits 

this trend and at 2 SR exhibits this trend. Additionally, all rates show that SR causes a slight 

increase following the snow in January and February to concentrations greater than that of QR. 

NO3
- concentrations never return to levels seen at the start of the experiment and remain over 

10mg/L nine months later.  
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Figure 4.5 Linear Calculations - Quick Release Fertilizer Nitrate Concentration Trends 

 

 

Figure 4.6 Linear Calculations - Slow Release Nitrate Concentration Trends 
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4.4 Logarithmic Concentration Trends 

 Due to the fact that the concentrations calculated based on a linear fit are likely severely 

underestimated when they are more than 10 mg/L, these concentrations were recalculated based 

on a logarithmic fit to the standards graphed from 0-80 mg/L. This can be seen in Figure 4.7. 

This resulted in more accurate concentrations past 10 mg/L. Trend data was reevaluated using 

this line of best fit equation and the resulting trend graphs can be seen in Figures 4.8 and 4.9.  

 

Figure 4.7 Nitrate Concentration Standards – Logarithmic Line of Best Fit 
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Figure 4.8 Logarithmic Calculations - Quick Release Fertilizer Nitrate Concentration Trends 

 

 

Figure 4.9 Logarithmic Calculations - Slow Release Fertilizer Nitrate Concentration Trends 
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 It was assumed that at a concentration greater than 80 mg/L the absorbance value would 

no longer increase as there is a limit to the reagent’s ability to react with the nitrate present in 

samples. This threshold value is not seen in Figure 4.7 and therefore the logarithmic line of best 

fit assumes that concentrations beyond 80 mg/L continue to follow a slight increase in 

absorbance and can be calculated by the equation. Therefore concentrations beyond 80 mg/L are 

likely to be an overestimation.  

This can be seen in the concentration trends that were generated in Figures 4.8 and 4.9. 

The highest NO3
- concentration calculated for both fertilizer types was over 1 million mg/L. This 

is significantly higher than the milligrams of nitrogen added to the soil and is therefore 

inaccurate and an overestimate. Trends were still qualitatively assessed as this line of best fit 

resulted in higher accuracy of calculated concentrations from 0-80 mg/L. The correct 

concentrations are likely between those calculated from the linear line of best fit and logarithmic 

line of best fit. Due to the overestimation of samples with a high concentration of NO3
-, small 

changes in trends cannot be seen as they could be in Figures 4.5 and 4.6. QR fertilizer was 

shown to cause higher increases in NO3
- concentrations in subsurface water than SR fertilizer as 

well as a higher rate of increase, particularly in QR 0.5 rate. The fertilizer treatments that had the 

highest increases in NO3
- concentration under this calculation method were QR 0.5 and SR 2. 

Control mesocosm concentrations were still calculated to be approximately 0 mg/L throughout 

the experiment. Similarly to the trends seen under the linear calculation method, NO3
- 

concentrations increased after initial fertilizer application and for certain fertilizer rates increased 

again after the second application. This is most notably seen in QR 0.5. Furthermore, the data 

shows that the concentrations are still elevated above 10 mg/L almost a year after initial fertilizer 

application.  
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4.5 Organic Matter Interference 

After the initial fertilizer application, dissolved organic matter (DOM) began to be seen 

in some of the water samples after filtration. This was potential interference with absorbance 

values as organic matter can sometimes be absorbed under similar wavelengths as NO3
-. 

However, the DOM present in the samples displayed a brown discoloration whereas cadmium 

reduction caused a color change to a red discoloration. See Figure 4.10.  

 

Figure 4.10 Dissolved Organic Matter Discoloration 

It was hypothesized that at this wavelength, the red was being absorbed rather than the 

brown. To test this the absorbance of discolored samples was measured at 543nm prior to using 

the cadmium reagent, and absorbance was again measured after the sample underwent cadmium 

reduction. There were 14 samples measured in this way. All 14 samples had absorbance values 

that when measured against the standard solutions would have equated to a concentration of 

0mg/L. If the DOM were interfering with the absorbance values, it was predicted that as the 

absorbance increased for the samples with no regent added, the absorbance would also increase 

for the samples after the reagent was added. This was proven incorrect, and an inverse 

relationship was seen instead. See Figure 4.11. Also, the darkest sample tested did not have the 



28 
 

highest absorbance value prior to adding the reagent as would be expected if there was 

interference. This led to the conclusion that the absorbance values measured in water samples 

could be attributed to the presence of NO3
- in the samples.  

 

 

Figure 4.11 Organic Matter Interference Correlation 

The trends in discoloration were also analyzed to investigate whether there was a 

relationship with fertilizer type and rate. This data was based on qualitative observations and a 

standardized scale was created to rate the intensity of discoloration. This scale had values from 

0-4 with 0 representing no discoloration and 4 being the darkest samples. The samples were rated 

each time and then the averages were calculated. This is displayed in Figure 4.12. Throughout 

the experiment the control mesocosms did not have discolored samples. There was an isolated 

event in which mesocosm #5 displayed a discoloration of 2 but this was an outlier as this did not 

occur any other time nor for any other controls. For this reason, in Figure 4.12 the discoloration 

intensity for the control group is slightly more than 0.  
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Figure 4.12 Average Discoloration Intensity vs. Fertilizer Rate 

Overall, the intensity of discoloration increased as the rate of application increased. QR 

showed a higher intensity of discoloration while SR exhibited an interesting trend. It should be 

noted that SR 0.5 had a higher than expected average because mesocosm 16 showed a 

discoloration intensity of 3 after initial fertilizer application and the rain in May. This was an 

outlier and caused an inflated average. If this outlier were removed, SR would exhibit a similar 

trend as QR but with a lesser intensity on average.  

Linear regression was conducted to analyze the strength of the predictor variables 

(fertilizer treatments) on the discoloration intensity. See Table 4 and Figure 4.13. The R2 value 

for QR fertilizer was 0.86 while the R2 value for SR was 0.13. This indicated that 86% of the 

variance in discoloration can be accounted for because of the QR fertilizer and 14% of variance 

is due to outside factors. Only 13% can be accounted for due to SR fertilizer while 87% may be 

due to outside factors. The outlier in the SR calculations could account for this. QR fertilizer is 

therefore a better predictor variable for discoloration intensity than SR based on this data.  
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TABLE 4 

LINEAR REGRESSION – FERTILIZER EFFECTS ON DISCOLORATION INTENSITY 

Regression Statistics - QR  Regression Statistics - SR 
Multiple R 0.927316121  Multiple R 0.35868 
R Square 0.859915188  R Square 0.128651 
Adjusted R Square 0.844350209  Adjusted R Square 0.041516 
Standard Error 0.466706707  Standard Error 0.938254 
Observations 11  Observations 12 

 

 

Figure 4.13 Predicted Discoloration Intensity 

4.6 Soil Organic Matter 

 Due to the DOM observed in the treatment samples, an organic matter loss on ignition 

method test was conducted at the conclusion of the study. Under this method, soil samples from 

each treatment category and control were initially dried in an oven and then ignited in a furnace 

for 2 hours at 360 degrees C. This was based on methodology suggested by (Nelson, D.W., 

Sommers, L.E., 1996). Organic carbon was then calculated as a percent weight lost for each 
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sample. Soil samples were divided based on fertilizer type and rate of fertilizer application. 

Figure 4.14 is displaying the averages of the results for each fertilizer type as compared to the 

results for the control mesocosms where no fertilizer was applied. These results suggest an 

overall increase in organic matter content for mesocosms treated with fertilizer. However, 

replication was not utilized therefore significantly reducing the power of detecting an effect for 

this particular test. These preliminary results can be used as a starting point for future studies. 

 

Figure 4.14 Percent Soil Organic Matter by Treatment Type 

4. 7 Soil Nitrate and Moisture Testing 

 Soil moisture tests did not find that soil conditions were any different inside the 

mesocosms than they were outside. 

Initial soil samples that were collected and tested for background soil NO3
- concentration 

were found to have 0mg/L of NO3
- after soaking. This was not true of soil samples taken after 

the experiment concluded. See Figure 4.15. NO3
- concentration increased with increased 

application rate for SR fertilizer. QR fertilizer exhibited concentrations that did not follow a 
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specific trend.  These concentrations were calculated using the logarithmic line of best fit 

equation.  

 

Figure 4.15 Soil Nitrate Concentrations after Fertilization 

Linear regression was conducted on this data as well. See Table 5 and Figure 4.16. The 

R2 value for QR for soil NO3
- concentrations was 0.28 and for SR was 0.95. It was determined 

that SR fertilizer was a good predictor variable for retained soil NO3
- whereas QR fertilizer was 

not. While this was not surprising due to the nature of these fertilizer types, it is worth noting that 

this was detected 10 months after initial application which has implications for potential long 

term consequences of fertilizer application.  

 

TABLE 5 

LINEAR REGRESSION – FERTILIZER EFFECT ON SOIL NITRATE CONCENTRATIONS 

QR Regression Statistics  SR Regression Statistics 
Multiple R 0.528866292  Multiple R 0.97295998 
R Square 0.279699555  R Square 0.946651122 
Adjusted R Square 0.039599407  Adjusted R Square 0.928868162 
Standard Error 2.712951672  Standard Error 1.486585356 
Observations 5  Observations 5 
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Figure 4.16 Predicted Soil Nitrate Concentrations 

4.8 Rainwater 

 Rainwater that was collected at the field site was analyzed for atmospheric NO3
- 

concentrations at each sampling event. Water samples for this were collected for 54% of the 

sampling events. Again, any samples that the calculated NO3
- concentration was a negative 

number were corrected to 0mg/L. Overall atmospheric NO3
- was negligible as 100% of the 

samples resulted in calculated concentrations of 0mg/L. 

4.9 Sample Verification 

 The final stages of the experiment including sending samples to the Kansas State 

University (K-State) Department of Agronomy water analysis lab for outside verification of 

concentrations. Table 6 displays actual lab concentrations versus calculated experimental 

concentrations. The experimental concentrations were calculated using the logarithmic line of 

best fit equation. 
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TABLE 6 

EXPERIMENTAL VS. K-STATE NITRATE CONCENTRATIONS 

Sample # Experimental 
Concentration (mg/L) 

Actual Concentration 
(mg/L) 

1 17.5  572 
2 19.4 1367 
3 23.4 754 
4 23.6 1022 
5 25.0 1163 
6 33.0 1232 
7 33.0 920 
8 45.4 824 
9 52.4 834 
10 56.2 546 

 

 Actual concentrations had no correlation relative to calculated concentrations and were 

significantly higher than expected. The assumption that the intensity of color indicated relative 

concentrations was also disproven. Under this assumption it was expected that as the calculated 

experimental concentration increased the actual concentrations measured at K-State would also 

increase. As can be seen in Figure 4.17 this was incorrect and there was insignificant correlation 

detected. Upon reflection and recalculation of original fertilizer application amounts, a 

miscalculation was discovered that caused excess fertilizer to be added than was intended. 

Ultimately a minor decimal miscalculation resulted in 100 times more nitrogen added to the soil 

upon application events than was intended. This caused over-fertilization in all treatment types 

and concentrations too high to accurately detect with the spectroscopy method used in this study.  
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Figure 4.17 Experimental vs. K-State Nitrate Concentrations 

 Using the samples that were tested at K-State, more accurate effects of fertilizer treatment 

type and rate on NO3
- concentrations were evaluated utilizing the same techniques employed in 

this study. While this data set was limited, it does suggest that NO3
- concentrations are increasing 

with increasing rates of application. See Figure 4.18. This resulted in increased confidence in 

trend data from this study as well as an increased confidence in the methods employed in this 

study. 

 

Figure 4.18 K-State - Nitrate Concentrations vs. Fertilizer Application 
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CHAPTER 5 

DISCUSSION 

 It was hypothesized based on previous studies and the geology of the selected research 

site that NO3
- concentrations would increase until they reached a threshold of soil saturation, at 

which point other processes would take over (ie. denitrification). It was also expected that they 

would increase with increased rainfall. Additionally, the QR fertilizer was expected to have 

increased leaching from increased rainfall and the absence of surface runoff. It was theorized that 

it would have a higher initial spike than SR. SR fertilizer was expected to cause a more gradual 

increase of NO3
- in the subsurface as rainfall increased. 

Overall, these expected trends were seen. There was a peak NO3
- concentration seen in all 

rates tested. QR was also observed to cause a higher initial spike than SR. SR also caused a more 

gradual increase of concentration. This was likely because QR is readily released into the soil 

and can travel through the subsurface faster, which in turn leads to sharp declines. Whereas the 

mechanism by which SR fertilizer works is a slower release of nutrients over time which can 

account for the more gradual increase. However, SR can behave like QR in the presence of 

heavy rains. This can be seen in the dramatic increases in NO3
- concentrations following the 

increase in rain in May. In fertilizer application rate 2 this is also seen by a second spike of 

concentrations in SR following the greatest rainfall amount in July and reapplication of this 

fertilizer type.  

Higher than expected NO3
- concentrations are likely because the vegetation was killed for 

most rates of fertilizer application, although there was less die-off for the 0.5 rates. It is highly 

likely that the recommended rate of nitrogen applied did not translate to the native prairie 
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system's needs. Tall grass prairies are highly productive grasslands and therefore may not need 

as much nitrogen supplementation. Future studies should be wary of this and adjust accordingly. 

Another factor that may help reduce the plant loss is if the soil in the mesocosms is allowed to 

settle for a growing season prior to the start of the experiment. Time constraints in this study did 

not allow for more than a month of acclimatization. This may allow the soil structure and 

microbiome within to fully recover after transplantation into the mesocosms. However, this data 

was likely inaccurate and there is decreased confidence in the resulting trends generated of NO3
- 

concentrations over time.  

The consistency of water collection could be improved in future studies as well. 

Variability in soil compositions across mesocosms could account for this as well as the lack of 

plants to uptake water. Some areas of soil were heavier in clay which would explain the lack of 

water movement. In the future, for mesocosm placement, eliminating areas heavy in clay would 

be ideal. 

In regard to inaccurate NO3
- concentrations beyond the 10mg/L limit of the reagent 

packets, multiple steps could be done differently to obtain better results in future studies. First, 

there are reagent packets with higher concentration limits that could be used. Second, adjusting 

the amount of nitrogen added to the soil would result in lower nitrate concentrations which 

would increase accuracy. Finally, limiting DOM in the groundwater to ensure the samples are 

clear could help. This effect was only seen in treatment groups and could have been due to 

multiple factors. Organic matter content within soils has been known to change with seasons. 

Mineral fertilization can also either decrease the DOM content or increase it due to increased 

decomposition processes and a change in the soil pH (Kalbitz, et al., 2000; Liu, et al., 1995; 

Rosa, 2018). In this experiment, it was likely the latter because of the excessive addition of 
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nitrogen and vegetation losses. Although, this interference was suspected to be negligible when 

analyzing samples for concentration.  

Finally, an alternative method to determine NO3
- concentrations may be necessary. 

Cadmium reduction may be inappropriate for NO3
- analysis. There are alternative spectroscopy 

methods to determine NO3
- concentration in water samples. One of which includes 2nd 

derivative UV spectroscopy techniques as was discussed in Simal, et al., 1985; Pons, et al., 2017 

and Ferree, Shannon, 2001. This technique can be difficult in practice as well and requires a 

machine able to calculate and display the 2nd derivative spectrum.  

 Ultimately though, applying correct fertilizer and nitrogen amounts to treatment types 

will test the intended parameters for this study. When calculated correctly, the resulting nitrate 

concentrations in groundwater would be likely be low enough to detect using the spectroscopy 

method.  
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CHAPTER 6 

CONCLUSION 

In this study, mesocosms were chosen and placed at a field site to evaluate the effects of 

NO3
- concentrations in a more natural setting and to allow for the effects of natural rainfall. 

Although the miscalculated fertilizer amounts applied resulted in low confidence of calculated 

NO3
- concentrations and resulting trends, there were still several conclusions that resulted from 

this study.  

First, NO3
- concentrations were shown to be elevated, although to what extent needs 

further evaluation. Furthermore, it was determined that organic matter was not causing an 

interference with this spectroscopy method and the soil organic matter results show a potential 

relationship that should be investigated by future studies.  

The increased concentrations in the subsurface water samples suggest NO3
- movement 

past the root zone and the potential for contamination of groundwater. This is especially true in 

the presence of extreme over-fertilization. NO3
- concentrations in this study were still observed 

to be greater than 10mg/L almost a year after initial fertilization. This emphasizes the need for 

fertilizer applicants to better understand their soil's nitrogen requirements prior to application as 

there is likely long-term consequences after an over-fertilization event. It is typical for 

groundwater and surface water to be hydraulically connected especially in shallow groundwater 

systems. This study can and should be redone with the intended and correct fertilizer amounts 

added. Future studies at this site could also sample well water and surface water to explore all 

possible interactions.  
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