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Abstract: Water bodies in Oklahoma are primarily fed by runoff, making bacterial and 

nutrient contamination of surface runoff a significant water quality concern. The purpose 

of this thesis was to determine the impacts of grazing and vegetation cover on bacterial 

and nutrient concentrations and loadings in surface runoff at the field scale in 

northcentral Oklahoma. To address these concerns, I measured Escherichia coli (E. coli), 

total Kjeldahl nitrogen, total phosphorus, and ortho-phosphate concentrations and 

loadings from 10 experimental watersheds at the Cross Timbers Experimental Range, 

Stillwater, Oklahoma. Results showed that E. coli concentrations of runoff from the 

grazed prairie watershed with the higher stocking rate, were significantly greater than 

concentrations from ungrazed watersheds. Total Kjeldahl nitrogen concentrations were 

greatest from eastern redcedar (Juniper virginiana) woodland watersheds compared to all 

other land uses measured in the study, but small sample sizes created problems with 

detecting statistical significance. Total phosphorus concentrations and loading were 

lowest from switchgrass (Panicum virgatum) watersheds, but this was not the case with 

measurements for Ortho-P. Loading values were influenced by runoff volume because 

the more volume associated with an event, the more nutrients in total mass that are 

carried downstream. In cases where watershed covers of forest and grassland differ 

substantially, differences in runoff volume dictate loading differences rather than land 

use. Using concentration to compare water quality between watersheds in these instances 

should be implemented. These results indicate that cattle grazing and eastern redcedar 

impact the water quality of runoff, and land management practices such as biomass 

feedstock production systems have added benefits by reducing total phosphorus 

concentrations of runoff and loadings to streams.  
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CHAPTER I 
 

 

Impacts of Cattle Grazing, Vegetation Cover, and Wildlife on E. coli Contamination of Surface 

Runoff 

 

Abstract 

Bacterial contamination of surface runoff that flows into larger bodies of water is a public 

health concern. However, previous studies found that the primary contact standard is often 

exceeded due to natural sources of Escherichia coli (E. coli). This study aimed to determine the 

impacts of grazing, vegetation cover, and wildlife on E. coli concentrations and loadings in 

surface runoff, evaluate the correlation of wildlife abundance and E. coli contamination of runoff, 

and compare the E coli concentrations to the primary and secondary body contact standards set by 

the EPA. 

I monitored runoff volume and measured E. coli concentrations from 10 experimental 

watersheds at CTER, which differed in vegetation cover and access by cattle. Data from camera 

traps were used to create and compare models based on factors that predict abundance. The 

grazed prairie watershed (8,878 MPN per 100 mL) had the highest E. coli concentrations, 

although this was not significantly different from any of the other watersheds except ungrazed 

prairie (237 MPN per 100 mL). Eight out of 10 watersheds at CTER had E. coli concentrations 

greater than the primary body contact standard.  Watersheds with woody vegetation cover had
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lower E. coli loading in comparison to those with grassland cover likely due to the differences in 

runoff volume. Zero-inflated modeling of the game camera data with the Akaike information 

criterion (AIC) selection process revealed that the interaction between vegetation cover and 

season, and the presence of grazers were important variables to determine wildlife abundance. 

However, although the ungrazed watersheds exceeded the primary body contact standard, I did 

not find a significant correlation between E. coli concentration and the average number (rho = 

0.19) and the modeled number of wildlife (rho = 0.24) in a 24-hour period. Based on these data, 

cattle management affected bacterial concentrations even at low stocking rates, and wildlife was a 

major source of contamination, but game cameras alone are not sufficient to quantify this source. 

This study indicates that attaining the primary body contact standard set by the EPA is not 

feasible for runoff associated with agricultural land use.  

Keywords: E. coli, Runoff, Wildlife, Cattle Grazing 

Introduction 

Bacterial contamination of water bodies used for recreation is a public health risk that has 

been addressed jointly by the United States Environmental Protection Agency (EPA) and the 

Center for Disease Control (CDC) (EPA, 2018). With surface runoff as the primary source of 

water for Oklahoma’s streams and reservoirs (Zou et al., 2010), it is critical to quantify the 

relationship between bacterial contamination of surface runoff and the land use practices of the 

watershed (Harris et al., 2018). However, this is a challenge because the inconsistency in water 

quality measurements due to the timing of rainfall events in relation to sample collection and 

wildlife sources of bacteria has led to the labeled impairment of water bodies that do not have a 

land use associated with anthropogenic impact (Wagner, 2011).  

To ensure water bodies are safe for primary body contact recreation, the EPA defined the 

acceptable levels of bacterial contamination for recreational use to be anything below a geometric 

mean for at least 5 samples of 126 colony forming units (cfu) per 100 mL of water for 

Escherichia coli (E. coli) testing (EPA, 1986; EPA, 2012). E. coli is often used to assess the 
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safety of freshwater resources because this bacterial species is an indicator of recent fecal 

contamination, which could contain pathogens known to cause illness in people (Petersen et al., 

2018; Jeng et al., 2005; Jamieson et al. 2004; EPA, 1986). Using this benchmark to evaluate 

stream health has resulted in the labeled impairment of 2,722 stream miles in Oklahoma due to E. 

coli contamination (ODEQ, 2021). Additionally, this assessment determined that grazing in 

riparian zones or shoreline zones, wildlife other than waterfowl, and rangeland grazing are three 

of the top five potential sources of stream impairment for the state with each impacting 

approximately 6,000 river miles (ODEQ, 2021). A large portion of the contamination associated 

with the top potential sources is due to E. coli contamination, but these sources also impact 

sedimentation and nutrient impairment.  

The majority of the cross timbers ecoregion is rural and used extensively for grazing and 

agriculture (Thomas and Hoagland, 2011; Stallings, 2008). There is a wealth of information on 

the overall increase in bacterial, nutrient, and sediment contamination of runoff from watersheds 

that have grazing cattle compared to those that are not grazed (O’Callaghan et al., 2019; Harmel 

et al., 2010; McDowell et al., 2006; Jamieson et al., 2004). The general theory is that as grazers 

are added to a watershed, the increase in fecal matter on the land area they inhabit contaminates 

rainwater during runoff events. However, there is reason to believe that the contamination found 

in these past studies is not solely due to the presence of cattle alone. Hong et al. (2018), Harmel et 

al. (2010), and Jamieson et al. (2004) independently discussed the importance of understanding 

how wildlife influences contamination and the need to quantify the “background” levels in 

various watersheds.  

Prior studies directly and indirectly measured the background levels of E. coli and other 

contaminants. Control sites from previous studies provide insight into the levels of contamination 

with no cattle present. Harmel et al. (2010) found that there was no significant difference between 

bacterial contamination of runoff from a small watershed reported impaired by dairies and one 
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that was deemed unimpacted by grazing. For the sites deemed “unimpacted,” the mean E. coli 

concentrations were 1,446 colony forming units (cfu) per 100 mL and 941 cfu per 100 mL 

compared with the “impacted” sites that had mean E. coli concentrations of 1,817, 1,678, and 935 

cfu per 100 mL. These similar concentrations of E. coli in both “impacted” and “unimpacted” 

watersheds far exceed EPA standards for primary body contact. In addition, Wagner (2011) found 

E. coli concentrations in runoff from ungrazed pastures in the east central Texas plains ecoregion 

ranged from 410 cfu per 100 mL to 261,000 cfu per 100 mL with a median of 7,600 cfu per 100 

mL and in the Texas Blackland prairie ecoregion ranged from 110 cfu per 100 mL to 21,000 cfu 

per 100 mL with a median of 4,450 cfu per 100 mL. These high background concentrations 

indicate that the current EPA water quality standards are not appropriate for application to runoff 

in ephemeral streams but rather should only be applied to baseflows and reservoirs (Wagner, 

2011). Also, quantifying the variability of these background concentrations and loadings in 

different environments is necessary as background values may vary greatly across different land 

uses and ecoregions (Rafi et al., 2018; Chen and Chang, 2014; Petersen et al., 2018; Davies-

Colley et al. 2008). 

In order to address background sources of E. coli, the impact of vegetation cover on the 

wildlife abundance and behavior should be considered. Vegetation is one of the primary factors 

influencing the habitat choice of animals. If animals are more abundant or tend to spend more 

time in a certain vegetation cover, then the frequency of fecal deposit and, therefore, E. coli 

concentrations in surface runoff is likely to increase. In the cross timbers ecoregion, small 

mammalian (e.g., rodent) communities tend to have the greatest diversity in tallgrass prairies 

compared to riparian woodlands (Horncastle et al., 2005). Eastern redcedar encroachment into 

tallgrass prairie decreases animal species richness and diversity by causing one species, white-

footed mice (Peromyscus leucopus) to dominate the rodent community in comparison with prairie 

vole (Microtus ochrogaster), fulvous harvest mouse (Reithrodontomys fulevescens), and cotton 
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rat (Sigmodon hispidus) (Horncastle et al., 2005). Feral hogs (Sus scrofa), racoons (Procyon 

lotor), eastern cotton tail (Sylvilagus floridanus), and nine-banded armadillos (Dasypus 

novemcinctus) depend on vegetation as food sources as well and have been described as 

significant contributors to E. coli through fecal matter (Parker et al., 2013). Seasonality and 

climate also play a role when it comes to habitat choice of wildlife. Premathilake (2018) found 

that the detection probabilities of mesocarnivores were altered due to seasonality. In addition, 

white-tailed deer (Odocoileus virginianus) movement radically changes in response to breeding 

seasons when bucks dramatically increase the area where they spend time (Holtfreter, 2008). 

Climate can impact forage availability and therefore species behavior. For instance, white-tailed 

deer rumens have a greater percentage of forbs in wet years and browse during dry years, most 

likely due to resource availability (Dillard et al., 2006). Therefore, seasonality should also be 

examined as an explanatory variable for analyzing wildlife habitat preference and E. coli in 

runoff.  

In addition to influencing wildlife preference as a food source, vegetation type directly 

impacts runoff contamination by its effect on hydrologic processes and water budget. Healthy 

vegetation cover on a land surface compared with bare ground increases the quality of the soil 

and the water quality of surface runoff (Butler et al., 2007; Mohammad and Adam, 2010; 

Bhandari et al., 2017). Additionally, native and non-native vegetation have been successfully 

utilized as riparian buffers for mitigating the negative effects of land uses on water quality for 

grasslands and forests around the world (Chase et al., 2016; Udawatta, 2010; Schmitt et al., 

1999). The key to improved water quality in runoff is a high and consistent ground cover. 

Compared to cropland, well-managed grasslands and forests increase the water quality of surface 

runoff by increasing infiltration and interception. When these two components in the water 

balance increase, the runoff generally decreases, diminishing its ability to carry sediments and 

other contaminants (Lyons et al., 2000; Dosskey et al., 2018).  
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Although previous research highlighted the impact of cattle grazing and vegetative cover 

on water quality, there is a lack of research that addresses these factors as a combined treatment 

effect. In addition, previous works on wildlife have either described habitat selection or utilized 

control sites to determine wildlife E. coli sources, but no studies have tied these ideas together to 

examine how habitat selection by wildlife is reflected in E. coli contamination. Therefore, the 

three goals of this study are to: 1) examine the influences of cattle grazing and vegetation type on 

E. coli concentration and loading, 2) compare the concentrations in water quality from the 

watersheds at CTER to the primary and secondary body contact standards, and 3) evaluate the 

correlation of wildlife abundance and E. coli contamination of runoff. 

Materials and Methods: 

Site Description 

This study took place from April 2020 through October 2021 at the Cross Timbers 

Experimental Range (CTER), a rangeland area dedicated for agricultural research purposes and 

managed by Oklahoma State University. CTER is located approximately 18 km southwest of 

Stillwater, Oklahoma (Zou et al., 2014). The climate of this region is highly variable with 

substantial seasonal variation. From 2005 to 2019, the nearest Oklahoma Mesonet weather station 

at Marena, located approximately 2.5 km from CTER, recorded an annual average temperature of 

15.6˚C, average minimum temperature in January of -3.3˚C, and an average maximum 

temperature of 33.9˚C in July. The annual rainfall for this area is around 890 mm with wet spring 

and fall and comparatively dry winter and summer (Qiao et al., 2017). 

Previous studies established ten experimental watersheds to study water budget and 

sedimentation processes based on the dominant vegetation types (oak forest, eastern redcedar 

woodland, and tallgrass prairie) in CTER (Zou et al., 2014; Qiao et al; 2017; Zhong et al., 2021). 

For the purposes of this study, the names of each of the watersheds corresponded with the access 

to grazers (G- Grazed and U-Ungrazed) and the vegetation cover type (O-oak forest, R- eastern 

redcedar, S-switchgrass, and P-prairie). The numbers associated with each of the watersheds are 
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used to differentiate the watersheds of the same grazer access and vegetation cover from one 

another. The numbers associated with the replicates correspond as closely to those used by 

Schmidt (2021) as possible, but the names from her study did not include grazer access. Initially, 

each vegetation type had at least three watersheds as replicates – oak forest (GO1, GO2, GO3), 

eastern redcedar woodland (UP2, US2, GR1, GR2), and tallgrass prairie (US1, UP1, GP1) 

(Figure 1.1). In 2015, eastern redcedar in UP2 and US2 were removed to restore to native prairie 

(UP2) and plant switchgrass (US2) (Qiao et al., 2017). Vegetation in US1 was treated with 

herbicide in 2015 and planted to switchgrass in 2016.  Since 2017, UP1, UP2, US1, and US2 

were fenced to prevent cattle access (Figure 1.1). Switchgrass watersheds (US1, US2) were 

managed with annual harvest of aboveground biomass.  

The slopes of these watersheds are less than 5%. The soils are well drained, consisting 

predominately of the Stephenville–Darnell complex (StDD), Coyle soil series (Coy, CoyZ), and 

Grainola–Lucien complex (GrLE) (Table 1.1). The average depth of soil is approximately 1 m 

underlain by sandstone substrates. The understory or ground cover differs greatly in grass cover 

depending on the type of vegetation. For prairie and switchgrass watersheds (UP1, US1, US2, 

UP2, GP1), grass cover ranges from 59.9 – 90.2% but grass cover ranges from 2.5 – 33.2% for 

oak forest and eastern redcedar watersheds (GO1, GO2, GO3, GR1, GR2). The cover of woody 

plant, forbs and bare ground vary greatly among individual watersheds (Table 1.2). 

Runoff measurement 

I installed ISCO Avalanche Portable Refrigerated Samplers equipped with a 720 

Submerged Probe Module in the stilling well and a suction line attached to a strainer in the H-

flume outflow in all watersheds (Grant and Dawson, 1991). All samplers were powered using 

solar panels wired to marine batteries. The 720 Submerged Probe Module measured the depth of 

the water in the stilling well every minute. This depth information was used by the ISCO 

Avalanche Portable Refrigerated Sampler to calculate the flow of water moving through the 



8 
 

flume every 5 minutes. We programmed the samplers based on a flow interval so that each took a 

sample for every 0.5 mm of runoff that comes through the H-flume (Harmel, 2006). This sample 

interval was different depending on the size of the watershed, as watersheds with greater areas 

required larger sampling intervals in cubic feet. During a runoff event, the ISCO Avalanche 

Portable Refrigerated Sampler drew samples from the water moving through the H-flume based 

on the flow interval and the samples were composited into a five-gallon bottle.   

During the study, it became apparent that the threshold for sample collection at grassland 

sites was not appropriate for collecting regular samples at forested sites. To account for this, these 

sites were programmed to sample when the water depth of the flume reached 14 mm on May 16th, 

2021. This accounted for 28 out of 38 (74%) of the samples for E. coli from the forested 

watersheds. 

E. coli Count 

Once collected, the composite sample was split, providing 111 mL for E. coli testing and 

the rest for other water quality analysis. Subsamples were stored between 0 and 10 oC and away 

from any light sources according to the Colilert-18 test manual (Crane et al., 2006). Within 5 

hours of collection, the bottles containing the samples were gently shaken to ensure the bacteria 

became suspended in the solution. The subsample was used for three tests: a 100 mL sample, a 10 

mL with 90 mL dilution, and a 1 mL with 99 mL dilution. Next, one pack of the Colilert-18 

reagent (IDEXX) was added to each dilution and shaken. After the reagent had dissolved, I 

poured the sample into the Quanti-Tray*/2000 and then sealed it with the IDEXX Quanti-Tray 

Sealer. Once sealed, the Quanti-Tray*/2000 was incubated at 35±0.5 degrees oC for 24 hours 

(IDEXX). After the incubation period, the concentrations for the samples were quantified using 

the IDEXX Quanti-Tray*/ 2000 MPN Calculator. Utilizing this method to make direct 

comparisons between MPN and cfu has been verified as valid and is common practice in current 

research (Hulvey et al., 2021; Kinzelman et al, 2005).  
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Vegetation Characterization 

Ground cover for the watersheds was evaluated using visual estimation with the 

Daubenmire method. For each watershed, the percentages of grasses, forbs, bare ground, and 

litter were visually estimated and placed into a coverage class corresponding to the estimated 

percentage for twenty 0.5 m2 plots (Floyd and Anderson, 1987; Symstad et al., 2008). Error for 

visual estimation was minimized across sampling in that all the observers had equal experience 

and training and consensus between two observers was utilized (Morrison, 2016). The plots used 

were the same as the ongoing clip plots that began with Schmidt et al. (2021) lending to 

comparison with previously defined vegetation covers for the watersheds in the study. 

In order to evaluate canopy coverage of the watersheds, I used the classify tool in 

ArcMap 10.8 with 1-meter resolution National Agriculture Imagery Program (NIAP) imagery 

from 2019 from the Oklahoma GIS Clearinghouse to identify the differences in forest and 

grassland coverage between watersheds. This method has been found to be comparable to more 

costly and labor-intensive ground sampling methods (Ma et al., 2017). For the extent of this 

project, differences between oak and redcedar could not be determined because of a lack of 

imagery of the watersheds during winter months.  

Access to Cattle Grazing 

The cattle grazing operations at CTER caused variable stocking rates. The cattle were 

either located in a pasture with access to GO1, GO2, GO3, GR1, GR2, and GP1 or concentrated 

in a smaller area that included a large portion of GP1. During all months of the year, aside from 

pre- and post-calving, cattle were grazed at the stocking rate of 17 acres/head/year according to 

the cattle manager. During pre- and post-calving, 104 animals were concentrated in an area of 80 

acres to allow for efficient care of the animals. This caused an increase in head over a smaller 

area which was incorporated in watershed GP1 but excluded cattle from the rest of the 

watersheds. This caused GP1 to have a stocking rate of 3.08 acres/head/year for February through 

May and a stocking rate of 17 acres/head/year for the rest of the study. In comparison, the other 
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watersheds where cattle had access were not grazed during those months when the stocking rate 

was higher for GP1. Cattle were not equipped with tracking collars or forced to inhabit certain 

vegetation cover types allowing for cattle to range areas based on free choice.  

Wildlife Abundance 

Wildlife abundance on the watersheds was determined using pictures taken from 22 

motion activated infrared game cameras (Stealth Cam G42NG, Cabela’s Outfitter 14 MP Infrared 

HD Trail Camera, and Bushnell Color Viewer) for the fall season of 2020 through the winter 

season of 2022. Camera locations were chosen using a pre-determined grid point. In order to 

determine grid sizes, the sum of the total area for all watersheds was divided by the total number 

of cameras that could be used for the project. This allowed for me to standardize the area covered 

by the cameras on each watershed. Next, this camera density was applied to each watershed such 

that the densities were evenly distributed based on the areas for each watershed. I assigned 

cameras to each watershed such that the cameras per unit area were consistent. Thus, larger 

watersheds received more cameras. I then applied a customized grid to all the watersheds in 

ArcMap 10.8 and a point was placed at the center of each cell that encompassed the maximum 

area of the watershed. From these points, the surrounding area was assessed, and cameras were 

placed in locations that had a viewable area and were within 10 meters of the pre-determined 

point. After deployment, cameras collected images for one month per season and the pictures 

were used to determine both the number and species captured on camera per 24-hour period.  

To examine the effect of wildlife abundance on bacterial contamination of runoff, the 

data collected from game cameras were analyzed and correlated to E. coli concentration. Analysis 

was limited to include only animals the size of rabbits and above including white-tailed deer, wild 

pigs, and meso-mammals consistent with the protocols from Parker et al. (2015).  However, our 

study did not employ attractants and the cameras were placed randomly to avoid skewing results. 

I did this because the purpose of this study was to detect the animal abundance, rather than 
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targeting certain species (Meek et al., 2014). Due to financial and personnel constraints, mark 

recapture activities typically associated with camera trap studies were not feasible.  

Data Processing and Statistical Analysis 

To quantify the vegetation cover associated with each of the watersheds, the Daubenmire 

frame data were analyzed by watershed and the descriptive statistics for each of the functional 

groups were calculated and arranged into a table using the dpylr package in R Studio. These 

statistics are found in Table 1.2 for each watershed. The GIS analysis that utilized the image 

classification tool for canopy cover for each watershed was used to calculate an approximate 

percentage of forest and grassland (Table 1.3). The percentages of canopy cover for grassland and 

forest were calculated by dividing the number of pixels associated with each canopy type by the 

total number of pixels in the watershed.  The vegetation categories followed Schmidt et al. 

(2021). 

To evaluate the impact of cattle grazing and vegetation cover on the contamination of E. 

coli in surface runoff, I examined the differences in concentrations and loadings between the ten 

watersheds at the CTER. Each watershed was treated as a separate experimental unit with the E. 

coli concentration and loading for each runoff event considered as the response variables. 

Concentration and loading values for multiple events within the same watershed were treated as 

replicates. Grouping by treatment was not possible for the statistical analysis because non-

parametric statistics did not allow for me to generate a mixed effects model with watershed as a 

blocking factor/random effect.  The E. coli loading of a given sampling event was calculated by 

multiplying the runoff volume by the E. coli concentration and then dividing by the area of the 

watershed (Wagner, 2011). I organized the data in R and examined the descriptive statistics for 

the watersheds. Due to the lack of normality, presence of many outliers, and inconsistent 

variances, I conducted Kruskal-Wallis rank sum tests to detect differences between individual 

watersheds for concentrations and loadings. If the Kruskal-Wallis rank sum test found that at least 

one watershed was significantly different from the others, I used a series of pairwise two-sample 
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Wilcoxon rank sum tests between all watersheds with a Bonferroni correction to ensure I 

accounted for family-wise error (Hollander et al., 2013). In addition, I compared the median 

concentrations of runoff from each of the watersheds to the EPA standard for primary body 

contact (126 cfu per 100 mL) and the ODEQ adjustment for secondary body contact (630 cfu per 

100 mL) for E. coli concentration using series of one-sample Wilcoxon signed rank tests and 

created bootstrapped confidence intervals for reporting and comparison. 

To examine the correlation between wildlife and E. coli contamination, I estimated 

wildlife abundance and correlated this to median E. coli concentrations for each watershed. I used 

two methods to estimate abundance, defined as the number of wild animals per 24-hour period 

(trap-night) occurring on each watershed for the purpose of this study. For the first method, we 

created zero-inflated generalized linear models GLMs with predictor variables with the package 

pscl in R studio often used in abundance modeling. From these models, I selected the best model 

using Akaike Information Criteria (AIC) from the bbml package (Risch et al., 2021; Shores et al., 

2019). Due to the violations of the assumptions necessary for the Poisson distribution and the 

result of a Vuong test (p-value <0.001), I decided to employ a zero-inflated model. This model is 

a two-part model. The first part of the model addresses the factors that influence the binary 

component if any animals are captured on camera for a given trap-night. The second part of the 

model addresses the factors that influence the number of animals captured on camera for a given 

trap-night, assuming wildlife are present. This process allowed for us to formulate a series of 

models representing various hypotheses about which factors and interactions between factors 

(season, vegetation cover, and grazing) influenced the number of wildlife captured on camera per 

trap-night. Due to the highest weight observed by AIC for the H11 model compared to the others, 

I generated predicted values for each of the scenarios based on this model and then paired these 

results to E. coli data collected under those conditions. The predicted values from this model were 
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then correlated to the E. coli concentrations from the watersheds of each corresponding treatment 

and season.  

Using the same camera trap data, we based the wildlife presence directly on the number 

of pictures of wildlife per trap-night. For each condition available for the watersheds (vegetation 

cover, grazing and season), the average number of animals captured per trap-night was calculated 

and then this number was paired with median E. coli concentrations for each watershed.  

To compare the results of the correlation of the modeled number of animals per trap-night 

and the average number of animals per trap-night with median E. coli concentrations for each 

condition we used the Spearman’s rank correlation method because, as mentioned above, the E. 

coil data violated normality.   

Results  

E. coli Concentration 

Median E. coli concentrations in this study ranged from 237 MPN per 100 mL to 8878 

MPN per 100 mL (Table 1.4). Concentrations had a large range of values that differed in an order 

of magnitude of 5 (Table 1.4). The Kruskal-Wallis rank sum tests showed significant differences 

among individual watersheds for E. coli concentration (p = 0.009). The median E. coli 

concentrations from GP1 were significantly greater than UP2 (p = 0.024) with no significant 

differences among the remaining watersheds (Figure 1.2). Only GO1 and GR2 had median E. coli 

concentrations that were not significantly greater than the primary body contact threshold (Table 

1.5, Figure 1.2).  

Watersheds GP1, US1, and US2 had median E. coli concentrations significantly greater 

than the secondary body contact values but the other watersheds did not (Table 1.5).  It should be 

noted that sample sizes varied dramatically between watersheds with the smallest sample size for 

watersheds GO2 and GR1 of 5 in comparison with the largest sample sizes for watersheds UP2 

and US2 of 32 (Table 1.4).  
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E. coli Loading 

 Median E. coli loadings in this study ranged from 7.81x106 MPN/ha to 5.19x109 

MPN/ha (Table 1.6). E. coli loadings had a large range of values that differed in an order of 

magnitude of 6 (Table 1.6). The Kruskal-Wallis rank sum tests showed significant differences 

among individual watersheds for E. coli loading (p = 0.002). There was one significant difference 

of median E. coli loading values between all the watersheds (Table 1.6; Figure 1.3). The median 

E. coli loading in GP1 (5.19 x109 MPN per ha) was significantly greater than that in GO1 (7.81 

x106 MPN/ ha) (p-value = 0.048).  

Runoff Impact on E. coli Concentration and Loading 

 The forested watersheds had less annual runoff in comparison with the grassland 

watersheds. However, significant differences could not be detected due to the duration of this 

study being less than two full years (Table 1.6, Figure 1.4). Figure 1.4 shows the hydrologic 

influences of eastern redcedar and oak forests on runoff volume compared to the grassland 

watersheds, consistent with previous studies at the same sites (Schmidt et al., 2021; Zou et al., 

2014). 

There was a positive, statistically significant relationship between E. coli concentration 

and volume, although the relationship was weak (rho= 0.17, p-value = 0.03) (Figure 1.5). The log 

transformed E. coli concentration also had a weak, positive relationship with volume (rho = 0.22, 

p-value = 0.004) (Figure 1.5).   

Wildlife Presence on the Watersheds 

The zero-inflated H11 model performed the best with the highest weight out of the 17 

zero-inflated models tested (Table 1.8). The interaction between season and vegetation cover type 

was included in the top models and in both the count and zero components of the top two models 

(Table 1.8). The grazing factor was also a key factor in the top model and the directionality of the 

coefficients is also important to note. The coefficients for the H11 model indicated the differences 
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between the number of animals captured on camera per trap-night were influenced by grazer 

access and the interaction between season and vegetation coverage (Table 1.9).  

Based on model simulation, wildlife will be more likely to be captured on game cameras 

under certain vegetation covers depending on the season. For example, the H11 model predicts a 

value of 1.18 (the number of animals anticipated to be caught in a trap night by a game camera) in 

a grazed oak watershed in the fall (Figure 1.6), contrasting a value of 0.53 in a grazed prairie 

watershed in the same season (Figure 1.6). Additionally, the forested watersheds, for example 

GO1, had consistently greater predicted and average number of animals per 24-hour period than 

the grassland watersheds (Figure 1.6). However, the interaction between season and vegetation 

cover is included in the selected model, and not vegetation cover alone (Table 1.8). This is 

reflected in that the spring values are similar among most of the watersheds, regardless of 

vegetation cover, but vary substantially during other seasons (Figure 1.6). 

Correlation between E. coli concentrations and Wildlife Presence  

There was no correlation between number of animals and median E. coli concentration. 

The number of animals modeled from the top model, H11 (Table 1.8) and the average number of 

animals per 24-hour period were highly correlated with a rho of 0.72 and a p-value of <0.001. 

The modeled number of animals per 24-hour period and median E. coli concentrations had a rho 

of 0.24 and a p-value of 0.099 and the average number of animals per 24-hour period had a rho of 

0.19 and a p-value of 0.201 (Figure 1.7). 

Discussion 

Vegetation Cover, Grazing and Wildlife Impacts on E. coli 

 The cattle grazing management at CTER during calving season had a significant impact 

on E. coli contamination which was expected based on previous research. However, forested 

watersheds where cattle had access did not differ significantly from grasslands where cattle were 

excluded. The differences in stocking rates between the forested watersheds and GP1 create 
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issues when drawing inferences to examine how vegetation cover can remediate the increased 

bacterial input from cattle grazing.  

Similar to previous studies, I found that the standard deviations exceeded the means for 

E. coli concentration for all of the watersheds at CTER (Wagner et al., 2012; Gregory et al., 2019; 

Table 1.4). Even under average rainfall conditions for this area (average annual 890 mm 

compared with this study of 911 mm) limited sample sizes were received such that 4 out of 5 

forested watersheds had sample sizes of less than 10. The only significant difference observed 

was between watersheds GP1 and UP2. Wagner (2011) found no significant differences between 

properly stocked pastures and ungrazed pastures at the sites near the Brazos River but found 

significant differences between properly stocked and ungrazed pastures at the sites in Riesel, 

Texas. The results from my study indicate that even certain watersheds with similar vegetation 

cover, soil type, cattle management, and geographic location, will differ in the detection of 

significant differences of E. coli concentrations in runoff from watersheds of different 

management.  Specifically, watershed GP1 had significantly greater median E. coli 

concentrations than watershed UP2 but not UP1, despite watershed UP1 and UP2 both excluding 

cattle grazers. These variations in runoff water quality between individual watersheds observed in 

previous studies were evident in this study as well.  

E. coli Concentration and Water Quality Concern 

Each of the watersheds except GO1 and GR2 had median E. coli concentrations higher 

than the primary body contact standard. It is important to note that the forested watersheds (GO1 

and GR2) that were not significantly different from the primary body contact standard had the 

highest number of samples for that treatment combination (Table 1.4, Table 1.5). This provides 

evidence that the forested watersheds could be potentially remediating E. coli concentrations in 

comparison with the grassland watersheds. The result of relatively low bacterial contamination 

was also found in 5 experimental forested watersheds in Angelina National Forest near Lufkin, 
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Texas. Hunter et al. (1982) observed an average of 137 fecal coliform colonies per 100 mL which 

was lower than the standard at the time of the study of 200 fecal coliform colonies per 100 mL. 

One possible explanation could be the increased time between defecation and runoff events 

(Gregory et al., 2019). With a reduction in the overall runoff, there is a greater amount of time 

between runoff events, causing bacteria to die before contaminating the runoff.   

Further, watershed US1, US2, and GP1 had significantly higher E. coli median 

concentrations compared to the secondary body contact threshold. The sample sizes for these 

watersheds are much larger in comparison with the forested watersheds, which increases the 

possibility to capture runoff events immediately after defecation leading to high E. coli 

concentrations (Gregory et al., 2019). Despite the lack of cattle grazing on watersheds US1 and 

US2, watersheds managed for annual harvest had been observed as having comparatively high E. 

coli concentrations. Gregory et al. (2019) observed a median of 5,950 cfu per 100 mL from a 

watershed managed for coastal bermudagrass and harvested seasonally. Because wildlife were the 

only source on these watersheds and these watersheds still significantly exceeded the secondary 

body contact, this standard should not be applied to runoff water quality. 

 The detection of a significantly higher median E. coli concentration and loading from 

watershed GP1 compared to at least one watershed was expected due to the differences in cattle 

management. The current stocking rate at CTER is 17 acres/head/year which is much lower in 

comparison to the stocking rate at GP1 of 3.93 acres/head/year during the calving season from 

February through March. With a higher stocking rate during and immediately before the wettest 

part of the year, it would have been reasonable to have observed the median from GP1 to be 

significantly higher than all of the watersheds at CTER. However, after calving season that 

pasture is no longer accessible to the cattle. Differences between GP1 and the rest of the 

watersheds were likely mitigated by the exclusion of cattle to a large portion of GP1 following 

the higher stocking rate (Hulvey et al., 2021; Wagner et al., 2012).   
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Vegetation Cover and E. coli Loadings 

 E. coli loading comparisons followed a similar trend to E. coli concentration. Watershed 

GP1 had significantly greater median E. coli loading in comparison with GO1. Ideally, studies 

would consider E. coli loading on an annual scale. However, previous studies have also examined 

differences between loading on an event basis (Gregory et al., 2019).  The E. coli loading values 

in this study were in the general range of those observed in previous studies. Wagner et al. (2012) 

observed median loading values of runoff of 8.1 x 1010 cfu/ha from grazed native rangeland and 

4.2 x 1010 cfu/ha from ungrazed native rangeland. The median value for watershed GP1 had a 

median loading of 5.19 x109 MPN/ha which is relatively low, but within the general range of the 

values previously observed. Consistent with Wagner et al. (2012), the ungrazed grassland 

watersheds (UP1 and UP2) had lower loading values in comparison to GP1 although these 

differences were not significant.  

 The loading differences in the individual watersheds appear to have been influenced by 

the impact of vegetation cover on runoff volume. Watershed GP1 did not show significant 

differences in E. coli concentration with GO1 but had a significantly higher loading. This 

difference is likely due to the reduced runoff from forested watersheds in comparison with 

grassland watersheds (Table 1.7, Figure 1.4). Greater loading values were observed from 

watersheds that have higher amounts of runoff, a part of the hydrologic cycle that is known to be 

heavily influenced by vegetation cover (Bonan, 2002; Calder et al., 2007) (Table 1.6).  

These results suggest one topic for a long-term study at CTER could evaluate the changes 

in loading and runoff following periods of woody encroachment as a result of fire exclusion. As 

woody species begin to encroach on these watersheds and influence the hydrology, the data from 

this study suggests that this will influence loading over time. Barger et al. (2011) claim that 

unmanaged/ungrazed rangelands in the central Great Plains change in woody cover at a rate of 

over 1.5% each year. Currently, there is a lack of information on the impacts of encroachment of 
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eastern redcedar into the Great Plains on water quality with most of the previous work centered 

around documenting differences in sediment yield (Zou et al., 2018). 

Wildlife and E. coli 

 In addition to the impact of vegetation cover on E. coli concentrations and loadings, the 

selection of these areas by wildlife was likely a contributor to variation between the watersheds in 

this study. Past research has indicated that wildlife is a major contributor to bacterial 

contamination of surface runoff (Wagner et al., 2011; Harmel et al., 2010; Parker et al., 2013). 

The background levels, the concentrations of runoff from sites where cattle grazing was not 

occurring, were high enough to exceed the EPA water quality standard for primary body contact 

for all the watersheds except GO1 and GR2. Despite the concentrations being significantly 

greater than the primary body contact standard, the concentrations observed in this study were 

also much lower than levels found from control sites of previous studies, possibly due to the 

method of cattle exclusion. This study used electric fencing at two of the sites and barbed wire at 

the other two ungrazed sites. Previous studies used barbed wire fencing (Harmel et al., 2010; 

Wagner et al., 2012; Gregory et al., 2019). The impact of the differences in exclusion between 

this study and previous studies on E. coli sources is an area of future study. Additionally, the 

consistently lower background levels at our locations provide evidence that runoff from areas in 

different climatic and/or geographic regions have dissimilar bacteria concentrations (Rafi et al., 

2018). 

 The seasonality of wildlife preference for certain habitat types also played a role in E. 

coli concentrations. The result of the top model included the interaction between vegetation cover 

and season. This indicates that the season and the vegetation cover are important factors to 

consider for evaluating wildlife presence. In the case of this study, I found that both the averaged 

and predicted animals per 24-hour period tended to be greater during the spring and summer 

seasons in comparison with the other months (Figure 1.6).  For instance, the ungrazed prairie 

watersheds (UP1 and UP2) had higher numbers of predicted and average number captured in a 
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24-hour period in the summer in comparison with the grazed oak watersheds (GO1, GO2, and 

GO3) that had higher numbers in the fall and spring compared to the summer months (figure 1.6). 

The influence of season on wildlife movement has been observed in other studies in this region. 

Premathilake (2018) found that most meso carnivores in southcentral Oklahoma like striped 

skunks (Mephitis mephitis), Virginia opossum (Didelphis virginiana), bobcat (Lynx rufus), grey 

fox (Urocyon cinereoargentus), and northern racoon (Procyon lotor), had higher site occupancy 

(captures on game camera) during the winter compared to the summer. I found the opposite of 

these results because the coefficients for interactions between vegetation cover and winter were 

typically lower or negative compared with those same vegetation covers for summer (Table 1.9). 

White-tailed deer also experience differences in behavior throughout the year. Holtfreter (2008) 

found that both juvenile and adult males in southeastern Oklahoma increased their daily 

movement patterns just before and during the breeding season. The increased numbers of wildlife 

observed in watersheds GO1 and GO2 could be explained, in part, due to greater numbers of 

bucks moving through these areas during the fall (Figure 1.6).  

The access of grazers was important for determining wildlife presence both in the number 

of times animals were recorded during a trap night and, assuming animals were present, the 

number. This study found that the coefficient for ungrazed areas had a negative coefficient for the 

presence/absence part of the model but a positive coefficient for the count part of the model 

(Table 1.9). This suggests that there is a lower number of times an animal is caught on camera in 

the ungrazed areas compared to the grazed areas. However, assuming animals are captured on 

camera for that trap night, the number of animals that will be observed in ungrazed areas is 

greater than that of grazed areas.  Brewer (2021) conducted a camera trap study on the impacts of 

cattle on mule deer behavior in Nebraska. This study found that mule deer generally avoid cattle, 

but the avoidance is temporal, rather than avoidance of areas where cattle are present altogether. 

The results from this study could have been influenced in a similar way. In this study, less 

presence/absence was modeled in ungrazed areas, but the number was higher in these areas once 



21 
 

detected. Wildlife, therefore, were not avoiding areas with access to cattle grazers but they did not 

appear on camera when cattle were present or in large numbers. This difference is reflected in the 

predicted and average numbers between watersheds GO1, GO2, GO3, GP1, GR1, and GR2 in 

comparison with UP1, UP2, US1, and US2 (Figure 1.6). However, the impact of grazing for the 

model should be considered carefully because all the forested watersheds in the study had access 

to grazers, creating a potential for autocorrelation between forest cover and grazer access. 

Despite our effort to correlate game camera data to E. coli concentrations, the data 

exhibited a weak, positive correlation between the number of animals captured in a 24-hour 

period and the median E. coli concentration. There are a couple of explanations for this. First, 

there are other sources of E. coil outside of the meso mammals used in the correlation for this 

study. A 2006 bacterial source tracking study on the Trinity River in the cross timbers ecoregion 

in Texas found that the avian (23.2%) contribution to E. coli was greater than that of the 

mammalian wildlife (13.4%) source (Miertschin and Water, 2006). Second, this study had 

limitations in scope when it came to the data collection for the camera trap study itself. Due to a 

lack of permitting, time, funding, expertise, and man-power, a mark-recapture study typically 

associated with camera trap data could not be conducted. This limitation causes the data to be 

skewed in cases where an individual tends to be captured on camera multiple times (Chandler and 

Royle, 2013). Also, the study employed various types of cameras in areas with different sizes of 

fields of view. This is a common issue for these types of studies and if models are used that do 

not take into consideration imperfect detection, like the one utilized in this study, the results can 

be misleading (Burton et al., 2015; Apps and McNutt, 2018). These things can be avoided in 

future studies by using wildlife-tailored models that either employ data from cameras based on a 

specific time interval (Moeller et al., 2018) or utilize paired cameras that face in opposing 

directions at the same location (Nakashima et al., 2022).  
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Despite these limitations, the study was effective at observing the general number of 

animals present in the different vegetation covers at CTER. I did not bait the traps, and I placed 

the cameras in even densities without selectively picking specific areas of traffic (Meek et al., 

2014). The specific movements of a particular species could be considered in the future. For 

example, Holtfreter (2008) included data of GPS collared deer occurrences in different vegetation 

coverage types in southeastern Oklahoma. The publication of the data would have been useful for 

comparison with the findings from our camera trap study, but the analysis focused on habitat 

range size based on the heterogeneity of the land use rather than including results about how 

much time the deer spent in one habitat type compared to another. Despite the reasons mentioned 

above, this preliminary data indicated that mammalian wildlife could be impacting E. coli 

concentration on some level as indicated by the positive correlation.  

The watersheds used in this study were either absent of active management or had land 

use and land coverage associated with responsible ranching practices. For these reasons, I 

anticipated that the water quality of runoff from the field scale, upland watershed with primary 

stormflow would pass both the EPA and ODEQ standards for the determination of impairment, 

but this was not the case for all watersheds evaluated. Previous studies found similar results and 

attribute this impairment largely to dilution differences. Analysis from Rafi et al. (2018) showed 

that there was a significant negative correlation between E. coli concentrations and increasing 

stream order size and watershed area. Essentially, edge of field runoff has no dilution associated 

with larger bodies of water used for recreation. This study provides further justification for 

finding an alternative method for determining impairment for E. coli concentrations of runoff 

water quality and continued monitoring of water quality from the experimental watersheds at 

CTER.  

Conclusions 

Determining the impairment of runoff by E. coli in agricultural areas is an important 

research topic because of the human health concern that bacterial contamination causes. 
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However, this study adds to the current body of work that demonstrates that attaining the primary 

body contact standard set by the EPA is not feasible for runoff associated with agricultural land 

use. This could improve through: 1) utilization of reference sites for ecoregion specific standards 

of E. coli at the edge of field scale, and 2) improving model predictions through comparison with 

direct observations, especially in eastern redcedar encroached watersheds. These suggestions 

provide policy makers and land managers with data driven suggestions about how much bacterial 

contamination at the field-scale is appropriate. The results and methods from the camera trap 

study demonstrate a need to conduct more thorough investigations on wildlife bacteria sources. 

The data from game cameras are not sufficient for correlating wildlife presence with E. coli 

contamination. This will require water quality scientists to collaborate with experts in wildlife 

ecology for assistance in collecting and analyzing movement and behavioral data. The loading 

data suggests that vegetation cover has influences on runoff volume and further assessment is 

needed regarding whether E. coli concentration or loading is a better measure of impairment of 

upland watersheds. Grazing in a prairie watershed had the highest concentration but this appears 

to be heavily influenced by the timing of cattle presence in relation to runoff and this should be 

accounted for in future study and analysis.  
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Table 1.1 Slope and soil characteristics of each watershed (WS). The values in the slope column 

are in percent rise. The first value is the average slope and the second value is the standard 

deviation for the watersheds calculated with the slope tool in ArcMap 10.8. Values for each 

watershed are separated by a semi colon. Soil types are in percentage of area coverage of the 

watershed. Abbreviations are as follows: StDD: Stephenville-Darnell complex; Coy: Coyle loam; 

ReGr: Renfrow and Grainola soils; CoyZ: Coyle and Zaneis soils; GrLE: Grainola-Lucien 

complex; StSL: Stephenville fined sandy loam; CoLC: Coyle-Lucien complex; HaPE: Harrah-

Pulaski complex;  Zaneis-Huska complex; DooSL: Doolin silt loam. 

WS 
Area 
(m2) 

Slope StDD Coy ReGr 
Coy

Z 
GrL
E 

StS
L 

CoL
C 

HaP
E 

ZaH
C 

DooS
L 

GO1 23900 2.56; 
1.04 

100 0.00 0 0 0 0 0 0 0 0 

GO2 28300 3.03; 
1.69 

0 47.2 1.55 12.7 0 34.9 0 0 0 3.83 

GO3 46500 2.75; 

1.66 

0 22.6 7.77 
0.98

9 

0 68.8 0 0 0 0 

GP1 40300 2.90; 
1.40 

55.2 44.8 0 0 0 0 0 0 0 0 

GR1 29800 4.1; 
2.6 

91.9 0 0 
0.32

0 

7.92 0 0 0 0 0 

GR2 13500 4.47; 
2.67 

21.9 0 0 56.7 21.5 0 0 0 0 0 

UP1 22600 2.41; 
1.65 

63.5 19.9 0 0 0 0 0 15.4 1.12 0 

UP2 25700 3.29; 
1.66 

77.4 0 11.3 0 2.88 8.66 0 0 0 0 

US1 33300 2.77; 

1.55 

67.5 32.5 0 0 0 0 0 0 0 0 

US2 37900 3.03; 
1.62 

29.3 0 28.8 0 13.0 8.55 20.3 0 0 0 
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Table 1.2 Understory/ground cover of each watershed excluding percentage of litter collected 

during the fall of 2020. The values for each vegetation column are the mean followed by the 

standard deviation of the percent cover estimated with Daubenmire frames. Values will not equal 

100% because the ground cover by litter was not included. 

Watershed Treatment Woody Grass Forb Bare Ground 

GO1 Grazed Oak 3.8 ± 3.9 2.5 ± 0 3.8 ± 3.9 23.6 ± 30.5 

GO2 Grazed Oak 2.5 ± 0 19.1 ± 27.7 4.9 ± 8.2 5.50 ± 8.5 

GO3 Grazed Oak 3.1 ± 2.8 28.6 ± 29.1 5.6 ± 5.6 3.1 ± 2.8 

GP1 Grazed Prairie 6.0 ± 10.8 59.9 ± 21.3 8.8 ± 6.4 15.5 ± 15.6 

GR1 Grazed Red Cedar 2.5 ± 0 5.5 ± 8.5 3.1 ± 2.8 11.5 ± 19.4 

GR2 Grazed Red Cedar 2.5 ± 0 33.2 ± 38.1 4.5 ± 4.7 6.45 ± 5.9 

UP2 Ungrazed Prairie 2.5 ± 0 72.5 ± 27.3 20.9 ± 18.1 3.1 ± 2.8 

UP2 Ungrazed Prairie 3.2 ± 2.9 70.1 ± 30.1 20.8 ± 19.5 5.7 ± 8.7 

US1 
Ungrazed 

Switchgrass 
2.5 ± 0 86.2 ± 21.0 6.12 ± 8.7 8.38 ± 19.7 

US2 
Ungrazed 

Switchgrass 
2.5 ± 0 90.2 ± 11.1 2.5 ± 0 5.5 ± 8.5 
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Table 1.3 Cattle access and canopy cover characteristics for each of the watersheds at CTER. 

Percent forest and percent grassland canopy coverage were calculated using the image 

classification tool in ArcMap 10.8 on the NAIP imagery from 2019. 

Watershed Grazer Access Dominant Vegetation Percent Forest Percent Grassland 

GO1 Yes Oak 57.4 42.7 

GO2 Yes Oak 66.1 33.9 

GO3 Yes Oak 57.1 42.9 

GP1 Yes Native Prairie 6.5 93.5 

GR1 Yes Redcedar 92.8 7.2 

GR2 Yes Redcedar 80.9 19.1 

UP2 No Native Prairie 0.1 99.9 

UP2 No Native Prairie 0.3 99.8 

US1 No Switchgrass 0.1 99.9 

US2 No Switchgrass 0.2 99.8 
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Table 1.4 Descriptive statistics for the E. coli concentrations in MPN/100 mL of runoff from the 

watersheds at CTER. P25 and P75 are the 25th and 75th percentiles of the distribution for each of 

the watersheds respectively.  

Watershed Mean Std Min Max P25 Median P75 
Sample 

Size 

GO1 1,499 2,030 18 4,621 19 320 3,687 9 

GO2 2,645 3,855 580 9,529 866 1,046 1,203 5 

GO3 2,109 3,121 60. 8,257 288 411 2,730 7 

GP1 21,920 35,040 37 141,400 966 8,878 29,100 20 

GR1 33,780 55,640 150 129,900 1,890 2,420 34,480 5 

GR2 7,596 20,710 3.0 72,700 16 374 2,695 12 

UP1 3,063 5,778 7.0 22,470 84 260 1,789 23 

UP2 2,479 4,625 3.0 19,860 71 237 1,493 32 

US1 1,841 2,664 6.0 9,804 204 928 1,923 30 

US2 4,152 9,597 9.0 51,720 206 1,482 2,668 32 
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Table 1.5 The results of the one-sample Wilcoxon signed rank tests between the median 

concentrations of runoff from each watershed and the EPA primary body contact standard (126 

cfu per 100 mL) and Oklahoma secondary body contact standard (630 cfu per 100 mL). 

Watershed 

Wilcoxon 

Signed Rank 
Statistic 

(Primary) 

P Value 

(Primary) 

Wilcoxon 

Signed Rank 
Statistic 

(Secondary) 

P Value 

(Secondary) 
Median Bootstrapped CI 

GO1 35 0.077 24 0.45 320 (19, 3,687) 

GO2 15 0.031 14 0.063 1,046 (579, 1,203)  

GO3 26 0.026 16 0.40 411 (60, 411) 

GP1 207 <0.001 194 <0.001 8,878 (1,285, 24,382)  

GR1 15 0.031 14 0.063 2,420 (148, 34,480) 

GR2 35 0.25 15 0.90 124 (9, 921)  

UP1 231 0.002 141 0.47 260 (87, 816)  

UP2 412 0.003 302 0.24 237 (89, 1,159) 

US1 432 <0.001 320 0.037 928 (281, 1,299) 

US2 492 <0.001 429 0.001 1,482 (280, 2,213) 
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Table 1.6 Descriptive statistics for the E. coli loading values from individual runoff events for 

each of the watersheds at CTER. Loading values are in units of MPN/ha. 

Watershed Mean Median Min Max Std 
Sample 

Size 

GO1 1.56×108 7.81 ×106 2.12 ×106 5.28 ×108 2.21 ×108 8 

GO2 1.05×109 1.00 ×108 1.60 ×106 4.88 ×109 2.14 ×109 5 

GO3 3.48 ×108 2.01 ×107 1.95 ×106 1.61 ×109 6.20 ×108 7 

GP1 2.05 ×1010 5.19 ×109 4.32 ×106 1.56 ×1011 3.71 ×1010 20 

GR1 3.84 ×108 5.14 ×107 2.20 ×105 1.45 ×109 6.20 ×108 5 

GR2 4.33 ×108 4.56 ×107 4.85 ×104 3.10 ×109 8.82 ×108 12 

UP1 5.55 ×109 3.18 ×108 7.16 ×105 8.03 ×1010 1.72 ×1010 22 

UP2 2.04 ×109 2.59 ×108 8.02 ×105 3.11 ×1010 6.07 ×109 31 

US1 1.42 ×109 6.61 ×108 5.47 ×105 1.23 ×1010 2.46 ×109 29 

US2 1.92 ×109 5.59 ×108 9.12 ×105 2.12 ×1010 4.24 ×109 26 
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Table 1.7 The annual runoff in millimeters for each watershed at CTER. Median, Max, and 

minimum values displayed are monthly values for the data for that year. 

Watershed Year 

Runoff (mm) 

Total Max Min Median 

GO1 

2020 29.6 25.5 0 0 

2021 6.4 3.8 0 0 

GO2 
2020 2.8 2.6 0 0 

2021 13.7 6.4 0 0.1 

GO3 
2020 9.2 7.0 0 0.1 

2021 5.0 2.7 0 0 

GP1 

2020 68.2 56.3 0 0.9 

2021 108 49.8 0.1 8.5 

GR1 

2020 0.7 0.3 0 0.1 

2021 25.6 12.7 0 0.3 

GR2 

2020 27.8 7.3 0.6 1.9 

2021 26.8 16.6 0 0.9 

UP1 

2020 144.6 102.1 0.3 2.6 

2021 146.7 51.3 0 15.0 

UP2 
2020 205.2 179.4 0.4 2.8 

2021 176.3 46.6 1.1 17.0 

US1 

2020 100.9 64.2 0 1.6 

2021 172.3 61.3 0 18.0 

US2 

2020 78.7 42.2 0.01 3.1 

2021 106.5 22.8 0 12.0 
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Table 1.8 The AIC selection results for the zero-inflated model for predicting number of animals 

captured on game camera per 24-hour period. Δ AIC (Akaike Information Criteria) values 

represent the models’ predictive performance with lower values suggesting better performance. 

Df (Degrees of freedom) are the number of combinations of the components included in the 

analysis. 

 

Model Δ AIC Df Weight Zero Component Count Component 

H11 0 37 1 Vegetation*Season+Grazing Vegetation*Season+Grazing 

H12 40.6 33 <0.001 Vegetation*Season Vegetation*Season 

H13 69.3 23 <0.001 Season+Grazing Vegetation*Season 

H10 455 3.0 <0.001 Null Model Null Model 
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Table 1.9 The coefficients for the best performing model (H11 model). Positive coefficients 

indicate a greater number of pictures predicted in a 24-hour period. The absolute value of the 

number indicates the magnitude of the change from the comparison group. Comparison groups 

are stated in the table.   

                                                               Zero Component  Count Component 

                                             Ungrazed compared with Grazed 

 
-0.71 0.33 

                                                 Season and Vegetation compared with Oak – Fall 

Prairie – Spring 0.10 23 

Redcedar – Spring -0.62 3.1 

Switchgrass – Spring 3.30 -3.2 

Prairie – Summer 1.90 20 

Redcedar – Summer 0.90 1.1 

Switchgrass – Summer 5.10 26 

Prairie – Winter -0.03 34 

Redcedar – Winter 0.80 -15 

Switchgrass – Winter 3.70 39 
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Figure 1.1 The size and locations of the watersheds monitored at CTER overlaid on a 1-meter 

resolution image from 2019 provided by the National Agriculture Imagery Program. The areas 

outlined in orange represent portions of the property that are excluded from cattle access. Cattle 

were not confined to any dominant vegetation cover for the purposes of this study. 
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Figure 1.2 Boxplots of the E. coli concentrations for the individual watersheds at CTER. Boxplots 

with the same letter are not significantly different from one another. Letters earlier in the alphabet 

represent higher values. The dashed red line represents the primary body contact standard and the 

solid green line represents the secondary body contact standard. “XX” indicates that the median 

value for that treatment is significantly different from both the primary and secondary body 

contact standard. “X” indicates that the median concentration of E. coli for that watershed is 

significantly higher than the primary body contact standard but not significantly higher than the 

secondary body contact standard. “O” indicates the median value for that watershed is not 

significantly higher than either the primary or secondary body contact standard.  
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Figure 1.3 Boxplots of the E. coli loading values (MPN/ha) for the watersheds at CTER. Boxplots 

with the same letter are not significantly different from one another. Letters earlier in the alphabet 

represent higher values. The red dots represent outliers with log transformed data. Boxplots for 

individual watersheds are grouped according to the land use and vegetation cover of the 

watershed.  
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Figure 1.4 The monthly runoff from watersheds based on vegetation cover for visual purposes. 

On the bottom y-axis the runoff is presented in millimeters. The top y-axis is the precipitation in 

millimeters recorded from the nearest Mesonet station (Marena).  
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Figure 1.5 The linear regression of E. coli concentrations (MPN per 100 mL) and log transformed 

E. coli concentrations with volume (liters). The original data had a positive correlation that was 

significant but weak when using a Spearman’s method (rho = 0.17, p-value = 0.03). The log 

transformed data using a Pearson’s method also had a weak, significant, positive correlation (rho 

= 0.22, p-value = 0.004).  
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Figure 1.6 The average (red) and predicted (blue) number of animals per 24-hour period for each 

watershed for each season. Seasons of watersheds without bar graphs are seasons when at least 

one game camera failed in that watershed which did not allow for an average number of animals 

per 24-hour period to be calculated. That data was excluded from regression analysis.  
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Figure 1.7 Correlations between wildlife and E. coli concentrations. A) Regression analysis with 

Spearman’s rank correlation between average animals and median E.coli concentrations. B) 

Regression analysis with Spearman’s rank correlation between modeled animals observed in a 

24-hour period with median E. coli concentrations.   
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CHAPTER II 
 

 

Impacts of Land Use and Vegetative Cover on Nutrient Concentrations and Loading in Runoff in 

the Cross-Timbers Ecoregion 

 

Abstract 

Runoff from agricultural areas is a significant source of nutrient contamination of water 

bodies in Oklahoma. The land use associated with a watershed is tied to the water quality of 

surface runoff, and quantifying the relationship between land use and runoff water quality 

requires direct measurements from experimental watersheds. To add to the information available 

for the edge of field water quality, I measured Total Kjeldahl Nitrogen (TNK), Total Phosphorus 

(TP), and Orthophosphate (Ortho-P) from 10 experimental watersheds that differed in vegetation 

cover and access to cattle grazing at the Cross Timbers Experimental Range. Data analyses were 

conducted using Kruskal-Wallis rank sum tests followed by pairwise two-sample Wilcoxon rank 

sum tests with a Bonferroni correction for post hoc analysis to evaluate the differences between 

each of the watersheds. I used one-sample Wilcoxon signed rank tests to compare the watershed 

concentrations with those from EPA reference sites (EPA, 2001). 

The median TKN and TP concentrations in runoff from eastern redcedar watersheds were 

greater than concentrations from grassland and oak forest watersheds. However, small sample 

sizes from eastern redcedar watersheds and high variation between watersheds caused significant 

differences to be detected inconsistently.  This was the case when comparing the EPA reference
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values with the concentration data. As a result of greater runoff volumes, TKN loading were often 

greater from grassland watersheds (differences not significant). All median TP loading values 

were generally lower in the forested watersheds in comparison with the grassland watersheds but 

significant differences were only found between the grazed redcedar watershed and ungrazed 

prairie watershed. Ungrazed switchgrass watersheds had low TP concentrations and loading 

compared to other grassland watersheds.  However, the Ortho-P loadings in the ungrazed 

switchgrass watersheds were significantly higher than the grazed redcedar watersheds indicating 

that biomass removal does not limit dissolved phosphorus loading. Vegetation cover affects 

nutrient efflux dynamics by altering the number and the volume of runoff events. The variability 

of the data and differences between the runoff concentrations and the EPA reference values 

suggest that numerical criteria with three levels (25th, 75th and 95th percentiles) of nutrient 

concentrations of EPA reference streams would allow for more flexibility for managers to 

determine the status of runoff impairment based on the local information. 

Keywords: Nutrients, Runoff, TKN, Ortho-P, TP, Loading, Concentration 

Introduction 

How landowners manage their properties has implications when it comes to both water 

quality and nutrient cycling. Previous studies found that poultry litter application, excessive 

grazing, and a lack of ground vegetation can cause eutrophication of water bodies downstream of 

agricultural runoff (Harmel et al., 2009; Butler et al., 2007). This creates problems because over-

abundance of nitrogen and phosphorus in water sources leads to the increased risk of harmful 

algal blooms, reduction of aquatic species diversity, and increased potential for negative health 

impacts in humans (Smith et al., 1999; Camargo et al., 2005; Zhao et al., 2013). In Oklahoma, the 

fourth highest source of impairment of rivers is attributed to inadequate dissolved oxygen, likely 

caused from biological responses to nutrient contamination (ODEQ, 2021). To address this 

problem, it is important to identify sources of both nitrogen and phosphorus from prominent land 

uses and cover types in this region.   
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Land use and vegetation cover affect nutrient cycling through influencing water 

movement and nutrient uptake. Vegetation type influences runoff by altering important 

hydrologic processes including precipitation interception, infiltration, and evapotranspiration 

(Calder, 2007; Caterina et al., 2014). Well-managed grasslands and forests are associated with 

greater canopy interception and improved soil infiltration, reducing surface runoff and its ability 

to carry particulate forms of nutrients (Lyons et al., 2000; Dosskey et al., 2010).  In addition, 

vegetation growth reduces total nitrogen and phosphorus loadings in runoff by taking up nutrients 

prior to runoff events (Hart and Cornish, 2012; Schmitt et al., 1999; Butler et al., 2007).  

Grasslands and forests have different characteristics for remediating specific 

contaminants. For sediments, studies suggest that grassland vegetation is either not significantly 

different (Schmitt et al., 1999) or more effective than forests at reducing sediment loads due to 

the greater soil surface cover (Knight, 2007). Vegetation growth requires nutrient uptake to 

increase biomass (Kelly et al., 2007; Missaoui et al., 2005; Dosskey et al., 2018). Therefore, 

grasslands managed with grazing or mowed do a better job of removing nitrogen and 

phosphorous from soil prior to surface runoff in comparison with long-established forests where 

physical removal of vegetation is less frequent (Hefting et al., 2005; Kelly et al., 2007; Lyons et 

al., 2000). However, by this same logic, young, forested watersheds that are experiencing 

substantial plant growth are also highly effective at reducing nutrient loadings (Dosskey et al., 

2010).  

The lack of management can also be a problem for the water quality of surface runoff. 

Eastern redcedar (Juniperus virginiana) encroachment because of fire exclusion and passive 

management is suggested to degrade water quality (Thurow and Carlson, 1994; Engle et al., 

1996). Eastern redcedar encroachment increased water loss to canopy interception and 

transpiration (Caterina et al., 2014; Zou et al., 2015), and the evapotranspiration accounted for a 

greater percentage of the water budget (Schmidt et al., 2021).  In addition, the infiltration rates 
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under the eastern redcedar canopy were greatly enhanced, thus, the amount of surface runoff 

potential was greatly reduced in the eastern redcedar encroached watersheds compared to 

grassland watersheds (Zou et al., 2014; Qiao et al., 2017). However, despite less runoff, modeling 

studies using the Water Erosion Prediction Project model predicted a similar sediment loading 

from an eastern redcedar heavily encroached watershed and an adjacent grassland watershed 

(Lisenbee, 2016). A recent study based on direct measurement using experimental watershed 

studies reported a similar sediment yield from both an eastern redcedar watershed and an adjacent 

grassland watershed restored from redcedar removal (Zhong et al., 2022). The herbaceous cover 

under the eastern redcedar canopy was generally low (Van Els et al., 2010). With less herbaceous 

vegetation to hold soil in place and filter runoff, the surface soil is more vulnerable to water 

kinetic force and, subsequently, increasing soil particles and nutrient particulates in runoff 

(Pierson et al., 2007). Therefore, the nutrient concentrations under eastern redcedar could be 

higher when runoff does occur, but the nutrient loadings could be lower overall due to few runoff 

events and smaller runoff volume per event.  

On the other hand, management with high-intensity grazing can also negatively impact 

water quality. Cattle influence nutrient cycling by depositing nitrogen primarily in urine and 

phosphorus/nitrogen in feces both on the contribution watershed or directly into the stream 

(O’Callaghan et al., 2019). However, Butler et al. (2007) found that even with low ground cover 

(45% vegetative ground cover, 55% bare ground), the nutrient loading in runoff can be 

significantly reduced. Therefore, if the grazing intensity does not dramatically reduce the amount 

of vegetative ground cover and grazers are excluded from streams, water quality should be 

conserved from particulate contamination. Dissolved forms of both nitrogen and phosphorus in 

runoff would still be present, however, because these are often unaffected by the presence of 

dense vegetation (Heart and Cornish, 2012; Dorioz et al., 2006; Fiener and Auerswald, 2009; Gali 

et al., 2012). Because of the low cattle stocking rate and generally high vegetative ground cover 
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at CTER, we do not expect large particulate contamination, and this study will focus on the 

nitrogen and phosphorus concentrations under different land use and vegetation cover.  

 The largest Oklahoma non-federal, rural land class is rangeland making up 33% of the 

total area of the state (USDA, 2020). In addition to being used extensively for grazing and 

agriculture, the cross timbers ecoregion has been described as a “mosaic” of different vegetation 

covers and associated land uses (Thomas and Hoagland, 2011; Stallings, 2008). For these 

reasons, this ecoregion is an excellent area to examine the impacts of different vegetation cover 

under light-intensity grazing on nitrogen and phosphorus efflux to stream. At the Cross Timbers 

Experimental Range (CTER), we measured 3 water quality metrics used to evaluate nutrient 

contamination in surface runoff; total Kjeldahl nitrogen (TKN), total phosphorus (TP), and Ortho- 

phosphorus (Ortho-P) from 10 experimental watersheds that differed in vegetation cover and 

grazing treatment. The objective of this study is to 1) determine how light-intensity cattle grazing 

under different vegetation cover impact nutrient concentrations and loadings in surface runoff and 

2) evaluate the nutrient concentrations in runoff against the values from EPA reference sites in 

this ecoregion. 

Materials and Methods 

This study took place from April 2020 through October 2021 at the Cross Timbers 

Experimental Range (CTER), a rangeland area dedicated to agricultural research purposes and 

managed by Oklahoma State University. CTER is located approximately 18km southwest of 

Stillwater, Oklahoma. The climate of this region is highly variable, and the temperature and 

precipitation change substantially with season. From 2005 to 2019, the nearest Oklahoma 

Mesonet weather station at Marena, located approximately 2.5 km from CTER, recorded an 

annual average temperature of 15.6˚C, average minimum temperature in January of -3.3˚C, and 

average maximum temperature of 33.9˚C in July. The mean annual rainfall for CTER is around 

890 mm with a wet spring and fall and comparatively drier winter and summer months (Qiao et 

al., 2017). 
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Previous studies established ten experimental watersheds to study water budget and 

sedimentation processes based on the dominant vegetation types (oak forest, eastern redcedar 

woodland, and tallgrass prairie) in CTER (Zou et al., 2014; Qiao et al., 2017; Zhong et al., 2022). 

For the purposes of this study, a unique identifier was given to each watershed based on its access 

to grazers (“G” for grazed and “U” for ungrazed) and the current vegetation cover type (“O” for 

oak forest, “R” for redcedar woodland, “S” for switchgrass, and “P” for prairie). Several 

watersheds had the same grazer access and vegetation cover, so a number was used to 

differentiate one from the other (Figure 2.1). UP2 and US2 were eastern redcedar woodland with 

cattle access until eastern redcedar was removed in 2015 and then fenced to prevent cattle access 

in June 2017. US1 was a prairie with cattle access until it was converted to switchgrass with 

herbicide application in 2015 and fenced along with UP1 in June 2017 (Qiao et al., 2017). US1 

and US2 (switchgrass watersheds) were managed with an annual harvest of aboveground 

biomass.  

The slopes of these watersheds are less than 5%. The soils are well drained, consisting 

predominately of the Stephenville–Darnell complex (StDD), Coyle soil series (Coy, CoyZ), and 

Grainola–Lucien complex (GrLE) (Table 2.1). The average depth of soil is approximately 1 m 

underlain by sandstone substrates. The understory or ground cover differs greatly in grass cover 

depending on the vegetation type. Grass cover ranges from 59.9 – 90.2% for prairie and 

switchgrass watersheds (UP1, US1, US2, UP2, GP1) but ranges from 2.5 – 33.2% for oak forest 

and eastern redcedar watersheds (GO1, GO2, GO3, GR1, GR2). The cover of woody plants, 

forbs, and bare grounds varies greatly among individual watersheds (Table 2.2). 

Runoff measurement 

Runoff was gauged by H-flumes and stilling wells located at each of the ten experimental 

watersheds’ outlets. Next to each H-flume, an ISCO Avalanche Portable Refrigerated Sampler 

(Teledyne ISCO, 2013) was installed. The sampler was equipped with a 720 Submerged Probe 
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Module in the stilling well and a suction line attached to a strainer in the H-flume water flow. 

Each sampler was powered by a marine battery recharged by a solar panel. The 720 Submerged 

Probe Module measured the water depth in the stilling well every minute. The ISCO Avalanche 

Portable Refrigerated Sampler used this depth information to calculate the flow of water moving 

through the flume every 5 minutes (Grant and Dawson, 1991). The samplers were programmed 

based on a flow interval so that one sample was taken for every 0.5 mm of runoff (Harmel, 2006). 

During a runoff event, the sampler repeatedly drew water samples from the strainer attached to 

the H-flume based on the flow interval and the samples were composited into a five-gallon bottle. 

To account for the small and shorter runoff events, forested sites were programmed to sample at 

enable mode on May 16th, 2021. 22 out of 25 TKN/TP samples and all the Ortho-P samples from 

the forested watersheds were collected using sample at enable mode. 

Nutrient Measurements 

Three different chemical forms of nitrogen (total Kjeldahl nitrogen, TKN; nitrate/nitrite, 

NO3−N; ammonium-N, NH3−N) were measured. Total nitrogen is the sum of all nitrogen related 

to nitrates, nitrites, ammonia-bound nitrogen, and organically bound nitrogen (EPA, 2013). This 

differs from total Kjeldahl nitrogen in that total Kjeldahl nitrogen does not include nitrates and 

nitrites and is considered organic associated nitrogen (EPA, 2013). During sampling collection, 

samples were separated such that Oklahoma State University Soil and Forage Lab (SWFAL) 

analyzed the runoff samples for NO3−N (Sechtig, 2001) and NH3−N (EPA, 1993) and the 

Oklahoma Department of Agriculture, Food and Forestry (ODAFF) analyzed the samples for 

TKN (EPA, 1993). The values for TKN and NO3−N were supposed to be added to TKN to get the 

TN measurement. However, 48.9% of the NH3−N samples and 41.40% of NO3−N samples were 

below the detection limit (< 2 ppm). Therefore, TKN was used to assess nitrogen contamination 

and loading.   

 The SWFAL processed the water samples for micronutrients (analysis not included in 

this study) and Ortho-P. ODAFF analyzed total phosphorus concentrations by semi-automated 
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colorimetry (EPA, 1993). Ortho-P is the concentration of phosphate polyatomic ions in the 

solution and total phosphorus is the total amount of phosphorus in the water sample before 

filtration. SWFAL used inductively coupled plasma spectroscopy (ICP) to obtain the values for 

each measurement of water samples (EPA, 1993).  

Data Analysis and Statistical Methods 

Data analyses were conducted in R studio using the packages “MASS” for evaluating 

data structure, “boot” for calculating the bootstrapped confidence intervals for median, and 

standard base functions included in R for the non-parametric tests.  Before conducting statistical 

analyses, the data for each watershed and water quality metric (TKN, TP, and Ortho-P) were 

tested for normality using a Shapiro-Wilk normality test and equal variances using a Levene’s 

test. These tests were conducted to determine if parametric statistics were appropriate for data 

without transformation. The majority of the data sets met the normality assumptions, but the 

assumption of equal variances was only met for Ortho-P. Despite meeting those assumptions, the 

data appeared right-tailed skewed when graphed (Figure 2.4). The data for TKN (p-value <0.001) 

and TP (p-value <0.001) yielded p-values less than 0.05 for the Levene’s test and, therefore, did 

not have equal variances. Because the assumptions necessary for parametric analysis were not 

met, we decided to run non-parametric tests (Kruskal-Wallis test, and Wilcoxon signed rank tests) 

for testing the median loadings and concentrations of TKN, TP, and Ortho-P. We conducted post 

hoc analysis by running a series of pairwise comparisons using the two-sample Wilcoxon rank 

sum test with a Bonferroni correction.  

To evaluate the nutrient concentrations in the runoff against the values from EPA 

reference sites in this ecoregion, I used one-sample Wilcoxon signed rank tests. The document 

from the EPA provided reference values for TKN and TP for the central Great Plains ecoregion 

(EPA, 2001). The EPA provided no direct value for a reference for Ortho-P in this ecoregion.  

However, we did find data on various percentiles of the Ortho-P data from the reference sites 
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(EPA, 2001). To be consistent with the TKN and TP analysis, we used the 25th percentile because 

this was the same percentile provided as the EPA reference values for TKN and TP (EPA, 2001).   

The nutrient loading for a given runoff event was calculated by multiplying the volume of 

runoff by the concentration and then dividing this value by the watershed area. Similar to the 

process for analyzing the concentration data, I used the Kruskal-Wallis rank sum test to test if any 

of the nutrient loading amounts per event for individual watersheds differed. I then used pairwise 

two-sample Wilcoxon rank sum test with Bonferroni corrections for post hoc analysis. 

 The runoff data were processed with Flowlink 5 software and summarized by month 

using the dplyr package in RStudio. To examine the differences in monthly runoff as depth 

between the vegetation cover types, the total monthly volume was divided by the area. We 

calculated the annual, monthly maximum, monthly minimum, and monthly median for each 

watershed (Table 2.9). To minimize the impact of season on runoff analysis, this data was 

summed to the annual values. Next, I ran a Friedman’s test to see if there were detectable 

differences in annual runoff among individual watersheds. The experimental unit was the 

individual watershed and the response variable was the annual runoff in millimeters, with year as 

block.  If significant differences were detected, a Nemenyi test for post hoc analysis was 

conducted.   

Results 

Total Kjeldahl Nitrogen  

The Kruskal-Wallis rank sum tests indicated that there were significant differences of 

median TKN concentrations among the watersheds (p-value <0.001). With the exception of the 

grazed redcedar sites (GR1 and GR2), mean and median TKN concentrations were less than 2 

mg/L.  Post hoc analysis revealed the median TKN concentration of watershed GR1 was higher 

than watersheds US1 and UP1 (Table 2.3, Figure 2.2). Watershed US1 had the lowest median 
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TKN concentration, which was significantly lower than watersheds GR1 and GR2 (Table 2.3, 

Figure 2.2), but not significantly different from all others. 

Based on one-sample Wilcoxon signed rank tests, the median TKN concentrations for all 

grassland watersheds (GP1, UP1, UP2, US1, and US2) and GR2 were significantly higher than 

the EPA reference value of 0.52 mg/L (EPA, 2001) (Figure 2.2, Table 2.4), but all forested 

watersheds other than GR2 (GO1, GO2, GO3, and GR1) did not significantly exceed the EPA 

reference value of 0.52 mg/L (Table 2.3). However, the 95% boot strapped confidence intervals 

indicate that all the watersheds have median TKN concentrations greater than 0.52 mg/L (Table 

2.3). 

Total Phosphorus 

With the exception of the grazed redcedar sites, median TP concentrations were less than 

0.2 mg/L, ranging from 0.06-0.18 mg/L. The Kruskal-Wallis rank sum tests showed there were 

significant differences of the median TP concentrations among watersheds (p-value <0.001). The 

post hoc analysis indicated that the median TP concentrations of GR2, GP1, and UP1 were 

significantly higher than UP2, US1, and US2 (Table 2.5, Figure 2.3). The median TP 

concentrations of GO1, GO2, GO3, and GR1 were not significantly different from any of the 

other watersheds.  

The median TP concentrations in 7 of the 10 watersheds were not significantly higher 

than the 25th percentile (0.09 mg/L) of EPA reference streams (Table 2.6, Figure 2.3). The 95% 

bootstrapped confidence intervals for GO1, GO2, GO3, US1, US2, UP1 all included 0.09 mg/L or 

value below that. The 95% bootstrapped intervals for the grazed redcedar watersheds (GR1 and 

GR2) did not include 0.09 mg/L indicating that the median TP concentration was greater than 

0.09 mg/L. Watersheds GR2 (p-value = 0.006), GP1 (p-value = 0.004), and UP1 (p-value = 

0.008) had median TP concentrations that were significantly greater than 0.09 mg/L.  
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Orthophosphate 

Median Ortho-P concentrations ranged from 0.03-0.08 mg/L, with most sites (7 of the 10) 

having medians between 0.04 and 0.05 mg/L. The Kruskal-Wallis rank sum tests showed there 

were significant differences of the median Ortho-P concentrations among watersheds (p-value 

<0.001). Post hoc analysis revealed one significant difference between watershed UP1 and GR2 

(p-value= 0.049) (Table 2.7, Figure 2.4).  

Only watershed GO1 and GR2 had median Ortho-p concentrations that were not 

significantly greater than the 25th percentile of the EPA reference streams, 0.0275 mg/L (EPA, 

2001) (Figure 2.4, Table 2.8).   

Runoff Quantity 

The total annual runoff, median monthly runoff, maximum monthly runoff, and minimum 

monthly runoff in millimeters varied among watersheds (Table 2.9). Despite the large differences 

in total annual runoff volume between watersheds, the Friedman rank sum test found no 

significant differences (p = 0.06) (Table 2.9). Monthly runoff varied substantially and runoff 

volumes during months of little to no rainfall were similar between all vegetation covers (Figure 

2.5, Table 2.9); however, in months where greater amounts of rainfall occurred, grassland 

watersheds (GP1, UP1, UP2, US1, and US2) tended to have more runoff than forested watersheds 

(GO1, GO2, GO3, GR1, and GR2) (Figure 2.5). This is also evident through the differences in 

maximum monthly runoff and total runoff observed for each year (Table 2.9). 

Total Kjeldahl Nitrogen Loading 

The annual loading of TKN ranged from 16.3 g/ha to 1,088.5 g/ha with median event 

loading ranging from 1.5 g/ha to 113.9 g/ha with no individual event loading greater than 425 

g/ha (Table 2.10). The Kruskal-Wallis rank sum tests showed there were significant differences 

of the median TKN loadings among watersheds (p-value = 0.001). However, post hoc analysis 

did not identify any of the pairwise differences between watersheds as significant (Table 2.10, 

Figure 2.6). This can occur when the Bonferroni correction is large, which is likely the case when 
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evaluating 10 experimental watersheds, many of which have relatively small sample sizes (Table 

2.10). However, the annual TKN loading of each of the grassland watersheds (GP1, UP1, UP2, 

US1, and US2) are higher than the forested watersheds (GO1, GO2, GO3, GR1, and GR2) (Table 

2.10).  

Total Phosphorus Loading 

The annual loading of TP ranged from 1.7 g/ha to 100.9 g/ha with median event loading 

ranging from 0.3 g/ha to 8.2 g/ha with no individual event loading greater than 60 g/ha (Table 

2.11). The Kruskal-Wallis rank sum tests showed there were significant differences of the median 

TP loadings among watersheds (p-value < 0.001). Post hoc analysis revealed two significant 

differences between the median loading TP of watershed UP1 and GR2 (p-value = 0.03) and US2 

(p-value = 0.03) (Table 2.11, Figure 2.7). Additionally, none of the annual TP loads for the 

forested watersheds (GO1, GO2, GO3, GR1, and GR2) exceeded any of the annual TP loads for 

the grassland watersheds (GP1, UP1, UP2, US1, and US2) (Table 2.11).  

Orthophosphate Loading 

The annual loading of Ortho-P ranged from 0.3 g/ha to 49.1 g/ha with median event 

loading ranging from 0.03 g/ha to 3.3 g/ha with no individual event loading greater than 35 g/ha 

(Table 2.11). The percentage of Ortho-P of the TP ranged from 6% in GR1 to 66% in UP2. The 

Kruskal-Wallis rank sum tests showed there were significant differences of the median Ortho-P 

loadings among watersheds (p-value < 0.001). The median Ortho-P loadings of GR1 and GR2 

were significantly lower from those of the grassland watersheds except GP1 (UP1, UP2, US1, 

and US2). The median Ortho-P loading of the grazed oak watersheds (GO1 and GO2) were not 

significantly different from any of the other watersheds. GO3 had median Ortho-P loading 

significantly greater than GR2 (Figure 2.8; Table 2.12). 

Discussion 

Concentrations 
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Contamination of surface runoff by agricultural land use in the Great Plains region has 

been a focus of water quality research since the 1980s (Smith et al., 1983). The results from this 

study are consistent with what was expected but the EPA suggested concentration thresholds 

require more consideration if applying these standards to runoff water quality.  

Although not statistically significant due to the limited sample size, the runoff from 

eastern redcedar encroached watersheds had concentrations that were consistently greater in TKN 

and TP in comparison with the other watersheds at CTER. This could be due to a couple of 

reasons. First, grasslands tend to be more effective at reducing erosion compared to woody 

dominated cover types, despite the potential for woody species to uptake nutrients in greater 

quantities (Lyons et al., 2000; Dosskey et al., 2010). Previous studies have found that eastern 

redcedar can alter the nitrogen composition of soils (Bekele and Hudnall, 2005). Therefore, this 

change, coupled with a reduction in understory found in a previous study (Van Els et al., 2010), 

could explain the higher nutrient output from the eastern redcedar encroached watersheds. 

However, the limited sample sizes in forested watersheds reduced the capacity of one-sample 

Wilcoxon signed rank test to detect significant differences. Specifically, watershed GO3 had a 

sample size of 4 and all those values were greater than 0.52 mg/L, but this still yielded a p-value 

of 0.06 because that is the lowest possible p-value for a sample size of 4 using this statistical 

approach. For this reason, it is important to pay attention to the sample size when one-sample 

Wilcoxon signed rank tests are used for detecting water quality impairment. Additionally, I 

changed the sampling protocol in the forested systems after one year of data collection to increase 

the number of samples. Samplers in the forested watersheds took a sample once the program 

enabled following a water depth of 14 mm in the strainer. This allowed sampling even at low 

thresholds for small runoff events and decreased the inaccuracy of runoff measurements when 

intervals are set too far apart (Harmel et al., 2003). However, the lower threshold depth in 

forested watersheds could result in over-estimating concentration due to the initial flux of 

nutrients.  
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The TKN values are in the general range reported for an ungrazed rangeland system 

(Nelson et al., 2020). Nelson et al. (2020) published results based on over 20 years of water 

quality and quantity measurement from experimental watersheds in El Reno, Oklahoma. The 

TKN concentrations in runoff from the native tallgrass prairie ranged from 0.1 to 575.0 mg/L 

with a median value of 1.8 mg/L. The median found in that study was higher than the 95% 

bootstrapped confidence intervals for all of the grassland sites at CTER (Table 2.3). The forested 

sites from this study had comparatively high TKN concentrations. Lowrance and Sheridan (2005) 

found that mature forested riparian buffers yielded a mean TKN concentration of 0.38 mg/L in 

Tifton, GA. Forested watersheds for both oak (GO1, GO2, and GO3) and eastern redcedar (GR1 

and GR2) had confidence intervals that exceeded that value (Table 2.3). There was no TKN 

concentration data available for eastern redcedar for direct comparison. 

The Grazed Prairie (GP1) had significantly higher median TP concentrations than the 

other grassland watersheds except for UP1 (Figure 2.3; Table 2.5). When the number of grazers 

on a watershed increases, the amount of fecal matter also increases, influencing higher nutrient 

contamination of surface runoff (McDowell et al, 2006). However, the connection between cattle 

grazing and nutrient contamination can be influenced by the timing of runoff event related to 

defecation, cattle management, and other processes (O’Callaghan et al., 2019). Due to the nature 

of the cattle management at CTER aside from GP1, it is unlikely that the grazing intensity is 

enough to significantly alter nutrient dynamics. When the concentrations for TP from this study 

were compared to the EPA reference value, only 3 out of 10 of the watersheds had significantly 

higher concentrations. The small percentage of watersheds identified as significantly higher than 

the EPA reference value and the grazed prairie watershed (GP1) identified as one of those 

suggests that using the EPA references values would identify watersheds with grazing practices 

as impaired. 

The annual harvest of the switchgrass watersheds could have played a role in causing 

lower nutrient contamination from watersheds US1 and US2 (Dosskey et al., 2018). The TP 
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concentrations were significantly lowest in the ungrazed switchgrass watersheds (US1 and US2) 

while ortho P concentration was not, providing evidence that annual removal of switchgrass could 

be an effective way to reduce TP, particularly for particulate P (Gali et al., 2012). 

The TP concentrations observed in this study are lower than what has been observed from 

native rangeland in this region. Nelson et al. (2020), described earlier, found TP concentrations in 

runoff from native tallgrass prairie had a minimum value of 0.01 µg/L, a maximum value of 4.40 

mg/L, and a median of 0.109 mg/L. In this study, only the median TP concentration at GR1 

exceeded the native tallgrass prairie with intermittent grazing from Nelson et al. (2020) (Table 

2.5). In comparison with the mean TP concentration of runoff of 0.11 mg/L from the mature 

forested area in Georgia (Lowrance and Sheridan, 2005), the oak forested watersheds had 

bootstrapped confidence intervals around that value but the eastern redcedar forested watersheds 

had higher values (Table 2.5). We observed generally lower median values of Ortho-P. The 

native tallgrass prairie from Nelson et al. (2020) had total reactive phosphate (another term for 

Ortho-P) concentrations with a median of 0.109 mg/L, a maximum of 3.801 mg/L, and a 

minimum of 0.1 µ/L. Although none of our median values were greater than 0.1 mg/L, I did 

observe maximum Ortho-P concentrations of 0.33 mg/L from watershed GP1 and 0.21 mg/L 

from GR1 (Table 2.7). 

When comparing with the EPA reference values, the one-sample Wilcoxon signed rank 

test detected inconsistent significant differences in instances the watersheds had the same grazer 

access and vegetation cover. For example, GR1 and GR2 are both eastern redcedar forests where 

cattle have access but the median TKN concentration of runoff from GR1 was not significantly 

different from the EPA reference value whereas the median TKN concentration of runoff from 

GR2 is significantly higher (Figure 2.2, Table 2.3). Part of this can be explained by small sample 

sizes for the eastern redcedar watersheds. However, this same discrepancy occurred for grassland 

watersheds (UP1 and UP2) even though both have sufficient sample sizes (Figure 2.3, Table 2.5). 

Therefore, more watershed specific variables need to be taken into consideration and watershed 
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level replications are essential to generate land use and cover impact on nutrient concentrations of 

runoff. 

Currently, nutrient contamination in Oklahoma for non-wadable streams are evaluated 

using a Carlson’s trophic state index with a value less than 62 determining impairment (ODEQ, 

2020). This process requires a trophic state index (TSI) to be calculated from total phosphorus, 

chlorophyll a, or Secchi disk.  TSI values from these various methods yield different results and 

require the consequences of impairment for the case of the Secchi disk and chlorophyll a methods 

(Osgood, 1982). Rather than waiting for an ecological response to eutrophication, the guidance of 

the EPA is to have a “numerical criteria modified to reflect site-specific conditions” (EPA, 2001). 

However, it is difficult to establish a numerical criteria when the data provided is the 25th 

percentile of all the rivers and streams in the region. One solution to this problem has been to use 

direct comparisons of reference sites to establish criteria based on a percentile above the 75th 

(Harmel, 2018). This idea has been displayed in Figure 2.4 for the Ortho-P analysis for which the 

EPA did not have a reference level but rather the 25th, 75th and 95th percentiles. Alternatively, 

when it comes to nutrient contamination determination for runoff, numerical criteria with three 

levels (25th, 75th and 95th percentiles) would allow more flexibility for managers to determine the 

status of impairment based on the local information. This is necessary if management is to be 

applied to runoff water quality because with such high variation between sites of the same land 

cover and land use, applying inappropriate standards could lead to impairment of sites by 

nutrients that are otherwise healthy.  

Runoff 

 I measured lower runoff associated with forested watersheds in comparison with 

grassland watershed, which is consistent with previous studies at CTER (Schmidt et al., 2021; 

Qiao et al., 2017) (Figure 2.5). However, the annual runoff values during this study were 

generally higher in comparison to previous studies on the same watersheds largely due to the 
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climate variability. The average annual rainfall during this study was 911 mm in comparison to 

the annual average of 890 mm.  

In addition, the annual runoff from the grassland watersheds from this study are usually 

comparable or greater than previous studies in El Reno, OK and Bushland, Texas, both located in 

a drier climates. A study in El Reno, Oklahoma, observed runoff more than 75 mm during a year 

with annual rainfall equal to 828 mm. Another study that ran from 1978 to 1980 on clay loam 

soils in Bushland, Texas reported annual runoff of 12 mm at its driest grassland site that received 

430 mm of rainfall (Smith et al., 1983).     

Loadings  

The loading results reflected the strong influence vegetation cover has on nutrient 

loading. For all three of the nutrients, the 95% confidence intervals for the median loading (g/ha) 

were greater in the grassland watersheds in comparison with the forested watersheds (Table 2.10, 

Table 2.11, and Table 2.12). This suggests that grassland watersheds tend to have higher nutrient 

loads compared with forested watersheds receiving the same amounts of precipitation and having 

similar soil characteristics (Figures 2.5, 2.6, and 2.7).  Most of the studies on watersheds in this 

region have been centered on the impacts of grazing or cropping systems on nutrient loads 

(Harmel et al., 2009; Nelson et al., 2020). There are no data on nutrient loading of runoff from 

oak and redcedar woodland sites from this region for comparison.  

 The TKN loadings from redcedar watersheds were less compared with grassland 

watersheds although the eastern redcedar watersheds had higher TKN concentrations. The 

loading values are much lower because the amount of runoff is lower (Figure 2.5, Figure 2.6). 

The reason for this difference is the inclusion of volume in the calculation of TKN loading. 

Zhong et al. (2022) found that the same grassland watersheds used in this study had similar 

sediment loading in comparison to the eastern redcedar woodland watersheds despite having 

lower flows. This makes sense in comparison with my data because the grassland sites had lower 

TKN concentrations but higher TKN loading in comparison to eastern redcedar watersheds. The 
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key impact of eastern redcedar encroachment on nutrient contamination is that it increased the 

concentration of nutrients in runoff but decreased the runoff volume.  

 The TKN loading quantities observed are high compared to previous studies. All the 

grassland watersheds, except US2 had greater TKN loading values in comparison with the 

median annual total nitrogen values for pasture/range land use (970 g/ha) found by Harmel et al. 

(2006) during a compilation study on measured nutrient load data for agricultural land uses 

(Table 2.10). Even when I examined data specific to this region of the country and under the 

same management conditions, the annual loading values for these grassland sites were higher than 

what has been observed on an idle grassland (500 g per hectare) (Table 2.10) (Smith et al., 1983). 

However, there were other watersheds from another study that yielded annual TKN values of 

1,940 g/ha per year that were ungrazed and in fair condition (Smith et al., 1992). The forested 

sites from this study measured far below the rangeland values mentioned above.  

 TP followed the general trend with forested watersheds having lower median loading 

values per runoff event in comparison with grassland watersheds. However, watershed US2 had 

lower values, closer to what was observed for the forested sites, likely due to this watershed also 

having the lowest TP concentrations (Figure 2.7, Table 2.5, Table 2.11). The TP loading 

quantities are within the range of values observed in previous study. All the watersheds had lower 

loading values in comparison with the median annual TP values for pastures and rangelands (220 

g/ha) found by Harmel et al. (2006) in the compilation studies mentioned before on agricultural 

land uses (Table 2.11). All watersheds have lower median values compared to previous data 

specific to this region under the same management conditions (780 g/ha) (Table 2.11) (Smith et 

al., 1983). In addition, other watersheds that were ungrazed and in fair condition yielded annual 

TP values of 490 g/ha (Smith et al., 1992). The lower TP loading values at CTER were expected 

because of the cattle management and high vegetative cover.  

 Ortho-P loading reflected how the variation of loading between individual watersheds 

can be influenced by differences in runoff volume. Table 2.7 showed that the Ortho-P 
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concentrations of runoff from all the watersheds have 95% confidence intervals between 0.03 and 

0.08 without much variation. However, the variation of loadings among the watersheds increased 

when the volume component was included in the calculation of loading. All watersheds had lower 

Ortho-P loadings when compared to dissolved phosphorus loading values previously observed at 

different location in the same ecoregion (Harmel, 2006). Relatively low nutrient losses from 

grazed pasture with well-established vegetation has been observed in other studies as well (Vadas 

et al., 2015; O’Callaghan et al., 2019). At a stocking rate of 17 acres/animal unit/year, observing 

higher nutrient loadings in comparison to other studies would have been unexpected.  

Conclusions  

The nutrient concentrations and loadings of runoff varied substantially between 

individual watersheds that differed in land use and vegetation covers. The concentrations of TKN 

and TP tended to be greater in the eastern redcedar dominated watersheds in comparison with the 

grassland watersheds. The ungrazed switchgrass watersheds where annual biomass removal 

occurs repeatedly appear to be reducing the concentrations and loading values of particulate 

nutrients but not dissolved phosphorus. Loading values were substantially influenced by the 

impact vegetation cover had on runoff volume. If the vegetation cover between areas varies 

dramatically, the data from this study suggest it could be best to compare differences in runoff 

concentration as well as the loading values. The purpose of this is to focus effort on the impacts 

of land use, rather than the impacts vegetation cover has on runoff volume. The results of this 

study provide baseline data and descriptive statistics for nutrient concentrations and loadings of 

runoff from multiple watersheds with different vegetation, recent land use history, and access of 

cattle. These baseline data provide opportunity to further study vegetation, land use changes, and 

management impact on nutrient efflux by incorporating paired watershed design to assist 

watershed management in improving water quantity and quality for the cross timbers ecoregion.  
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Table 2.1 Slope and soil characteristics of each watershed. The values in the slope column are in 

percent rise. The first value is the average slope and the second value is the standard deviation for 

the watersheds calculated with the slope tool in ArcMap 10.8. Values for each watershed are 

separated by a semi colon. Soil types are in percentage of area coverage of the watershed. 

Abbreviations are as follows: StDD: Stephenville-Darnell complex; Coy: Coyle loam; ReGr: 

Renfrow and Grainola soils; CoyZ: Coyle and Zaneis soils; GrLE: Grainola-Lucien complex; 

StSL: Stephenville fined sandy loam; CoLC: Coyle-Lucien complex; HaPE: Harrah-Pulaski 

complex;  Zaneis-Huska complex; DooSL: Doolin silt loam. 

Watershed 
Area 
(m2) 

Slope StDD Coy ReGr CoyZ GrLE StSL CoLC HaPE ZaHC DooSL 

GO1 23900 2.56; 
1.04 

100.0 0 0 0 0 0 0 0 0 0 

GO2 28300 3.03; 
1.69 

0 47.2 1.6 12.7 0 34.9 0 0 0 3.8 

GO3 46500 2.75; 
1.66 

0 22.6 7.8 0.9 0 68.8 0 0 0 0 

GP1 40300 2.90; 
1.40 

55.2 44.8 0 0 0 0 0 0 0 0 

GR1 29800 4.1; 
2.6 

91.9 0 0 0.3 7.9 0 0 0 0 0 

GR2 13500 4.47; 
2.67 

21.9 0 0 56.7 21.5 0 0 0 0 0 

UP1 22600 2.41; 
1.65 

63.5 19.9 0 0 0 0 0 15.4 1.1 0 

UP2 25700 3.29; 
1.66 

77.4 0 11.3 0 2.9 8.7 0 0 0 0 

US1 33300 2.77; 
1.55 

67.5 32.5 0 0 0 0 0 0 0 0 

US2 37900 3.03; 
1.62 

29.3 0 28.8 0 13.0 8.6 20.3 0 0 0 
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Table 2.2 Understory/ground cover of each watershed excluding percentage of litter collected 

during the fall of 2020. The values for each vegetation column are the mean followed by the 

standard deviation of the percent cover estimated with Daubenmire frames.  

Watershed Treatment Woody Grass Forb Bare Ground 

GO1 Grazed Oak 3.8 ± 3.9 2.5 ± 0 3.8 ± 3.9 23.6 ± 30.5 

GO2 Grazed Oak 2.5 ± 0 19.1 ± 27.7 4.9 ± 8.2 5.5 ± 8.5 

GO3 Grazed Oak 3.1 ± 2.8 28.6 ± 29.1 5.6 ± 5.6 3.1 ± 2.8 

GP1 Grazed Prairie 6 ± 10.8 59.9 ± 21.3 8.8 ± 6.4 15.5 ± 15.6 

GR1 Grazed Redcedar 2.5 ± 0 5.5 ± 8.5 3.1 ± 2.8 11.5 ± 19.4 

GR2 Grazed Redcedar 2.5 ± 0 33.2 ± 38.1 4.5 ± 4.7 6.5 ± 5.9 

UP2 Ungrazed Prairie 2.5 ± 0 72.5 ± 27.3 20.9 ± 18.1 3.1 ± 2.8 

UP2 Ungrazed Prairie 3.2 ± 2.9 70.1 ± 30.1 20.8 ± 19.5 5.7 ± 8.7 

US1 
Ungrazed 

Switchgrass 
2.5 ± 0 86.2 ± 21.0 6.1 ± 8.7 8.4 ± 19.7 

US2 
Ungrazed 

Switchgrass 
2.5 ± 0 90.2 ± 11.1 2.5 ± 0 5.5 ± 8.5 
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Table 2.3 The descriptive statistics of the TKN concentrations in mg/L for the watersheds at 

CTER. Bootstrapped confidence intervals were calculated at the 95 percent confidence level with 

the bias-corrected and accelerated method. 

Watershed Mean Max Min Median Std 
Sample 

Size 

Bootstrapped 

Confidence 

Intervals 

GO1 1.7 2.0 1.1 1.9 0.5 3 (1.11, 1.86) 

GO2 1.4 1.7 1.2 1.3 0.3 3 (1.20, 1.71) 

GO3 1.4 2.1 1.1 1.2 0.5 4 (1.11, 2.11) 

GP1 1.2 2.2 0.6 1.1 0.4 13 (0.82, 1.28) 

GR1 5.6 7.5 1.7 6.7 2.7 4 (1.73, 7.33) 

GR2 2.7 4.3 1.0 3.1 1.2 9 (1.48, 3.58) 

UP1 1.2 1.9 0.1 1.2 0.4 15 (1.03, 1.39) 

UP2 1.2 2.2 0.5 1.1 0.4 18 (1.06, 1.24) 

US1 1.0 1.7 0.2 1.0 0.3 21 (0.85, 1.17) 

US2 1.2 2.1 0.4 1.2 0.4 23 (1.06, 1.36) 
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Table 2.4 The results of the one-sample Wilcoxon signed rank tests of the median TKN 

concentration in mg/L for the watersheds at CTER to the EPA reference value of 0.52 mg/L from 

ecoregion 27 (EPA, 2001). 

Watershed Test Statistic P Value 

GO1 1.75 0.130 

GO2 11.95 0.130 

GO3 2.65 0.063 

GP1 5.99 0.001 

GR1 10.00 0.063 

GR2 45.00 0.002 

UP1 1.63 <0.001 

UP2 7.88 <0.001 

US1 2.58 <0.001 

US2 5.18 <0.001 
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Table 2.5 The descriptive statistics of the TP concentrations in mg/L of runoff from the 

watersheds at CTER. Bootstrapped confidence intervals were calculated at the 95 percent 

confidence level with the bias-corrected and accelerated method. 

Watershed Mean Max Min Median Std 
Sample 

Size 

Bootstrapped Confidence 

Intervals 

GO1 0.15 0.19 0.09 0.18 0.06 3 (0.09, 0.19) 

GO2 0.10 0.12 0.07 0.10 0.03 3 (0.07, 0.10) 

GO3 0.10 0.12 0.09 0.10 0.01 4 (0.04, 0.18) 

GP1 0.14 0.24 0.06 0.14 0.06 13 (0.07, 0.16) 

GR1 1.27 1.89 0.22 1.48 0.79 4 (0.22, 1.88) 

GR2 0.28 0.51 0.05 0.32 0.17 9 (0.13, 0.41) 

UP1 0.16 0.88 0.07 0.10 0.20 15 (0.08, 0.10) 

UP2 0.06 0.10 0.04 0.06 0.01 18 (0.05, 0.06) 

US1 0.07 0.11 0.01 0.08 0.03 21 (0.06, 0.08) 

US2 0.06 0.11 0.01 0.06 0.06 23 (0.05, 0.06) 
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Table 2.6 The results of the one-sample Wilcoxon signed rank tests of the median TP values for 

the watersheds at CTER to the EPA reference value of 0.09 mg/L from ecoregion 27 (EPA, 

2001). 

Watershed Test Statistic P  Value 

GO1 3 0.190 

GO2 4 0.380 

GO3 6 0.090 

GR1 10 0.060 

GR2 44 0.006 

GP1 84 0.004 

UP1 70 0.008 

UP2 2 0.990 

US1 27 0.990 

US2 11 0.990 
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Table 2.7 The descriptive statistics of the Ortho-P concentrations in mg/L of runoff from the 

watersheds at CTER. Bootstrapped confidence intervals were calculated at the 95 percent 

confidence level with the bias-corrected and accelerated method. 

Watershed Mean Max Min Median Std 
Sample 

Size 

Bootstrapped Confidence 

Intervals mg/L 

GO1 0.04 0.05 0.03 0.04 0.01 3 (0.03, 0.05) 

GO2 0.05 0.06 0.05 0.05 0.00 5 (0.05, 0.06) 

GO3 0.05 0.05 0.04 0.05 0.00 5 (0.04, 0.05) 

GP1 0.09 0.30 0.04 0.06 0.07 14 (0.05, 0.06) 

GR1 0.09 0.20 0.04 0.08 0.07 5 (0.04, 0.08) 

GR2 0.03 0.05 0.01 0.03 0.02 11 (0.01, 0.03) 

UP1 0.07 0.20 0.03 0.05 0.04 14 (0.04, 0.05) 

UP2 0.05 0.20 0.01 0.05 0.04 20 (0.03, 0.05) 

US1 0.04 0.10 0.01 0.04 0.03 21 (0.02, 0.04) 

US2 0.05 0.20 0.01 0.04 0.03 22 (0.03, 0.04) 
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Table 2.8 The results of the one-sample Wilcoxon signed rank test of the median Ortho-P values 

for individual watersheds to the 25th percentile of the Ortho-P concentration of EPA reference 

streams of 0.0275 mg/L from ecoregion 27 (EPA, 2001). 

Watershed Test Statistic P Value 

GO1 6 0.13 

GO2 15 0.02 

GO3 15 0.02 

GP1 105 >0.001 

GR1 15 0.03 

GR2 46 0.13 

UP1 105 >0.001 

UP2 200 >0.001 

US1 193 >0.01 

US2 224 >0.001 
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Table 2.9 The annual runoff in millimeters for each watershed at CTER. Median, Max, and 

minimum values displayed are monthly values for the data for that year. 

Watershed Year 

Runoff in Millimeters 

Total Max Min Median 

GO1 

2020 29.6 25.5 0.00 0.0 

2021 6.4 3.8 0.00 0.0 

GO2 

2020 2.8 2.6 0.00 0.0 

2021 13.7 6.4 0.00 0.1 

GO3 

2020 9.2 7.0 0.00 0.0 

2021 5.0 2.7 0.00 0.0 

GP1 

2020 68.2 56.3 0.00 0.9 

2021 108.0 49.8 0.08 8.5 

GR1 

2020 0.7 0.3 0.00 0.1 

2021 25.6 12.7 0.00 0.3 

GR2 

2020 27.8 7.3 0.61 1.9 

2021 26.8 16.6 0.01 0.9 

UP1 

2020 144.6 102.1 0.31 2.6 

2021 146.7 51.3 0.02 14.9 

UP2 

2020 205.2 179.4 0.35 2.8 

2021 176.3 46.6 1.07 16.8 

US1 

2020 100.9 64.2 0.00 1.6 

2021 172.3 61.3 0.00 18.2 

US2 

2020 78.7 42.1 0.01 3.1 

2021 106.5 22.8 0.02 12.4 
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Table 2.10 The descriptive statistics for the TKN loading of runoff in grams/ha from the 

watersheds at CTER. Annual loads were calculated by dividing the total load for the duration of 

the study by the number of years. 

Watershed Mean Max Min Median Std 
Sample 

Size 

Bootstrapped 

Confidence 

Intervals 

Annual 

Load 

GO1 13.6 26.7 0.4 13.6 18.5 2 (0.4, 13.6) 16.3 

GO2 37.2 61.4 12.5 37.8 24.5 3 (12.5, 37.8) 67.0 

GO3 21.2 36.2 5.9 21.4 12.4 4 (5.9, 28.9) 50.9 

GP1 96.7 274.8 1.4 74.5 83.8 12 (34.2, 142.1) 969 

GR1 8.3 29.9 0.3 1.5 14.5 4 (0.3, 29.9) 19.9 

GR2 33.4 160.7 3.1 13.1 51.2 9 (5.6, 21.8) 180. 

UP1 116.8 403.9 0.6 113.9 102.4 15 (43.4, 148.0) 1,051 

UP2 103.8 374.2 12.9 74.6 106.5 18 (29.4, 110.9) 1,021 

US1 90.7 335.9 1.3 51.1 83.4 20 (34.7, 126.4) 1,089 

US2 64.1 160.8 5.3 48.8 42.7 19 (31.6, 84.5) 731 
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Table 2.11 The descriptive statistics for the TP loading in grams/ha of runoff from the watersheds 

at CTER. Annual loads were calculated by dividing the total load for the duration of the study by 

the number of years. 

Watershed Mean Max Min Median Std 
Sample 

Size 

Bootstrapped 

Confidence 

Intervals 

Annual 

Load 

GO1 1.4 2.7 0.04 1.4 1.9 2 (0.04, 1.40) 1.7 

GO2 2.8 5.1 0.67 2.7 2.2 3 (0.67, 5.10) 5.1 

GO3 1.4 1.8 0.59 1.7 0.6 4 (0.59, 1.70) 3.4 

GP1 14.0 58.3 0.19 9.0 16.3 12 (3.50, 15.00) 101 

GR1 2.1 7.9 0.03 0.3 3.9 4 (0.03, 7.90) 5.1 

GR2 2.4 7.9 0.30 1.8 2.6 9 (0.53, 2.70) 13 

UP1 9.7 32.2 1.40 8.2 7.5 15 (4.10, 9.60) 87 

UP2 5.2 23.8 0.62 3.7 5.5 18 (1.80, 5.20) 56 

US1 7.2 30.5 0.09 3.0 7.9 20 (2.34, 9.54) 86 

US2 3.6 15.9 0.14 2.2 3.7 19 (1.24, 3.44) 41 
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Table 2.12 The descriptive statistics for the Ortho-P loading in g/ha of runoff from the watersheds 

at CTER. Annual loads were calculated by dividing the total load for the duration of the study by 

the number of years. 

Watershed Mean Max Min Median Std 
Sample 

Size 

Bootstrapped 

Confidence 

Intervals 

Annual 

Load 

GO1 0.36 0.7 0.01 0.36 0.5 2 (0.01, 0.36) 0.43 

GO2 0.90 2.6 0.01 0.48 1.1 5 (0.01, 1.32) 2.7 

GO3 0.40 0.9 0.01 0.24 0.4 5 (0.01, 0.67) 1.2 

GP1 7.80 32.0 0.08 3.30 11.0 13 (0.39, 3.45) 61 

GR1 0.11 0.3 0.01 0.03 0.1 5 (0.01, 0.22) 0.32 

GR2 0.92 7.9 0.01 0.13 2.4 11 (0.02, 0.15) 6.1 

UP1 5.20 19.0 0.20 3.32 6.2 14 (1.25, 4.85) 44 

UP2 3.10 17.0 0.44 1.47 4.0 20 (1.16, 2.98) 37 

US1 4.10 25.0 0.17 1.67 6.5 20 (1.07, 2.83) 49 

US2 1.90 7.1 0.36 1.25 1.9 18 (0.89, 1.97) 21 
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Figure 2.1 The size and locations of the watersheds monitored at CTER overlaid on a 1-meter 

resolution image from 2019 provided by the National Agriculture Imagery Program. The areas 

outlined in orange represent portions of the property that are excluded from cattle access. Cattle 

were not confined to any dominant vegetation cover for the purposes of this study. 
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2.2 Boxplots of the TKN concentrations for the individual watersheds at CTER. Boxplots with 

the same letter are not significantly different from one another. Letters earlier in the alphabet 

represent higher values. The solid orange line represents the EPA reference condition of 0.52 

mg/L (EPA, 2001). “X” at bottom of the plot indicates that the median value for that watershed is 

significantly higher than the EPA reference condition. “O” indicates the median value for that 

watershed is not significantly higher than the EPA reference condition.  
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2.3 Boxplots of the TP concentrations for the individual watersheds at CTER. Boxplots with the 

same letter are not significantly different from one another. Letters earlier in the alphabet 

represent higher values. The solid orange line represents the EPA reference condition of 0.09 

mg/L (EPA, 2001). “X” at bottom of the plot indicates that the median value for that watershed is 

significantly higher than the EPA reference condition. “O” indicates the median value for that 

watershed is not significantly higher than the EPA reference condition. 
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2.4 Boxplots of the Ortho-P concentrations for the individual watersheds at CTER. Boxplots with 

the same letter are not significantly different from one another. Letters earlier in the alphabet 

represent higher values. The dotted green line represents the 25th percentile for the EPA reference 

condition of 0.0275 mg/L (EPA, 2001); the solid yellow line represents the 95th percentile for the 

EPA reference condition of 0.235 mg/L; and the dashed red line represents the 95th percentile for 

the EPA reference condition of 0.330 mg/L. “X” at bottom of the plot indicates that the median 

value for that watershed is significantly higher than the 25th percentile for the EPA reference 

streams. “O” indicates the median value for that watershed is not significantly higher than the 25th 

percentile of EPA reference streams. 
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2.5 The monthly runoff from watersheds grouped based on vegetation cover for visual purposes. 

On the bottom y-axis the runoff is presented in millimeters. The top y-axis is the precipitation in 

millimeters recorded from the nearest Mesonet station (Marena). 
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2.6 Boxplots of the TKN loading per event for the individual watersheds at CTER.  
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Figure 2.7 Boxplots of the TP loading per event for the individual watersheds at CTER. Boxplots 

with the same letter are not significantly different from one another. Letters earlier in the alphabet 

represent higher values.  
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Figure 2.8 Boxplots of the Ortho-P loading per event for the individual watersheds at CTER. 

Boxplots with the same letter are not significantly different from one another. Letters earlier in 

the alphabet represent higher values.  
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