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Abstract:  
The encroachment of Eastern Redcedar (Juniperus virginiana) has become a major concern 
across the Great Plains region. This species has diminished ecological benefits provided by the 
grasslands they are replacing. It was suggested that Eastern Redcedar be used as a biofuel 
feedstock to serve a dual purpose of more biofuel production and restoration of native grasslands. 
This study compared two tallgrass prairie and two Eastern Redcedar encroached woodland 
watersheds identified in the Oklahoma State University Cross Timbers Experimental Range 
(CTER). Surface runoff samples were collected in each watershed to compare total runoff and 
sediment concentrations between encroached and tallgrass prairie watersheds prior to Eastern 
Redcedar removal. Measured data showed less runoff in the encroached sites compared to the 
tallgrass prairie. However, the sediment yield in all watersheds was similar. These data were also 
compared to uncalibrated Water Erosion Prediction Project (WEPP) simulations to evaluate the 
model. WEPP simulations were conducted using site-specific soil and slope inputs and a variety 
of climate inputs to represent wet, dry, long-term, and field site conditions. All site-specific 
WEPP simulations showed increased runoff and sediment yield in the encroached woodland 
compared to tallgrass prairie watersheds. Future work including calibration of WEPP using data 
from CTER will provide more guidance on if default values are sufficient or if field-measured 
parameters improve model predictions. The soil erodibility parameters were further investigated 
in WEPP. Currently, WEPP uses empirical equations to determine two major erodibility 
parameters within the soil input file: the critical shear stress (τc) and the erodibility coefficient 
(kd). These erodibility parameters were determined mechanistically in the field using the Jet 
Erosion Test (JET). The JET-derived erodibility parameters were compared to WEPP-predicted 
values. The WEPP erodibility parameters were directly correlated with the soil texture. However, 
JET-derived erodibility parameters were significantly different between the two land covers with 
no relationship observed to soil texture. Uncalibrated WEPP simulations failed to indicate 
differences in predicted sediment transport between the erodibility parameters likely due to the 
small range in applied shear. This investigation highlights the need to use in situ testing to 
determine erodibility of a field site to better incorporate the effects of land cover when predicting 
hillslope sediment detachment in hydrologic modeling.  
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CHAPTER I 
 
 

COMPARING MEASURED WATER QUANTITY AND QUALITY OF EASTERN 
REDCEDAR-ENCROACHED AND TALLGRASS PRAIRIE WATERSHEDS TO AN 

UNCALIBRATED WEPP MODEL 

1.1 Abstract 

The encroachment of Eastern Redcedar (Juniperus virginiana) has become a major concern 
across the Great Plains region. This species has diminished the ecological benefits provided by 
the grasslands they are replacing. Removal of this species will allow the native grasslands to 
return to the region but is costly especially with large trees. It has been suggested that this species 
be used as a biofuel feedstock to serve a dual purpose of more biofuel production and restoration 
of native grasslands. This study compared two tallgrass prairie and two Eastern Redcedar-
encroached woodland watersheds identified in the Cross Timbers Experimental Range (CTER) 
for this research. Water quality samples were collected in each watershed to compare total runoff 
and sediment concentrations between encroached and grassland sites prior to Eastern Redcedar 
removal. Measured data showed less runoff in the woodland compared to the tallgrass prairie. 
However, the sediment yield in all watersheds was similar. These data were also compared to 
uncalibrated Water Erosion Prediction Project (WEPP) simulations to evaluate the model. WEPP 
simulations were conducted using site-specific soil and slope inputs and a variety of climate 
inputs to represent wet, dry, long- term, and field site conditions. All site-specific WEPP 
simulations showed increased runoff and sediment yield in the encroached woodland compared to
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tallgrass prairie watersheds. When comparing measured runoff to site-specific WEPP runoff 
using CTER weather data, WEPP underestimated runoff for all watersheds. Future work 
including calibration of WEPP using data from CTER will provide more guidance on if default 
values are sufficient or if field-measured parameters improve model predictions. 

1.2 Introduction 

1.2.1 Eastern Redcedar Encroachment 

Many of the grasslands throughout the Great Plains have experienced encroachment of 
juniper species, specifically Eastern Redcedar (Juniperus virginiana). Juniper trees have 
encroached approximately five million hectares of grasslands in Oklahoma alone (Engle et al., 
2008).  In 2010, the United States Department of Agriculture (USDA) Natural Resources 
Conservation Service (NRCS) also found that among non-federal rangeland, native invasive 
juniper species made up five to 30% of land cover over about 20% of the state of Oklahoma, the 
majority of which is specifically Eastern Redcedar (Figure 1.1).   

 
Figure 1.1. Encroachment of Juniper species including Eastern Redcedar in grasslands throughout 

the western United States (USDA-NRCS, 2010). 
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Eastern Redcedar has an undesirable impact on the grassland ecosystem, especially 
regarding water use and consumption. Eastern Redcedar encroachment has been shown to alter 
processes such as carbon and nitrogen cycling by increasing the amount of aboveground biomass 
as compared to grasslands (Norris et al., 2001). Eastern Redcedar is able to outcompete these 
grasses because it has deep root systems that can access water at depths that grasses cannot reach 
(Huxman et al., 2005; Tennesen, 2008). Additionally, Eastern Redcedar has drought-resistance 
strategies such that when water becomes available in the 0.05-0.5 m profile, it will draw from the 
upper roots instead where it competes with shallow grassland root systems (Eggemeyer et al., 
2009). Previous studies have evaluated water use by Eastern Redcedar through both direct and 
indirect approaches but most were conducted in semi-arid regions that do not well-represent the 
climate in Central Oklahoma (Caterina et al., 2014). Therefore, Caterina et al. (2014) conducted 
experiments to better understand the water balance of a mesic prairie being encroached with 
Eastern Redcedar in north-central Oklahoma by measuring sap flow densities in individual trees 
using thermal dissipation probes (TDP) to quantify water use. A study from these same 
watersheds showed that encroached sites had reduced streamflow compared to grasslands and 
shorter streamflow duration than in grasslands (Zou et al., 2014).  Pierce and Reich (2009) 
suggested that encroached areas that are restored to grasslands are able to recover from the 
transition and perform equally to non-encroached grasslands. Therefore, removing Eastern 
Redcedar in these encroached grasslands would reestablish many ecological benefits.   

1.2.2 Eastern Redcedar and Biofuel Production 

Currently, the cheapest method of Eastern Redcedar removal is prescribed burning but 
areas with trees greater than five feet or with closed canopies may not allow for enough grassy 
undergrowth to fuel a fire hot enough under allowed burn conditions to burn all the foliage and 
kill the cedars (Oklahoma Forestry Service, 2014). Clear cutting is a more expensive and time-
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consuming option especially with larger trees (Ortmann et al., 1998), but could be a viable 
solution if used for biofuel production. Eastern Redcedar has been suggested as a sustainable fuel 
source due to the over-abundance and need to control this species in Oklahoma (Starks et al., 
2011; Olukoya et al., 2014; Liu et al., 2015) and because it is predicted that the ethanol 
production potential of this species is about 2 billion liters from just 17 of the counties currently 
experiencing encroachment in northwestern Oklahoma (Ramachandriya et al., 2013). Increasing 
biofuel production has been a growing concern since 2007 when the United States implemented 
the Energy Independence Security Act, which included goals of creating more sustainable energy 
sources by increasing biofuel production by 2022 (Gopalakrishnan et al., 2009). One major 
concern of increasing biofuel production is a decrease in agricultural land that could be used for 
food production. A large area in the Great Plains has been identified as marginal lands that cannot 
be used for food production and instead can be used for biofuel production using feedstocks such 
as switchgrass (Wright and Turhollow, 2010). Harvesting encroaching juniper species as a biofuel 
feedstock can have a positive impact on the environment by increasing ecological services and 
providing a sustainable fuel source other than non-renewable oil and gas.  After harvest, grassy 
biofuel feedstocks, such as switchgrass, can be planted to make use of marginal lands that can 
further increase cellulosic biofuel production in this region without inhibiting agricultural 
production.  

Potential concerns of harvesting Eastern Redcedar are increased runoff and sediment 
yields. The harvesting procedure will likely disturb soil and result in more sediment transported 
by runoff that could be deposited in receiving water bodies. Sediment is one of the most common 
water quality pollutants and can carry nutrients harmful to an aquatic ecosystem and even human 
health when polluting a drinking water source. Access to clean abundant water is becoming more 
important as the growing population puts more demand on water sources and climate change 
affects the water budget. Therefore, it is important to investigate water quantity and quality 
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changes under these changing land covers to understand how to best reduce the negative impacts 
on water resources.  

1.2.3 The Water Erosion Prediction Project 

The hydrologic model WEPP was used in this study to compare the water quality and 
quantity of Eastern Redcedar-encroached land cover to that of native un-encroached grassland. 
The WEPP model was developed at the USDA-ARS National Soil Erosion Research Laboratory 
(NSERL) in 1995 to estimate soil loss on a spatial and temporal scale along a hillslope. Hillslope 
applications of WEPP consider rill and interill erosion and deposition but do not consider gully 
erosion (Flanagan et al., 1995). WEPP has been used to model runoff, erosion, and management 
alternatives in agricultural settings (e.g. Das et al., 2004; Renschler and Lee, 2005; Williams et 
al., 2010, and Garbrecht and Zhang, 2015), in forested watersheds (e.g. Wade et al., 2012; 
Christie et al., 2013; Saghafian et al., 2015) and in grasslands (e.g. Zhang et al., 2008; Wang et 
al., 2014).  

WEPP uses four main input parameters: climate, slope, soil and land management 
(Flanagan and Livingston, 1995). WEPP uses the Green-Ampt Mein-Larson infiltration equation 
so the effective hydraulic conductivity (Ke) is one of the most important infiltration parameters 
(Alberts et al., 1995). The baseline effective conductivity can be calculated by WEPP using the 
sand or clay content and the cation exchange capacity (CEC) of the soil and adjusted over time 
with changing soil management and plant characteristics. However, this method is only 
applicable to soils with CEC greater than 1 meq/100g (Alberts et al., 1995). Another method to 
estimate Ke as a constant time-invariant value that is based on hydrologic soil group and 
management practice (Flanagan and Livingston, 1995). The erodibility parameters such as the 
interrill erodibility (Ki), the rill erodibility (Kr), and the critical shear stress (τc) are determined by 
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empirical equations described by Elliot et al. (1989). Sediment detachment and transport is 
modeled using the excess shear stress and Yalin equations (Foster et al., 1995; Stone et al., 1995).  

Sensitivity analysis has shown Ke to be the most sensitive parameter among three 
separate management scenarios for runoff prediction (Ascough II et al., 2013). Additionally, a 
first-order error analysis showed that in runoff predictions Ke contributed the highest percentage 
of error variance, up to 74%. For soil loss predictions, Kr, τc, and clay content contributed the 
most error variance in cases dominated by rill detachment (Ascough II et al., 2013).  

1.2.4 Objectives 

This research focused on comparing runoff and sediment yield for two Eastern Redcedar-
encroached woodland watersheds and two tallgrass prairie watersheds. The hydrology of each 
watershed was evaluated in the field using monitoring equipment to collect runoff samples that 
were analyzed for sediment concentrations. These data were also compared to model simulations 
by WEPP to evaluate runoff and sediment yield predictions in the two encroached woodland and 
two tallgrass prairie watersheds. 

1.3 Materials and Methods 

1.3.1 Field Research Sites- 

Research was conducted in two tallgrass prairie watersheds and two Eastern Redcedar-
encroached woodland watersheds at the Oklahoma State University (OSU) Cross Timbers 
Experimental Range (CTER) 11 km southwest of Stillwater, OK (36°04′N, 97°11′36′′W) (Figure 
1.2). This study area was located within the Cross Timbers ecoregion defined as a “complex 
mosaic of upland deciduous forest, savanna, and prairie” which spanned portions of Oklahoma, 
Texas, Kansas and Arkansas (Hoagland, 1999). The tallgrass prairie consisted of predominantly 
little bluestem (Schizachyrium scoparium), big bluestem (Andropogon gerardii), indiangrass 
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(Sorghastrum nutans), and switchgrass (Panicum virgatum) (Limb et al., 2010). Within CTER, 
Eastern Redcedar has invaded portions of the tallgrass prairie, and there are different stages of 
cedar encroachment with canopy coverage approaching 100% in some locations (Caterina et al., 
2014). Observations from the field reported terracing throughout these watersheds remaining 
from historic agricultural practices in CTER. Gullies were also reported leading to H-flumes at 
the mouth of each watershed particularly in the encroached woodland watersheds. CTER has also 
had significant grazing; approximately 58 cows from March to November for the last six years.  

Figure 1.2. Cross Timbers Experimental Range field site including two tallgrass prairie (P1, P2) and 
two Eastern Redcedar-encroached woodland (E1, E2) watersheds located less than 15 km southwest 

of Stillwater, OK. 
The climate was continental with an average growing season of 204 days and an average 

annual precipitation of 942 mm with 65% occurring from May to October (Brock et al., 1995; 
McPherson et al., 2007). The temperature ranged from an average daily minimum of 4.3°C in 
January to an average daily maximum of 34°C in August with an annual daily average of 15°C 
(Brock et al., 1995; McPherson et al., 2007). Data from two weather monitoring stations, one in a 
tallgrass prairie site (P2) and one in an encroached site (E2), were collected in these watersheds 
since 2011 and data from an Oklahoma Mesonet station located less than three kilometers 
northwest (36° 3' 51" N, 97° 12' 45" W) from the research site provided additional weather 
information.  

P2

P1

E1
E2

0 0.2 0.40.1 Kilometers Weather Station 
Rain Gage 

Legend
H-Flume
Watershed Boundaries
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Physical characteristics of each watershed were detailed in Table 1.1. The total drainage 
area and slope were estimated using in-field surveying to delineate watershed boundaries (Elaine 
Stebler, Personal Communication, December 9, 2015).   

Table 1.1. Watershed characteristics for Eastern Redcedar-encroached woodland (E1, E2) and 
tallgrass prairie (P1, P2) land cover. 

 E1 E2 P1 P2 

Land Cover 
Eastern 

Redcedar  
Eastern 

Redcedar Tallgrass Prairie  Tallgrass Prairie  
Area (ha) 2.6 3.8 2.3 3.3 

Average Slope (%) 5 4 4 4  
1.3.2 Soil Sampling and Processing  

Twenty to 30 site-specific soil samples were acquired throughout each watershed. Using 
ArcGIS 10.2 (ESRI, 2013), a grid sampling system was developed for each watershed with 
sampling points 25 to 35 m apart depending on the overall size of the watershed (Figure 1.3).  

 
Figure 1.3. Cross Timbers Experimental Range watersheds displaying soil types and sampling 

locations. 
Soil samples were taken at five depths which were chosen based on the layer depths of 

the Stephenville-Darnell complex which consists of loam and sandy loam, and covered the 
majority of the watershed study area.  According to the Soil Survey Geographic Database 
(SSURGO), the Stephenville soil series consists of four soil horizons: A (0 to 13 cm), E (13 to 38 
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!( !(
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cm), B (38 to 84 cm), and C (84 to 130 cm-sandstone bedrock layer).  The Darnell soil series 
consists of three layers: A (0 to 13 cm), B (13 to 38 cm), and the sandstone horizon C (38 to 76 
cm).  All of the soil types present in the watersheds can be seen in Figure 1.4 with the soil type 
descriptions and contributions to the watershed in Table 1.2.  

 
Figure 1.4. Cross Timbers Experimental Range watersheds displaying soil types determined by 

SSURGO. The legend of soil type descriptions can be found in Table 1.2. 
Table 1.2. Cross Timbers Experimental Range soil types determined by SSURGO including soil type 

descriptions and contribution to each watershed.  
    % Contribution to Watershed 
Soil Type Soil Type Description E1 E2 P1 P2 

StDD Stephenville-Darnell complex, 3 to 8% slopes, rocky 77.8 29.3 63.7 67.4 
3 Coyle loam, 3 to 5% slopes  0.0 0.0 0.0 18.2 

49 Renfrow and Grainola soils, 3 to 8% slopes, severely eroded 11.0 29.0 0.0 0.0 
51 Stephenville fine sandy loam, 3 to 5% slopes, severely eroded 8.4 8.6 0.0 0.0 

CoyB Coyle loam, 1 to 3% slopes  0.0 0.0 20.3 14.5 
GrLE Grainola-Lucien complex, 5 to 12% slopes, rocky 2.9 13.0 0.0 0.0 
HaPE Harrah-Pulaski complex, 0 to 12% slopes, very rocky 0.0 0.0 15.0 0.0 
ZaHC Zaneis-Huska complex, 1 to 5% slopes 0.0 0.0 1.0 0.0 
CoLC Coyle-Lucien complex, 1 to 5% slopes 0.0 20.1 0.0 0.0 

 
This typical profile was assumed to be constant over the study area and soil samples were 

obtained from depths 127, 381, 635, 889, and 1143 mm. Individual samples from each watershed 
were composited into one sample per depth to act as an average soil sample from each depth per 
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watershed. The composite samples were tested at the Oklahoma State University Soil, Water, and 
Forage Analytical Laboratory (SWFAL) for soil texture and organic matter.  

1.3.3 Runoff Sampling and Processing 

Three-foot or four-foot H-flumes at the mouth of each watershed have been used to 
measure runoff since 2010. ISCO 3700C autosamplers were installed in each of the four 
watersheds to collect runoff samples for sediment analysis (ISCO Product Data, 2000). ISCO 
autosamplers have not often been used in conjunction with flumes. To collect water quality 
samples without disrupting the stage-discharge relationship of the flume, a trough made of a half 
of a 160 mm polyvinyl chloride (PVC) pipe was placed at least 15 cm underneath the flume outlet 
(Figure 1.5). As water flowed into the trough, ISCO autosampler pumped water through flexible 
tubing to the individual bottles within the sampler. An intake strainer was made of wire screens 
and a 25 mm PVC pipe with 10 mm diameter holes drilled into it to prevent leaves, sticks or other 
material carried by the runoff from clogging the flexible tubing (Figure 1.5).  

The sampling scheme on the ISCO autosamplers used a combined flow-weighted and 
time-weighted system. Every five minutes, the samplers measured the stage in the flume using a 
shaft encoder in the flume stilling well.  A stage greater than 21 mm or 24 mm, depending on the 
size of the flume, activated the sampler to take the first sample. The ISCO also sampled if the 
absolute difference of the stage changed by more than 21 mm or 24 mm accordingly. After the 
initial sample, if there was no change in stage for 40 minutes then another sample was taken. This 
method ensured that samples characterized the whole event and captured the moments when the 
runoff changed.  
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Figure 1.5. To prevent disturbing the stage-discharge relationship of the flume, runoff will free fall 
approximately 15 cm from the flume outlet into the trough made of half of a 160 mm PVC pipe. 

Then, the runoff will flow through the intake strainer to prevent leaves and debris from entering the 
flexible tubing that leads to the ISCO autosampler. 

Water samples collected from ISCO autosamplers at each field site were processed to 
measure sediment concentration. Total water volume and sediment mass were measured to 
calculate the concentration for each sample. Next, the sample time was matched to the five-
minute flow data. The volume in the flume was then multiplied by the concentration to estimate 
the total sediment load (kg) per five minute sampling period. Next, runoff hydrographs were 
created from the flume data and sampling times were noted along the duration of the runoff 
(Figure 1.6). These hydrographs showed runoff events that were poorly sampled such as those 
that only had samples on the falling tail of the runoff event or had a single sample at the event 
peak. Neither of these scenarios provided an accurate average of the sediment load over the 
duration of the runoff event.  

Figure 1.6. Runoff hydrographs were examined to determine if individual storms were a) well-
sampled so that samples were taken throughout the runoff event or b) poorly-sampled such that only 

a few samples were taken on the falling limb of the hydrograph. 

H-Flume Outlet 
Trough 

Flexible Tubing 
Intake Strainer 15 cm 
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To overcome gaps in sample collection, a regression analysis was conducted for each 
watershed. Minitab 17 software (Minitab® 17.2.1) was used to perform a linear regression to 
compare the average sampled sediment load per storm (kg/hr) to the average storm runoff (m3/s) 
for all properly sampled storms monitored in 2015. The sediment load was then multiplied by the 
duration of each storm to find the total sediment yield within the year of storms monitored. For 
watersheds that had very few well-sampled storms, a regression equation was not applicable so an 
average sediment load (kg/hr) was used instead and was multiplied by the storm duration to 
determine the total sediment yield.  

1.3.4 WEPP Modeling 

Simulations were conducted in WEPP to predict runoff and sediment yield from each 
watershed in CTER. Default and site-specific scenarios were compared to the observed runoff 
and sediment yield measured in the field to determine the importance of using detailed input data. 
A matrix of each simulation and inputs used are reported in Table 1.3.  

Table 1.3. Water Erosion Prediction Project (WEPP) simulations and input files used for each 
simulation. Shaded boxes in each row indicate input files used for each of the four input categories: 

land management, slope, soil, and climate. 
Land Management Slope Soil Climate 

 
WEPP Simulation 

20 
year 

forest 
Tallgrass 

Prairie 
Convex 

5% 
Individual 
Watershed 

Slope 
Canisteo             

(Clay 
Loam) 

Individual 
Watershed 

Texture  
CLIGEN-
Perry, OK 

Mesonet 
Wet 

(2007) 
Mesonet 

Dry 
(2011) 

Mesonet 
(2005-
2014) 

Measured 
CTER 
(2015) 

Default 
Site-Specific- 

Mesonet Wet (2007) 
Site-Specific- 

Mesonet Dry (2011) 
Site-Specific- 

Mesonet 2005-2014 
Site-Specific-  
CTER 2015  

Default inputs that best characterized the CTER watersheds were used to imitate a user 
that was utilizing WEPP as a quick assessment tool without further field work or testing. The land 
management default files offered many agricultural, forest, grassland, and rangeland options. 
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Each of these files included detailed ecological data including the bulk density, canopy cover, 
interill/rill cover, ridge height and roughness since last tillage and days of senescence. The land 
management chosen for these Eastern Redcedar-encroached woodlands was a 20-year old forest. 
This was based on aerial imagery that showed encroachment beginning at these sites in 1995. The 
land management selected to represent the grassland watersheds was the default file for a tallgrass 
prairie. The default climate file used the climate generator (CLIGEN) built into WEPP to estimate 
daily weather parameters using historic monthly averages from various CLIGEN stations 
throughout the United States. For all CTER watersheds, the Perry, OK CLIGEN station was used 
which is approximately 30 km north of CTER. The default slope chosen was a convex five 
percent slope over a length of 300 m. The default soil files had many preloaded hydrologic soil 
groups and include parameters such as the percent sand, clay, organic matter, rock, and CEC at 
each soil layer, albedo, and initial saturation level. The default soil series chosen was Canisteo 
which best matched the soil texture of these watersheds.  Some other input data in the soil file 
included Ki (kg*s/m4), Kr (s/m), τc (Pa), and Ke (mm/h) which were calculated within the model.  

Using default values, the only input that differentiated between all four of these 
watersheds was the land management that divided them into encroached woodland and tallgrass 
prairie sites. Therefore, to further distinguish between individual watersheds, site-specific input 
files were created using data collected in the field. A breakpoint climate file containing mean 
daily precipitation, maximum and minimum daily temperatures, mean daily solar radiation, and 
mean daily wind direction and speed was created using weather data from each of the weather 
stations (one in a encroached woodland and one in tallgrass prairie). Additional breakpoint files 
using an hourly time-step were created using more long-term Mesonet data to include a 10-year 
period (2005-2014) as well as a single wet year (2007) with the highest annual total of rainfall 
(1370 mm) in the last 10 years and a single dry year (2011), which only reached an annual 
rainfall total of 585 mm (Brock et al., 1995; McPherson et al., 2007). The slope of each watershed 
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was manually entered based on 2-m LiDAR elevation data analyzed with ArcGIS (ESRI, 2013). 
The soil file was specialized by entering the soil texture data for each layer based on composite 
soil texture determined from soil sampling throughout each watershed. Other important soil 
parameters include the soil albedo and initial saturation which were calculated with guidance 
from the WEPP User Summary. The erodibility parameters (Ki, Kr, τc) were calculated by WEPP 
but the Ke infiltration parameter was calculated and entered as a constant value (Flanagan and 
Livingston, 1995). 

1.4 Results  
1.4.1 Soil Texture 

 Soil texture was an important input to the soil file in WEPP. The composite soil texture at 
each layer depth was determined for each watershed in CTER. Then, WEPP computed a weighted 
average of the sand and clay content for the top 20 cm of soil (Table 1.4). This weighted average 
is used by WEPP when computing other erodibility parameters such as the Kr and τc.  

Table 1.4. The composite topsoil texture in each watershed and the weighted average sand and clay 
content used by the Water Erosion Prediction Project. 

Composite Topsoil Texture  
Watershed Layer (cm) Sand (%) 

Average 
Sand (%)  Clay (%) 

Average 
Clay (%) Texture 

E1 0-10 46.3 17.5 
10-20 45.4 45.8 23.0 20.2 Loam 

E2 0-10 58.8 17.5 
10-20 53.3 56.1 24.8 21.2 Sandy Clay Loam 

P1 0-10 55.0 15.0 
10-20 53.2 54.1 20.5 17.7 Sandy Loam 

P2 0-10 46.3 18.8 
10-20 46.3 46.3 23.3 21.1 Loam 
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1.4.2 Sediment Loads 

The concentration from each individual sample collected in 2015 was recorded and an 
average was calculated for each watershed (Table 1.5). A simple linear regression was developed 
to estimate the average sediment load per storm (kg/hr) based on the average storm runoff (m3/s) 
for each of the encroached woodland watersheds. A total of ten sampled storms in E1 and nine in 
E2 were used to calculate the regression. A significant regression equation was found for the 
encroached woodlands using a log10 transformation on both variables. The regression equations 
and statistical measures are listed in Table 1.5. These equations were used to find the average 
sediment load per storm (kg/hr) for a total of 26 runoff events in E1 and 21 runoff events in E2.  

The two tallgrass prairie watersheds had less than five storms each that were sampled 
enough to be used for the regression analysis. However, a regression with a good fit was not 
found for these two watersheds because so few storms were used. Therefore, a simple average of 
the sediment load measured for all storms was used in place of the regression equation. The 
average sediment load per storm in kg/hr was then multiplied by the duration to find different 
total sediment loads (kg) per storm. The estimated sediment yield using this method was 
reasonable compared to the estimations from the regressions in the encroached woodland 
watersheds.  

Table 1.5. Regression analysis and estimated sediment yield for each watershed during the 2015 
sampling period. 

Watershed[a] Regression Equation[b,c] R2 S (kg/hr)[d] 
Sediment 

(kg/yr) (kg/ha·yr) (mg/L) 
E1 log10 (ASL) = 4.64 + 1.463 log10 (ASR) 70.61% 0.34 1020 390 190 
E2 log10 (ASL) = 3.541 + 1.181 log10 (ASR) 72.19% 0.37 860 230 210 
P1 ASL=1.35 n/a n/a 1130 500 160 
P2 ASL=1.55 n/a n/a 940 280 160 

[a]E1 and E2 represent encroached woodland watersheds, P1 and P2 represent tallgrass prairie watersheds; [b]ASL=Average Sediment 
Load (kg/hr); [c]ASR=Average Storm Runoff (m3/s); [d]S=Standard Error 
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1.4.3 Measured Runoff and Sediment Yield 

Using sediment yields estimated from the regression analysis and averaging methods, the 
sediment yield per area was plotted for each watershed and compared to the runoff from each 
watershed. Measured runoff from the H-flumes at the mouth of each watershed showed runoff in 
the tallgrass prairie watersheds was more than double that of the encroached woodland 
watersheds (Figure 1.7). However, estimated sediment yield in each watershed was similar; 
varying by less than 300 kg/ha. Sediment yields were similar among all land covers because the 
concentration of sediment in runoff was less in tallgrass prairie but the increase in runoff made up 
for the difference in concentration, whereas encroached woodlands intercepted more rainfall 
leading to less runoff but the runoff was more concentrated with sediment. This was consistent 
with observations from the field which showed higher concentrations of sediment in the 
encroached woodland watersheds but fewer runoff samples during the study period.  

 
Figure 1.7. Measured runoff from H-flumes in each encroached woodland (E1, E2) and tallgrass 

prairie (P1, P2) watershed and estimated sediment yield from each watershed based on measured 
concentrations from ISCO runoff samples. 
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1.4.4 WEPP Modeling Comparisons 

Measured runoff and sediment values were compared to the WEPP simulations that best 
represented the individual watersheds by using site-specific slope and soil inputs and the 
breakpoint climate file created from the weather stations at CTER (Figure 1.8). WEPP only 
predicted two or three runoff events in each watershed for the 2015 climate file from CTER. The 
number of measured runoff events in each watershed ranged from 14 to 26 meaning WEPP only 
predicted 10 to 17% of the runoff events in 2015. Therefore, WEPP simulations were compared 
on an average annual basis for runoff and sediment yield.  

Predicted sediment covered a wide range (three orders of magnitude) with more predicted 
in encroached woodland watersheds and less in the tallgrass prairie watersheds. E2 showed the 
closest predicted sediment yield to measured values. WEPP predicted sediment yields did not 
consider the effects of gully erosion. Therefore, in CTER where gullies were present, especially 
in the encroached woodland watersheds, sediment yield may be higher than predicted. However, 
the site-specific WEPP simulations overpredicted sediment yield in some watersheds and 
underpredicted in others (Figure 1.7-1.8). The runoff predicted was similar in that it also spanned 
a wide range and predicted more sediment in the encroached woodland watersheds than the 
tallgrass prairie watersheds (Figure 1.8). This is surprising when comparing to the measured data 
because there was more observed runoff in the tallgrass prairie than the encroached woodland. 
The effective conductivity of the each watershed was similar despite the land cover so this 
discrepancy in runoff shows that WEPP’s infiltration equations were not adequately depicting the 
change in interception between the two land covers. Also, measured runoff ranged from 63-124 
mm but the site-specific CTER 2015 predicted runoff ranged from 1.5-19.5 mm across tallgrass 
prairie and encroached woodland watersheds (Figure 1.7-1.8).  This difference can be partially 
explained by the number of runoff events not simulated by WEPP that were measured in 2015. 
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However, the runoff measured for only the events simulated by WEPP was still higher than 
predicted especially in the tallgrass prairie watersheds. Additionally, grazing is present in these 
watersheds but not considered by WEPP leading to underestimation of runoff by the model.  

 
Figure 1.8. WEPP predicted runoff and sediment yield for all encroached woodland (E1, E2) and 

tallgrass prairie (P1, P2) watersheds using the site-specific inputs. 
Next, all WEPP scenarios were compared to see how different inputs affected the 

predictions of runoff and sediment yield. For the encroached woodland watersheds, the runoff 
predicted by WEPP using default parameters was almost equal to the measured runoff even 
though more precipitation was measured than predicted (Figure 1.9). Predicted sediment yield did 
not correlate to predicted runoff as expected. In E1, even when the runoff predicted by WEPP 
was less than measured, the predicted sediment yield was higher. E2 predicted sediment yields 
within one order of magnitude for all scenarios (except the dry year) despite changes in runoff. 
Also in E1, WEPP predicted more sediment than was measured in all scenarios except the dry 
climate file that predicted zero sediment yield (Figure 1.9).   
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Figure 1.9. Measured precipitation, runoff and sediment yield from CTER was compared to that 

predicted by WEPP default scenarios and WEPP site-specific scenarios with various climate inputs 
for encroached woodland (E1 and E2) watersheds. 

Another observation was that watershed E1 predicted the most runoff and sediment yield 
among the four watersheds in all scenarios. This was because the slope of this watershed differs 
from the other three. It varied between two to eight percent slopes with an average five percent 
slope compared to most other watersheds that had one to six percent slopes averaging four 
percent. It also had the longest hillslope length of almost 300 m whereas the other watersheds 
were all closer to 200 m. Therefore, WEPP placed a large influence on the slope input. This was 
corroborated with a study by Yu and Rosewell (2001) which found that the WEPP overpredicted 
soil loss for plots of large slope length. Additionally, a sensitivity analysis showed the soil loss 
predicted by WEPP to be highly sensitive to the average slope and the hillslope length (Ascough 
II, et al., 2013). 

For the two tallgrass prairie watersheds, the runoff was underpredicted by WEPP for all 
scenarios including the wet year that had over 400 mm more precipitation than measured at 
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CTER in 2015 (Figure 1.10). Runoff in tallgrass prairie watersheds was always predicted to be 
less than encroached woodland watersheds but there was more observed runoff in the tallgrass 
prairies than the encroached woodlands. The predicted runoff and sediment yield that was closest 
to that measured was different in each tallgrass prairie watershed. In P1, the wet year had the 
closest predicted runoff and sediment to measured values. In P2, the sediment yield predicted in 
the default scenario was closest to measured sediment yield and was much higher than the wet 
year which had the highest precipitation and second highest runoff (Figure 1.10). Also, P1 and P2 
showed the site-specific CTER 2015 prediction to be the lowest sediment yield (besides the dry 
year) and all others were within one order of magnitude. Overall, the tallgrass prairie watersheds 
were more variable in the predicted runoff and sediment yields compared to the encroached 
woodland watersheds.  

 
Figure 1.10. Measured precipitation, runoff and sediment yield from CTER was compared to that 
predicted by WEPP default scenarios and WEPP site-specific scenarios with various climate inputs 

for tallgrass prairie (P1 and P2) watersheds. 
The measured runoff and sediment yield were also compared to the default values used 

by WEPP to determine how well the model predicted these parameters without any site-specific 
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inputs. In all watersheds, the default values predicted a sediment yield that was close to the 
measured values. In the encroached woodland watersheds, the runoff predicted from the default 
values was almost identical to the measured runoff. The default runoff predicted in the tallgrass 
prairie was not as accurate. However, in P1 and P2, the default scenario predicted sediment yields 
close to measured even when predicted runoff was much smaller.  

1.4.5 Future Research  

Although this data suggested that default values could be used to predict runoff and 
sediment yield in an encroached woodland or tallgrass prairie watershed, it was counterintuitive 
that the more site-specific values did not provide a better prediction. Therefore, the fit of default 
parameters to measured values could be random and defaults may not be as accurate at other field 
locations. Calibration of WEPP using data from CTER would be a good next step.  

For calibration of WEPP, it was suggested to begin with Ke to adjust the predicted runoff. 
Then adjust soil properties including Ki, Kr and τc to better simulate the sediment yield (Flanagan 
et al., 2012).  A study in Australia calibrated WEPP to determine if it was suitable for modeling a 
sandy-soiled pineapple farm (Yu et al., 2000). They found WEPP overestimated runoff for events 
with high intensity and underestimated runoff for events with low rainfall intensity. Another 
study reported overprediction of runoff for events less than 5 mm and underprediction for larger 
storm events (Gronsten and Lundekvam, 2006). Risse et al. (1994) suggested that this occurs 
because low intensity events over a long duration will change the wetting profile which would 
affect predicted runoff for larger storms. When calibrating soil parameters, Ki was increased by 
two orders of magnitude which had more influence on the predicted sediment yield than Kr or τc 
(Yu et al., 2000). Ascough II et al. (2013) found that land cover that was dominated by interrill 
detachment was not sensitive to the same parameters as those dominated by rill detachment, such 
as Kr or τc. Another Australian study “resisted the temptation of adjusting parameter values to 
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improve simulation results” and used an uncalibrated WEPP to determine the effects of various 
input parameters on model performance (Yu and Rosewell, 2001). Ke and erodibility parameters 
were estimated from empirical equations suggested by the WEPP User Summary with no further 
adjustments. Runoff was still overestimated and CLIGEN predicted larger peak intensities that 
resulted in higher runoff and sediment loss predicted.  

WEPP calibration was suggested when the land management or climate inputs vary from 
those WEPP has previously tested.  Calibration was especially needed in addition to this study 
because few land management files were available for forest or woodland applications in WEPP. 
Additionally, many users have been hesitant to use the forest default files available because there 
were not enough options to represent all forest types. For example, many of the forest land 
management files currently available used pine species instead of juniper species which have 
different biophysiological characteristics (Qiao et al, 2015). In the future, the creation of a land 
management file specifically for Eastern-Redcedar encroached woodlands should be considered.  

1.5 Conclusions 

Eastern Redcedar encroachment is an ecological problem plaguing the Great Plains. One 
beneficial method of removing these trees is to use them as a biofuel feedstock. Research on the 
hydrology of native tallgrass prairie and Easter Redcedar-encroached woodlands is necessary to 
prevent damaging effects to water quality and quantity in areas where Eastern Redcedar harvest 
would be considered. Measured runoff and sediment yield under encroached woodlands and 
tallgrass prairies was compared to WEPP simulations to determine how this model can be used to 
predict changes water quantity and quality in each land cover. WEPP simulations covered a 
variety of inputs from basic defaults to site-specific parameters and a variety of climate files. In 
all simulations, runoff and sediment yield was predicted higher in encroached woodlands than the 
tallgrass prairies. However, measured data showed double the runoff in tallgrass prairie compared 
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to encroached woodland but similar sediment yields among all watersheds. Therefore, runoff in 
the encroached woodlands was more concentrated with sediment than in the tallgrass prairies but 
there was less overall runoff. Furthermore, the WEPP Site-Specific CTER 2015 simulation 
should have runoff and sediment yield predictions closest to the measured data because it had 
inputs closest to observed field conditions.  However, the default simulation results seemed to 
best match measured runoff and sediment yield. Future work including calibration of WEPP 
using data from CTER will provide more guidance on if default values are sufficient or if field-
measured parameters improve model predictions. 
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CHAPTER II 
 
 

COMPARISON OF FIELD JET EROSION TESTS AND WEPP-PREDICTED ERODIBILITY 
PARAMETERS FOR VARYING LAND COVER 

2.1 Abstract 
Hydrologic models are often used to predict the erosion within a watershed and attempt 

to predict the influence of land cover changes on predicted sediment detachment. One such model 
is the Water Erosion Prediction Project (WEPP), which determines the runoff and sediment yield 
of a given hillslope using input data such as the slope, climate, soil and land management 
characteristics. Currently, WEPP uses empirical equations to determine two major erodibility 
parameters within the soil input file: the critical shear stress (τc) and the erodibility coefficient 
(kd). WEPP also uses adjustment coefficients to account for vegetation, such as roots and 
incorporated residue, and seasonal effects, such as freeze/thaw cycles, on erodibility. This study 
evaluated soil erodibility parameters under two distinct land covers: native tallgrass prairie and 
encroaching Eastern Redcedar (Juniperus virginiana) woodland. The erodibility parameters from 
each watershed were first estimated using WEPP and then determined mechanistically in the field 
using the Jet Erosion Test (JET). The JET-derived erodibility parameters were compared to 
WEPP-predicted values. The adjusted kd predicted by WEPP for all watersheds was less than 
JET-derived kd by one to two orders of magnitude. The WEPP erodibility parameters were 
directly correlated with the soil texture and were independent of land cover. Alternatively, JET-
derived erodibility parameters were significantly different between the two land covers with no 
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relationship observed to soil texture. Uncalibrated WEPP simulations failed to indicate 
differences in predicted sediment transport between the erodibility parameters likely due to the 
small range in applied shear stress predicted by the model; in cases with greater applied shear 
significant differences in predicted sediment detachment were expected. This study highlighted 
the need to use in situ testing to determine erodibility of a field site to better incorporate the 
effects of land cover when predicting hillslope sediment detachment in hydrologic modeling. 
2.2 Introduction 

Hydrologic models are important tools that can be used to weigh the impacts of land use 
changes on the detachment of soil from land surfaces. Soil erosion is an important process that 
impacts many aspects of land and water management, including soil conservation, agricultural 
productivity, and transport of sediment and other pollutants into receiving waters (Renschler and 
Harbor, 2002). Changes to agricultural practices and alterations of land cover, such as 
deforestation or forest encroachment, can have significant effects on soil erosion (Dale et al., 
2005), with important environmental consequences. The hydrology of a watershed depends on a 
variety of factors such as slope, soil characteristics, climate conditions and vegetation cover. 
Process-based hydrologic models use these parameters to determine the runoff and sediment 
yields expected in a given watershed or hillslope. 

Soil characteristics such as the soil texture can easily be tested to help understand the 
susceptibility of an area to erosion. However, the effect of land cover on soil erodibility is much 
harder to quantify. Increased vegetation has consistently been shown to reduce erosion through 
root reinforcement and aboveground biomass coverage (Simon and Collison, 2002; Simon et al., 
2006; DeBaets and Poesen, 2010). There is little quantitative data on the soil erodibility 
differences in land cover types. Most work considers vegetation characteristics of agricultural 
crops (Mamo and Bubenzer, 2001) or cover crops (Zhou and Shangguan, 2008; De Baets et al., 
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2011). This study uniquely focuses on two native land covers common in the southern Great 
Plains: tallgrass prairie and Eastern Redcedar-encroached woodland.   

The excess shear stress equation is used in many hydrologic models such as Bank 
Stability and Toe Erosion Model (BSTEM), Conservational Channel Evolution and Pollutant 
Transport Systems (CONCEPTS), Soil and Water Assessment Tool (SWAT), and the Water 
Erosion Prediction Project (WEPP) to predict sediment detachment (Clark and Wynn, 2007; Daly 
et al., 2015b): 

( )a
r d ck        (1) 

where εr is the erosion rate (m s-1), kd is coefficient of erodibility (m3 N-1 s-1), is the applied shear 
stress (Pa), c is the critical shear stress (Pa), and a is an exponent usually assumed to be unity 
(Partheniades, 1965).   

 Many hydrologic models use empirical equations to predict the erodibility parameters, τc 
and kd, which commonly do not account for vegetation effects or do so with coefficients that are 
broad characterizations. Additionally, the overall effect of land cover on erosion parameters used 
in the excess shear stress equation, such as kd and τc, needs to be further examined to determine 
how these parameters alter hydrologic modeling.  

2.2.1 Jet Erosion Test Studies 

The Jet Erosion Test (JET) provides an in situ measurement technique to determine the kd 
and τc. The JET was originally designed at the USDA-Agricultural Research Service (ARS) 
Hydraulic Engineering Research Laboratory to determine the erodibility of earthen dams and 
embankments (Hanson and Temple, 2002; Hanson and Hunt, 2007) but has since been used for 
other applications. Wynn and Mostaghini (2006) and Wynn et al. (2008) applied the JET to 
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streambank locations over time in Virginia and found that root area density and freeze/thaw cycle 
had significant effects on kd and τc, variability that would not be evident in a soil texture analysis.  
Using an in situ test such as the JET provides a mechanistic way to determine the erodibility 
parameters that incorporates variability observed in the field.  

More recently, the mini-JET was developed as a smaller, more user-friendly version of 
the original JET. Al-Madhhachi et al. (2013) reported that the mini-JET and original JET 
provided comparable results. Many studies have utilized the mini-JET in streambank stability and 
erosion research (e.g., Midgley et al., 2013; Al-Madhhachi et al., 2014; Miller et al., 2014; Daly 
et al., 2015a; Daly et al., 2015b). However, few studies have been conducted using JETs in a field 
such as cropland, rangeland, or native vegetation. One study by Potter et al. (2002) performed 
field JETs using the original JET device on six soils in central Mexico. They discovered that the 
JET results varied among many soil properties (soil texture, bulk density, organic carbon content, 
and Atterberg limits) similarly to other erodibility measurement methods such as flume tests. 
They also determined that changes in land management affected JET results but were not 
associated with soil properties. This suggests that the land cover can have an effect on the 
erodibility parameters and that determining these parameters based solely on soil properties can 
lead to inaccurate erodibility parameter predictions. It is important to note that in contrast to 
flume-based erosion methods the JET can be deployed in situ and thus can directly investigate the 
variability in soil erodibility that exists in the natural environment with little sample disturbance. 

2.2.2 The Water Erosion Prediction Project 

The hydrologic model WEPP was used in this study to compare the empirically-derived 
erodibility parameters to those measured in the field with the JET. WEPP is a process-based 
erosion model developed by the USDA-ARS National Soil Erosion Research Laboratory 
(NSERL) to estimate soil loss along a hillslope or within a small watershed based on 
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“…fundamentals of stochastic weather generation, infiltration theory, hydrology, soil physics, 
plant science, hydraulics, and erosion mechanics” (Ascough II et al., 1996). WEPP has been used 
to model runoff, erosion, and management alternatives in agricultural settings (e.g. Das et al., 
2004; Renschler and Lee, 2005; Williams et al., 2010; Garbrecht and Zhang, 2015), in forested 
watersheds (e.g. Wade et al., 2012; Christie et al., 2013; Saghafian et al., 2015) and in grasslands 
(e.g. Zhang et al., 2008; Wang et al., 2014). Sediment detachment in WEPP is modeled with the 
excess shear stress equation, and subsequent transport with the Yalin equation (Foster et al., 
1995; Stone et al., 1995). The rill erodibility coefficient (kd) and critical shear stress (τc) are 
determined with empirical equations derived from field experiments by Elliot et al. (1989). The 
parameters for those equations are drawn from estimates of soil texture, specifically the percent 
very fine sand (Alberts et al., 1995). In WEPP, the baseline kd is intended to model characteristics 
of a “freshly-tilled soil” (Alberts et al., 1995), to which adjustment factors are applied to account 
for the root biomass and incorporated residue of vegetation and soil consolidation.   

However, as WEPP is applied to environments such as woodlands or prairies, the soil 
conditions to be modeled depart dramatically from tilled agricultural soil. Encroached woodland 
and prairie soils also include various forms of soil aggregates, root biomass consisting of roots of 
many ages and species, and seasonal texture changes induced by freeze/thaw, any or all of which 
may affect soil detachment and erosion (Sabatini et al., 2015; Yu et al., 2015). It is unlikely that 
soil texture alone will capture these characteristics, and therefore the accuracy of WEPP sediment 
yield predictions in these environments will rely primarily on application of the adjustment 
factors. When applying a process-based model like WEPP to developed soils in natural 
landscapes, it may be preferable to utilize in situ erodibility parameters that directly account for 
those characteristics and more closely estimate the actual soil erodibility.  
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2.2.3 Objectives 

The objective of this research was to determine if JET-derived kd and τc indicate changes 
in land cover better than WEPP’s empirically-predicted kd and τc. This study compared erodibility 
parameters (kd and τc) for two land cover types: native tallgrass prairie or 20-yr stands of Eastern 
Redcedar-encroached woodland. The kd and τc were measured at various locations in these 
watersheds using in situ JETs. Soil samples from those locations were analyzed, and the percent 
very fine sand, clay and organic matter were used to determine kd and τc using empirical 
equations from WEPP.  

2.3 Materials and Methods 

2.3.1 Field Research Sites 

The research was conducted at the Cross Timbers Experimental Range (CTER) near 
Stillwater, OK. The CTER was located within the Cross Timbers ecoregion defined as a 
“complex mosaic of upland deciduous forest, savanna, and prairie” which spanned portions of 
Oklahoma, Texas, Kansas and Arkansas (Hoagland et al., 1999). Eastern Redcedar encroachment 
of native grasslands has become an increasing problem in this region in the past decade (Engle et 
al., 2008). This species negatively impacts the ecosystem, especially regarding water use and 
consumption (Zou et al., 2014). Four individual watersheds were identified at CTER with 
contrasting vegetative land cover: two native tallgrass prairie watersheds and two Eastern 
Redcedar-encroached woodland watersheds (Figure 2.1). 
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 Figure 2.1. Cross Timbers Experimental Range (CTER) field site including two tallgrass prairie (P1, 
P2) and two Eastern Redcedar-encroached woodland (E1, E2) watersheds located less than 15 km 

southwest of Stillwater, OK. 
The total area and slope were determined by in-field surveying to delineate watershed 

boundaries (Table 2.1). High-resolution GPS was used to map the watersheds in ArcGIS 10.2 
(ESRI, 2013), and these were compared to watersheds delineated from LiDAR data to validate 
field results. Two weather monitoring stations, one in a tallgrass prairie watershed (P2) and one in 
an encroached woodland watershed (E2), have collected weather data since 2011. Additional 
weather data from an Oklahoma Mesonet station located less than three kilometers from the 
research site was also utilized. H-flumes at the mouth of each watershed have been in place since 
2010 to measure water yield during runoff events, and ISCO autosamplers have been in place at 
each flume since 2014 to collect sediment samples. These background datasets provided local 
information for modeling water quality and quantity changes in each watershed.  

Table 2.1. OSU Cross Timbers Experimental Range watershed characteristics for Eastern Redcedar-
encroached woodland (E1, E2) and tallgrass prairie (P1, P2) land cover. 

 Eastern Redcedar Tallgrass Prairie 
 E1 E2 P1 P2 

Area (ha) 2.6 3.8 2.3 3.3 
Slope (%) 2.0-7.5 3.5-4.5 2.0-7.0 1.0-7.5 

 

P2

P1

E1
E2

Legend
H-Flume
Watershed Boundaries0 0.2 0.40.1 Kilometers
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2.3.2 Soil Sampling and Processing 

To determine more site-specific soil data, 20 to 30 soil samples were acquired throughout 
each watershed. Using ArcGIS 10.2 (ESRI, 2013), a grid sampling system was set up for each of 
the experimental watersheds so that each sampling point was 25 to 35 m apart. Soil samples were 
taken corresponding to five soil layers. The depths of these layers were chosen based on the layer 
depths of the Stephenville-Darnell complex which consists of loam and sandy loam, and covers 
the majority of the watershed study area (SSURGO). This Stephenville soil series typically 
consists of four soil horizons: A (0 to 13 cm), E (13 to 38 cm), B (38 to 84 cm), and C (84 to 130 
cm-sandstone bedrock layer).  The Darnell soil series consists of three layers: A (0 to 13 cm), B 
(13 to 38 cm), and the sandstone horizon C (38 to 76 cm). This typical profile was assumed to be 
constant over the study area, and soil samples were obtained from depths 0-13, 13-38, 38-64, 64-
89, and 89-114 cm. 

Individual samples from each watershed were composited into one sample per depth to 
act as an average soil sample from each depth per watershed. The composite samples were tested 
at the Oklahoma State University Soil, Water, and Forage Analytical Laboratory for soil texture 
and organic matter. The results for each depth per watershed was entered as a soil layer within the 
WEPP soil database editor and saved as a new soil for each watershed. More detailed particle size 
analyses to determine very fine sand content and clay content were performed using the 
hydrometer method as described by ASTM D-422-63 (ASTM, 2002) on samples obtained at 
individual locations where JETs were conducted (Figure 2.2). 
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             Figure 2.2. Aerial image of experimental watersheds at the Cross Timbers Experimental Range field 
site including two tallgrass prairie (P1, P2) and two Eastern Redcedar-encroached woodland (E1, E2) 

watersheds displaying JET testing locations. 
2.3.3 WEPP Estimation of Erodibility 

In WEPP, sediment detachment and transport is modeled using the excess shear stress 
and Yalin equations (Foster et al., 1995; Stone et al., 1995). The rill erodibility (kd) and critical 
shear stress (τc) are determined by empirical equations derived from field experiments by Elliot et 
al. (1989). WEPP calculates the kd and τc for each soil file unless user-input parameters are used. 
The empirical formula considers various factors such as sand, clay and organic matter fractions to 
determine baseline erodibility parameters. The baseline rill erodibility (kdb) was calculated as a 
function of the percent of very fine sand (vfs) and organic matter (orgmat) in the top 20 cm of the 
soil:  

   =  0.00197 +  0.030  +  0.03863e( )                                        (2) 

Adjustment factors are multiplied by kdb to derive an adjusted rill erodibility (kdadj) which 
accounts for aspects that change over time such as incorporated residue, roots, sealing and 
crusting, and freezing and thawing.  

P2

P1 E1 E2
Legend

Watershed Boundary
JET locations

0 0.1 0.20.05 Kilometers
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The baseline critical shear stress (τcb) was calculated as a function of the percent of clay 
and vfs in the top 20 cm of soil: 

τcb  = 2.67 +( 6.5clay) – (5.8vfs)                                                                    (3) 

Similarly, the model had adjustments such as random roughness, sealing and crusting, and 
freezing and thawing which were multiplied by τcb calculated in equation (3). 
2.3.4 JET Estimation of Erodibility 

In a mini-JET (from here forward, referred to as simply the JET), a submerged jet of 
water impinges on and erodes the soil surface, and the scour depth over time is measured with a 
depth gauge. The scour depth over time and the head pressure for each JET is entered into a 
macro-enabled Excel spreadsheet which uses an iterative solver routine to determine kd and τc. 
The Blaisdell and scour depth solution techniques described by Daly et al. (2013) are used in the 
spreadsheet to transform the raw test data into erodibility parameters. The Blaisdell solution is 
currently the standard solution for JETs but has been shown to underestimate τc. The scour depth 
solution was developed to fit the scour depth over time data using a simultaneous iterative solver 
technique (Daly et al., 2013).  

JETs were conducted to provide site-specific quantification of erodibility parameters 
including effects of land cover and cohesive characteristics of below-ground root biomass. Five to 
ten JETs were conducted in each watershed with individual tests located so that all soil types in 
the watershed as indicated by the SSURGO database were represented. Test locations were 
concentrated in the lower half of the watershed closer to the H-flume so the results better 
represented the sediment detachment in runoff samples collected at the flume (Figure 2.2).   

When JETs are conducted to measure streambank erosion in the field, access to water is 
rarely a test constraint. In the test watersheds, which were far from flowing streams, special 
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arrangements were made to conduct JETs. A truck designed for managing controlled burns was 
moved close to the test site then water was pumped from its 3000 L tank through a hose to the 
head tank (Figure 2.3). Water under constant pressure from the head tank was then dispensed 
through another hose to the JET device. Return water from the constant head tank was pumped 
upslope to the storage on the truck for later reuse (Figure 2.3). For these tests, the head difference 
between the top of the tank and the jet aperture was typically set at 66 to 76 cm but some tests 
were higher due to constraints such as the slope or compacted soil.  A waste hose was used to 
direct the water leaving the JET device away from the test area (Figure 2.3). Erodibility 
parameters derived from JETs with the Blaisdell and scour depth solutions were compared to 
erodibility parameter values estimated from the empirical equations used in WEPP. Also, 
relationships between JET-derived erodibility parameters with the percent vfs were investigated. 
Two sample t-tests were conducted on the erodibility parameters determined from both WEPP 
and JETs to determine statistical differences between the two land cover types and the two 
dominant soil textures. 

 Figure 2.3. Controlled-burn truck used to provide water to field site (left), head tank that delivers 
constant pressure to JET and recycle loop to send water back to tank (middle), and JET device in 

field (right). 
2.3.5 WEPP Modeling 

Uncalibrated WEPP simulations were completed using inputs that best represented each 
watershed. WEPP uses four main input parameters: climate, slope, soil and land management. The 
climate file used was a breakpoint file containing weather data from two weather stations at CTER; 
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one in the encroached woodland (E2) and one in a tallgrass prairie (P2). A few other climate files 
were tested as well including long-term Mesonet data over a 10-year period (2005-2015), a single 
wet year (2007) with the highest annual total rainfall (1370 mm) in the last 10 years, and a single 
dry year (2011) which only reached an annual rainfall total of 585 mm. The slope file was created 
using 2-m LiDAR elevation datasets in ArcGIS. The land management file corresponded to the two 
default vegetation types already present in the WEPP model: 20-year forest to represent the Eastern 
Redcedar encroached watersheds and tallgrass prairie to represent the native grasslands. Lastly, the 
soil file was composed using detailed soil texture data from each watershed as well as the effective 
conductivity, soil albedo, and initial saturation. The erodibility parameters were initially calculated 
by WEPP. Next, each of the WEPP soil input files were adjusted using JET-derived kd and τc for the 
corresponding watershed. These uncalibrated simulations were compared to determine the effect of 
altering erodibility parameters on WEPP-predicted runoff and sediment yield in these watersheds.  
2.4 Results and Discussion 
2.4.1 Soil Texture Analysis 

Soil texture classification is important for this study because WEPP emphasizes its 
influence on erodibility parameters. The composite topsoil texture was loam, sandy loam, or 
sandy clay loam but was generally split into two groups: greater than or less than 50 percent sand 
(Table 2.2).  The averaged topsoil texture from the individual JET locations was primarily sandy 
loam with one sandy clay loam watershed (Table 2.3). Twenty-six of the thirty-one individual 
sample locations were either sandy loam or sandy clay loam; the remaining points were loam 
except one that was loamy fine sand. The erodibility experiments by Elliot et al. (1989) covered a 
wide range of soil textures to develop the empirical equations used in WEPP which corresponded 
to a wide range of kd and τc. 
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Table 2.2. Composite soil texture in the top two layers for each watershed: tallgrass prairie (P1, P2) 
and encroached woodland (E1, E2). 

Composite Topsoil Texture  
Watershed Layer (cm) Sand (%) 

Average 
Sand (%)  Clay (%) 

Average 
Clay (%) Texture 

E1 0-10 46.3 17.5 
10-20 45.4 45.8 23.0 20.2 Loam 

E2 0-10 58.8 17.5 
10-20 53.3 56.1 24.8 21.2 Sandy Clay Loam 

P1 0-10 55.0 15.0 
10-20 53.2 54.1 20.5 17.7 Sandy Loam 

P2 0-10 46.3 18.8 
10-20 46.3 46.3 23.3 21.1 Loam 

Table 2.3. Averaged soil texture in the top two layers from JET locations in each watershed: tallgrass 
prairie (P1, P2) and encroached woodland (E1, E2). 

Averaged Topsoil Texture  
Watershed Layer (cm) Sand (%) 

Average 
Sand (%)  Clay (%) 

Average 
Clay (%) Texture 

E1 0-10 65.3 17.7 
10-20 56.0 60.6 24.6 21.1 Sandy Clay Loam 

E2 0-10 58.7 16.4 
10-20 54.0 56.4 22.7 19.5 Sandy Loam 

P1 0-10 55.6 16.6 
10-20 55.8 55.7 20.7 18.6 Sandy Loam 

P2 0-10 49.3 16.6 
10-20 57.6 53.4 22.3 19.5 Sandy Loam 

 
2.4.2 Relationship to Very Fine Sand Content 

The empirical equations used in determining kd and τc in WEPP are both dependent on 
the percent vfs which was calculated as 25% of the total sand content (J. Frankenburger, personal 
communication, July 21, 2015). The WEPP baseline kd had an increasing linear relationship with 
vfs content and the τc had a linear decreasing relationship with vfs (Figure 2.4). The scatter around 
the regression line was due to the effect of organic matter and clay content on the kd and τc, 
respectively, as these were the only other contributing factors in the empirical equations (Figure 
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2.4). In contrast, no linear relationship was apparent when analyzing the relationship between vfs 
and JET-derived kd and τc (Figure 2.5). This may be due to the effects of secondary soil 
characteristics such as soil and root cohesion, and supports the hypothesis that in situ JET testing 
indicated more variation in soil erodibility than can be determined with an empirical equation 
based on vfs. This emphasized that there are numerous factors to consider when estimating 
erodibility parameters. 

 Figure 2.4. Very fine sand (vfs) percentage from each JET location compared to the WEPP baseline 
and adjusted kd and the baseline τc calculated from equations (2) and (3). A line of best fit was used 

to demonstrate the linear relationship predicted. 
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 Figure 2.5. Very fine sand (vfs) percentage from each JET location compared to kd and τc derived 
from JET solution techniques (Blaisdell and scour depth). A line of best fit was used to demonstrate 

the non-linear relationship. 
2.4.3 Comparing WEPP and JET Estimations of Erodibility 

In the encroached woodland watersheds, the average τc from the scour depth solution 
better matched the τc estimated from WEPP. However, the upper kd values from the Blaisdell 
solution were more similar to the kd from the WEPP composite baseline data (Figure 2.6).  In the 
tallgrass prairie watersheds, the composite baseline kd estimated from WEPP matched the 
individual scour depth kd values better than the Blaisdell kd values but was on the lower end of the 
scour depth kd values. The τc predicted by WEPP and the τc from both the scour depth and 



39   

Blaisdell solutions in the tallgrass prairie watersheds were all within the same order of magnitude 
(Figure 2.6). 

 

 
Figure 2.6. Distribution of erodibility coefficients for each watershed: tallgrass prairie (P1, P2) and 

encroached woodland (E1, E2). Shown are Blaisdell and scour depth JET solution values and WEPP 
baseline and adjusted values for composited and individual texture samples. 
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WEPP uses a single adjustment factor to account for effects of seasonal changes on 
erodibility such as incorporated crop residue, roots, sealing and crusting, and freezing and 
thawing. The adjustment factor is determined based on inputs such as the land management and 
climate, and there is no method for the user to alter any of these influences individually. This 
adjustment factor was multiplied by the baseline kd. The adjustment factor was consistently 0.03 
for both land covers used in WEPP (Table 2.4). The adjusted kd and τc estimates from WEPP 
were smaller than the baseline values by an order of magnitude (Table 2.4) and the adjusted kd 
predicted by WEPP for all watersheds was less than JET-derived kd (Figure 2.6).  

In the encroached woodland watersheds, the average Blaisdell kd was similar to the 
WEPP baseline kd. In contrast, the WEPP baseline kd for the tallgrass prairie watersheds was two 
to three times larger than the Blaisdell average kd. At the extremes of kd estimates, the average of 
the scour depth kd was highest in all watersheds, and the adjusted WEPP kd values were one to 
two orders of magnitude smaller than the other kd estimation methods (Table 2.4). The empirical 
equations utilized in WEPP to predict the kd values are dependent solely on soil texture. 
Therefore, because E1 and P1 have similar soils, they had similar WEPP-estimated kd, and the 
same held true for E2 and P2. In contrast, the mean of JET-derived kd and τc appear to group 
according to vegetation cover rather than soil texture (Table 2.4). For example, the scour depth kd 
values at the tallgrass prairie sites were up to two times smaller than the encroached woodland 
values, and the Blaisdell kd  four times smaller (Table 2.4). Such results question whether 
erodibility parameters for these land cover types can be determined solely from soil texture as the 
JET-derived erodibility parameters exhibited no pattern among soil texture but more so with 
vegetative cover. This is supported by Potter et al. (2002) which found that changes in land 
management affected JET results but were not associated with measured soil properties. 
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Table 2.4. WEPP and JET values for kd and τc in each watershed (tallgrass prairie (P1, P2) and 
encroached woodland (E1, E2)) shows relationship of erodibility parameters compared to soil texture 

and vegetation type. 
  E1 E2 P1 P2 

Top Soil Texture (0-20cm) Loam 
Sandy Clay 

Loam Loam 
Sandy 
Loam 

WEPP Adjusted kd (s/m)  1.97E-04 2.14E-04 1.95E-04 2.42E-04 
WEPP Erodibility Adjustment Factor 0.03 0.03 0.03 0.03 

WEPP Baseline kd (s/m) 6.57E-03 7.13E-03 6.50E-03 8.07E-03 
Blaisdell JET kd (s/m) 6.46E-03 4.91E-03 1.73E-03 2.90E-03 

Scour Depth JET kd (s/m) 3.27E-02 2.61E-02 1.41E-02 1.96E-02 
WEPP Baseline τc (Pa) 3.32 3.23 3.37 3.04 
Blaisdell JET τc  (Pa) 0.60 0.78 4.37 2.65 

Scour Depth JET τc  (Pa) 4.26 4.31 8.76 5.69 

The erodibility parameters from JETs showed a significant difference between tallgrass 
prairie and encroached woodland covers but the WEPP values were not significantly different 
among land cover at α=0.05 (Table 2.5 and 2.6). Conversely, there was no significant difference 
between soil textures (sandy loam and sandy clay loam) for any erodibility parameters measured 
with JETs at α=0.05. There was a significant difference (α=0.05) among soil textures when 
erodibility parameters were estimated with WEPP, as was expected since soil texture was the 
main consideration of its empirical equations. Therefore, soil texture did not have a strong enough 
influence on the JET to differentiate erodibility parameters from alternate soil textures, but 
WEPP’s empirical erodibility parameter equations placed so much influence on soil texture it was 
unable to distinguish erodibility differences between the two land covers. 
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Table 2.5. Two-sample t-tests results on erodibility parameters from WEPP baseline and JETs to 
determine if there was a significant difference between tallgrass prairie and encroached woodland 

watersheds. Bolded values indicate statistically significant at α=0.05. DF refers to degrees of freedom.  
Land Cover t-test p-value DF 

WEPP Baseline kd (s/m) 0.116 27 
Blaisdell JET kd (s/m) 0.001 14 

Scour Depth JET kd (s/m) 0.008 20 
WEPP Baseline τc (Pa) 0.605 26 
Blaisdell JET τc  (Pa) 0.003 16 

Scour Depth JET τc  (Pa) 0.006 20 

 
Table 2.6. Two-sample t-tests results on erodibility parameters from WEPP baseline and JETs for 

each soil texture to determine if they were significantly different. Bolded values indicate statistically 
significant at α=0.05. DF refers to degrees of freedom. 

Soil Texture t-test p-value DF 
WEPP Baseline kd (s/m) 0.014 23 
Blaisdell JET kd (s/m) 0.714 21 

Scour Depth JET kd (s/m) 0.640 23 
WEPP Baseline τc (Pa) <0.001 20 
Blaisdell JET τc  (Pa) 0.568 19 

Scour Depth JET τc  (Pa) 0.882 21 
 
2.4.4 Erodibility Parameter Effects on WEPP Predictions 

The next step in evaluating different erodibility parameters was to determine how 
changes in erodibility parameters affected sediment yield predictions in WEPP. No changes in 
sediment yield were evident in the preliminary uncalibrated WEPP simulations based on changes 
in erodibility parameters in the two encroached woodland watersheds (Table 2.7). P1 showed a 
small change in sediment yield in the climate scenario with the most precipitation.  
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Table 2.7. WEPP scenarios using site-specific inputs for each watershed and soil input files with JET-
measured and WEPP-calculated erodibility parameters under various climates. SD stands for the 

scour depth method. Bolded values are those where a difference was found. 
 E1 E2 P1 P2 

Climate Simulation 
P[b] 

(mm) 
Q[c] 

(mm) 
Sediment 

Yield (t/ha) 
P 

(mm) 
Q 

(mm) 
Sediment 

Yield (t/ha) 
P 

(mm) 
Q 

(mm) 
Sediment 

Yield (t/ha) 
P 

(mm) 
Q 

(mm) 
Sediment 

Yield (t/ha) 

Wet 
(2007) 

WEPP 1370 153 3.45 1370 121 0.29 1370 91 0.49 1370 64.61 0.03 
JET Blaisdell 1370 153 3.45 1370 121 0.29 1370 91 0.44 1370 64.64 0.03 

JET SD[a] 1370 153 3.45 1370 121 0.29 1370 91 0.44 1370 64.64 0.03 

Dry 
(2011) 

WEPP 585 0 0 585 0 0 585 0 0 585 4.25 0 
JET Blaisdell 585 0 0 585 0 0 585 0 0 585 0.2 0 

JET SD 585 0 0 585 0 0 585 0 0 585 0.2 0 
10 year 
(2005-
2014) 

WEPP 836 35 2.36 836 34 0.22 836 21 0.08 836 17.98 0.06 
JET Blaisdell 836 35 2.36 836 34 0.22 836 21 0.08 836 17.99 0.06 

JET SD 836 35 2.36 836 34 0.22 836 21 0.08 836 17.99 0.06 

CTER 
2015 

WEPP 1085 20 0.99 1085 12 0.13 940 4 0.04 940 1.66 0.004 
JET Blaisdell 1085 20 0.99 1085 12 0.13 940 4 0.04 940 0.33 0.004 

JET SD 1085 20 0.99 1085 12 0.13 940 4 0.04 940 0.33 0.004 
[a]SD=scour depth method; [b]P=Precipitation; [c]Q=Runoff 

 

Note that the shear stress (τ) was calculated from the runoff depth, the rill width, and the 
slope produced by WEPP. The maximum τ was approximately 16 Pa determined from a 
maximum runoff depth per storm of 59 mm and five percent average slope which corresponded to 
the watershed with the highest slope (E1). The other three watersheds had an average slope of 
four percent and the maximum τ of those watersheds was approximately 13 Pa from a runoff 
event of 57 mm. WEPP adjusted the calculated τ based on friction factors related to surface 
roughness and interception due to aboveground biomass, which further reduced the overall τ 
acting on the soil. Therefore, WEPP calculated smaller τ impacting the soil than anticipated by 
calculating the shear stress from the runoff depth alone.  
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Figure 2.7. The excess shear stress was plotted for encroached woodland (E1 and E2) and tallgrass 

prairie (P1 and P2) watersheds to find the erosion rate (Er) in relation to the shear stress (τ) where τc is the point when Er increases above zero and kd is the slope of the line. An equation was plotted for 
each of the sets of erodibility parameters (WEPP, Blaisdell and Scour Depth).  

When using JET-derived and WEPP-predicted kd and τc in the excess shear stress 
equation, predicted erosion rates were approximately equivalent when τ was close to τc because 
the slope (kd) had a larger influence on the erosion rate as τ increased (Figure 2.7). So, smaller τ 
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values led to similar erosion rates calculated using the JET-derived and WEPP-predicted 
erodibility parameters. The small changes in sediment yield seen in P1 may be attributed to 
slightly higher τ than in P2 which would accentuate the influence of the erodibility parameters. 
Also, the JETs did not account for the change in shear stress attributed to resistance from 
aboveground biomass but instead incorporated effects of site-specific soil characteristics such as 
root cohesion. By adjusting the τ with vegetative friction factors, WEPP emphasized the effect of 
aboveground biomass on reducing erosion.  

2.5 Conclusions  

Studies have suggested a relationship between changes in erosion and different 
vegetation or land cover. The kd and τc are two parameters that are often used in hydrologic 
models to estimate sediment detachment using the excess shear stress equation. Therefore, the 
effects that land cover has on these erodibility parameters are research questions that could lead 
to improvement of the approximation of sediment detachment in hydrologic models. Many of 
these models empirically derive erodibility parameters based primarily on soil texture but some 
have adjustments for vegetation and seasonal effects. However, this method does not fully 
incorporate the variability seen in the field especially across a limited range in soil texture. Using 
in situ JETs provided estimated kd and τc values that physically represented the erodibility at a 
location. In this research, kd and τc were dependent on more than just soil texture alone; land 
cover had a significant impact on these parameters. Furthermore, the distinct differences in 
erodibility parameters did not appear to change predicted sediment yield using an uncalibrated 
WEPP for the range of shear stress simulated in these watersheds, but in cases with greater 
applied shear, significant differences in predicted sediment detachment are expected. 
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APPENDICES 
 

RUNOFF HYDROGRAPHS  
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Storm #6-5/26/15 
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Storm #8-7/9/15 
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Storm #10-9/11/15 
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Storm #12-11/5/15 
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Storm #14- 11/26/15 

 
 
Storm #15-12/13/15
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Watershed E2: 
Storm #1-5/6/15 

 
 
Storm #2-5/8/15 
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Storm #3-5/16/15 
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Storm #5-5/23/15 

 
 
Storm #6-5/26/15
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Storm #7-6/13/15 
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Storm #9-7/9/15 
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Storm #11-9/11/15 
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Storm #13- 11/5/15 
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Storm #15-12/13/15 
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Storm #17- 12/27/15 
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Watershed P1: 
Storm 1 – 4/27/2015 

 
 
Storm 2 – 5/05/2015 

 
 
 

0.0E+00

5.0E-04

1.0E-03

1.5E-03

2.0E-03

2.5E-03

4/27/15 0:00 4/28/15 0:00 4/29/15 0:00 4/30/15 0:00

Flow
 (m

3 /s) Flow When Sampled
5-minute Flow

0.0E+00

5.0E-03

1.0E-02

1.5E-02

2.0E-02

2.5E-02

5/5/15 12:00 5/6/15 0:00 5/6/15 12:00 5/7/15 0:00 5/7/15 12:00

Flow
 (m

3 /s) Flow When Sampled
5-minute Flow



68  

Storm 3 – 5/19/2015 

 
 
Storm 4 – 5/26/2015 
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Storm 5 – 7/9/2015 
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Storm 7 – 12/26/2015 
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Watershed P2: 
Storm 1 – 4/27/2015 

 
 
Storm 2 – 5/05/2015 
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Storm 3 – 5/08/2015 
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Storm 5 – 5/15/2015 
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Storm 7 – 5/26/2015 

 
 
Storm 8 – 5/28/2015 

 
 
 
 
 
 

0.0E+00
1.0E-03
2.0E-03
3.0E-03
4.0E-03
5.0E-03
6.0E-03
7.0E-03
8.0E-03
9.0E-03

5/26/2015 12:00 5/27/2015 12:00 5/28/2015 12:00

Flow
 (m

3 /s) 5-minute Flow
Flow When Sampled

0.0E+00
2.0E-04
4.0E-04
6.0E-04
8.0E-04
1.0E-03
1.2E-03
1.4E-03
1.6E-03
1.8E-03

5/27/2015 12:00 5/29/2015 0:00 5/30/2015 12:00 6/1/2015 0:00

Flow
 (m

3 /s) Flow When Sampled
5-minute Flow



75  

Storm 9 – 7/09/2015 
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Storm 11 – 11/05/2015 
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Storm 13 -12/26/2015 
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REGRESSION STATISTICS 
(calculated in MiniTab 17 software) 

 
 

Watershed E1  
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  Regression Analysis: log(ASL) versus log (AF)  
Analysis of Variance  Source      DF  Adj SS  Adj MS  F-Value  P-Value Regression   1  2.3276  2.3276    19.22    0.002   log (AF)   1  2.3276  2.3276    19.22    0.002 Error        8  0.9689  0.1211 Total        9  3.2964   Model Summary         S    R-sq  R-sq(adj)  R-sq(pred) 0.348004  70.61%     66.94%      54.27%   Coefficients  Term       Coef  SE Coef  T-Value  P-Value   VIF Constant   4.64     1.04     4.48    0.002 log (AF)  1.463    0.334     4.38    0.002  1.00   Regression Equation  log(ASL) = 4.64 + 1.463 log (AF)   Fits and Diagnostics for Unusual Observations                                 Std Obs  log(ASL)    Fit  Resid  Resid   5     1.204  0.510  0.695   2.18  R= Large residual  Durbin-Watson Statistic =  1.8558 
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Watershed E2  

 

   

0.0090.0080.0070.0060.0050.0040.0030.0020.0010.000

40

30

20

1 0

0

Average Storm Flow (m3/s)

Ave
rag

e Sa
mp

led 
Loa

d (k
g/h

our
)

Scatterplot of Average Sampled Load (kg vs Average Storm Flow (m3/s

-2.0-2.2-2.4-2.6-2.8-3.0-3.2-3.4-3.6

1 .5

1 .0

0.5

0.0

-0.5

log(AF)

log
(AS

L)

Scatterplot of log(ASL) vs log(AF)



81  

  Regression Analysis: log(ASL) versus log(AF)   
Analysis of Variance  Source      DF  Adj SS  Adj MS  F-Value  P-Value Regression   1  2.5904  2.5904    18.17    0.004   log(AF)    1  2.5904  2.5904    18.17    0.004 Error        7  0.9977  0.1425 Total        8  3.5882   Model Summary         S    R-sq  R-sq(adj)  R-sq(pred) 0.377538  72.19%     68.22%      54.27%   Coefficients  Term       Coef  SE Coef  T-Value  P-Value   VIF Constant  3.541    0.735     4.82    0.002 log(AF)   1.181    0.277     4.26    0.004  1.00   Regression Equation  log(ASL) = 3.541 + 1.181 log(AF)   Durbin-Watson Statistic =  1.72908  
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Watershed P1  

  
Watershed P2  
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JET EROSION TEST 
RAW DATA 

 
JET characteristics for each test 

Watershed 
Location 

# Jet # 
Pressure 

Head 
(in) 

Pressure 
Head 
(cm) 

Test 
Duration 

(min) 

E1 

2 1 26.5 67.3 35.25 
6(1) 1 26 66.0 16.25 
6(2) 1 35 88.9 49.5 
13 1 25 63.5 69 
15 1 26.5 67.3 11.75 
17 1 26 66.0 28 
19 1 26 66.0 30.25 

E2 

4 1 26 66.0 59.5 
9 1 26 66.0 40.25 

14 1 31 78.7 47.5 
16 1 31 78.7 52 
17 1 30 76.2 52.25 
20 1 30 76.2 37.75 
21 1 30 76.2 40.5 

P1 

2 1 26.5 67.3 40.5 
5 1 26 66.0 39.75 
6 1 29.5 74.9 43 
9 1 28 71.1 46 

11 1 27 68.6 39.5 
12(1) 1 25.5 64.8 6 
12(2) 1 27-33 68.6-83.8 21.75 

14 1 26 66.0 65 
17(1) 1 26.5 67.3 16 
17(2) 1 34 86.4 56 

18 1 26.5 67.3 40.75 
23 1 25 63.5 51.25 

P2 

2 1 30 76.2 46.5 
4 1 30 76.2 58 
7 1 30 76.2 45.5 
9 1 30 76.2 69.5 

12 1 28 71.1 50.5 
14 1 30 76.2 44.5 
15 1 30 76.2 41 
19 1 28 71.1 37 
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Scour Depth versus Time Plots 
 
Watershed E1: 
 
JET Location # 2 
 

 JET Location # 6-1 
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JET Location # 6-2 
 

  
 
JET Location # 13 
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JET Location # 15 
 

 JET Location # 17 
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JET Location # 19 
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Watershed E2: 
 
JET Location # 4 
 
 

  
 
JET Location # 9 
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JET Location # 14 
 

  
 
 
JET Location # 16 
 
 

  
 



90  

JET Location # 17 
 
 

  
JET Location # 20 
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JET Location # 21 
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Watershed P1: 
 
JET Location # 2 
 
 

  
JET Location # 4 
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JET Location # 7 
 
 

  
JET Location # 9 
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JET Location # 12 
 

  
 
JET Location # 14 
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JET Location # 15 
 

  
JET Location # 19 
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Watershed P2: 
 
JET Location # 2 
 

  
 
JET Location # 5 
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JET Location # 6 
 

  
 
JET Location # 9 
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JET Location # 11 
 
 

  
 
JET Location # 12-1 
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JET Location # 12-2 
 
 

  
JET Location # 14 
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JET Location # 17-1 
 
 

  
 
JET Location # 17-2 
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JET Location # 18 
 

  
 
 
JET Location # 23 
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JET RESULTS 
 

    Blaisdell Scour Depth Iterative 
kd τc kd τc kd τc 

    cm3/(N*s) Pa cm3/(N*s) Pa cm3/(N*s) Pa 
Watershed Location 

E1 

2 2.42 1.21 13.85 5.58 19.41 4.82 
6(1) 6.59 0.71 30.15 3.85 51.39 3.9 
6(2) 2.57 0.43 12.16 5.27 11.34 4.82 
13 3.14 0.36 26.78 3.2 12.11 2.76 
15 8.07 0.29 25.84 4.37 60.92 4.57 
17 6.29 1.17 53.4 4.42 51.01 3.79 
19 5.68 0.04 13.68 3.14 26.57 3.57 

average 4.97 0.60 25.12 4.26 33.25 4.03 

E2 

4 3.09 0.75 21.99 3.88 15.64 3.03 
9 3.18 0.65 20.26 5.01 16.95 4.05 

14 2.31 1.43 16.98 5.42 10.07 5 
16 2.11 1.4 19.51 5.6 17.94 4.92 
17 2.6 0.39 10.88 4.13 18.09 4.12 
20 6.02 0.76 35.22 3.69 26.77 3.4 
21 7.15 0.05 15.64 2.43 41.15 2.71 

average 3.78 0.78 20.07 4.31 21.45 3.72 

P1 

2 0.59 6.84 6.6 9.39 7.12 7.51 
4 0.58 5.32 6.59 9.26 7.1 4.89 
7 0.68 8.08 7.3 9.4 7.14 8 
9 1.45 0.88 8.18 4.24 8.47 3.74 

12 1.42 1.82 12.03 5.73 10.65 5.46 
14 2.68 1.89 6.41 18.31 6.08 9.71 
15 1.1 7.51 17.17 9.39 14.01 9.38 
19 2.17 2.62 22.26 4.33 17.65 4.27 

average 1.33 4.37 10.82 8.76 9.78 6.62 

P2 

2 1.92 1.88 14.46 5.77 14.85 5.21 
5 3.52 1.45 31.32 4.35 26.59 3.87 
6 2.3 0.97 12.45 4.91 16.79 4.76 
9 1.98 2.43 19.51 6.2 11.63 5.94 

11 2.83 0.27 6.47 3.58 14.2 4.23 
12(1) 1.8 7.75 9 10.39 12.89 9.54 
12(2) 1.4 7.69 10.7 8.81 10.72 8.64 

14 1.92 0.48 7.52 3.31 11.16 2.84 
17(1) 2.86 5.99 31.17 7.3 24.82 7.28 
17(2) 1.14 1.31 7.63 6.38 6.78 5.96 

18 3.35 1.08 27.98 4.28 18.23 3.52 
23 1.54 0.53 2.94 2.96 7.65 4.58 

average 2.21 2.65 15.10 5.69 14.69 5.53 
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HYDROMETER METHOD SOIL TEXTURE  
 

AT JET LOCATIONS 
 
 

Watershed Location 
Layer 
(cm) Sand 

Avg 
Sand Silt  

Avg 
Silt Clay 

Avg 
Clay 

VFS (25% 
sand) Texture 

E1 

2 
0-10 61.4 58.3 19.2 20.3 19.4 21.3 14.6 sandy clay loam 
10-20 55.2 21.5 23.3 

6(1) 
0-10 75.0 72.3 9.8 11.3 15.2 16.4 18.1 sandy loam 
10-20 69.6 12.8 17.7 

6(2) 
0-10 75.0 72.3 9.8 11.3 15.2 16.4 18.1 sandy loam 
10-20 69.6 12.8 17.7 

13 
0-10 66.5 67.5 20.0 19.0 13.5 13.5 16.9 sandy loam 
10-20 68.5 18.0 13.5 

15 
0-10 61.2 52.1 20.3 22.1 18.5 25.8 13.0 sandy clay loam 
10-20 43.0 23.8 33.2 

17 
0-10 75.4 68.4 9.3 14.1 15.2 17.5 17.1 sandy loam 
10-20 61.3 18.9 19.7 

19 
0-10 52.0 45.1 23.8 22.7 24.3 32.3 11.3 sandy clay loam 
10-20 38.2 21.5 40.3 

Average 
0-10 65.3 60.65 17.1 18.3 17.7 21.2 16.3 sandy loam 
10-20 56.0  19.4  24.6  14.0 sandy clay loam 

E2 

4 
0-10 60.6 56.1 24.4 25.7 14.9 18.1 14.0 sandy loam 
10-20 51.7 27.0 21.3 

9 
0-10 52.6 50.6 27.8 28.2 19.6 21.2 12.7 loam 
10-20 48.7 28.6 22.7 

14 
0-10 57.8 57.8 22.6 21.7 19.5 20.4 14.5 sandy clay loam 
10-20 57.8 20.8 21.3 

16 
0-10 60.5 58.1 29.7 29.8 9.8 12.2 14.5 sandy loam 
10-20 55.6 29.8 14.5 

17 
0-10 63.5 61.4 20.2 19.8 16.2 18.7 15.4 sandy loam 
10-20 59.3 19.5 21.2 

20 
0-10 52.5 47.0 27.0 25.2 20.5 27.8 11.7 sandy clay loam 
10-20 41.5 23.4 35.2 

21 
0-10 63.6 63.6 21.9 18.0 14.5 18.4 15.9 sandy loam 
10-20 63.5 14.2 22.4 

Average 
0-10 58.7 56.35 24.8 24.1 16.4 19.6 14.7 sandy loam 
10-20 54.0  23.3  22.7  13.5 sandy clay loam 
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Watershed Location 
Layer 
(cm) Sand 

Avg 
Sand Silt  

Avg 
Silt Clay 

Avg 
Clay 

VFS (25% 
sand) Texture 

P1 

2 
0-10 51.8 53.5 27.8 25.1 20.3 21.3 13.4 sandy clay loam 
10-20 55.2 22.3 22.3 

4 
0-10 53.2 54.7 31.9 28.2 15.0 17.1 13.7 sandy loam 
10-20 56.3 24.5 19.2 

7 
0-10 54.1 52.1 32.8 29.3 13.2 18.7 13.0 sandy loam 
10-20 50.2 25.7 24.2 

9 
0-10 61.0 55.4 23.6 22.8 15.4 21.8 13.9 sandy clay loam 
10-20 49.8 21.9 28.2 

12 
0-10 58.2 54.2 20.9 23.7 20.9 22.1 13.5 sandy clay loam 
10-20 50.2 26.6 23.2 

14 
0-10 54.7 57.3 28.2 24.1 17.1 18.6 14.3 sandy loam 
10-20 59.9 20.1 20.0 

15 
0-10 77.2 78.4 16.2 15.6 6.7 6.1 19.6 loamy fine sand 
10-20 79.6 15.0 5.5 

19 
0-10 34.5 39.9 41.5 36.8 24.0 23.3 10.0 loam 
10-20 45.4  32.1 22.5 

Average 
0-10 55.6 55.7 27.8 25.7 16.6 18.7 13.9 sandy loam 
10-20 55.8 23.5  20.7  14.0 sandy clay loam 

P2 

2 
0-10 66.5 55.1 14.8 15.5 18.7 29.3 13.8 sandy clay loam 
10-20 43.8 16.3 39.9 

5 
0-10 54.0 60.8 33.1 26.3 12.9 12.9 15.2 sandy loam 
10-20 67.7 19.4 12.8 

6 
0-10 72.6 73.8 18.8 18.2 8.6 8.0 18.5 sandy loam 
10-20 75.1 17.6 7.4 

9 
0-10 50.9 53.2 25.3 18.7 23.7 28.0 13.3 sandy clay loam 
10-20 55.4 12.2 32.4 

11 
0-10 47.7 51.0 34.2 29.8 18.1 19.2 12.8 loam 
10-20 54.3 25.4 20.3 

12(1) 
0-10 58.3 58.8 20.3 19.4 21.4 21.8 14.7 sandy clay loam 
10-20 59.2 18.5 22.2 

12(2) 0-10 58.3 58.8 20.3 19.4 21.4 21.8 14.7 sandy clay loam 
 10-20 59.2  18.5  22.2    

14 0-10 64.7 65.4 22.3 19.4 13.0 15.2 16.4 sandy loam 
 10-20 66.2  16.5  17.3    

17(1) 0-10 67.7 62.5 17.7 17.6 14.6 20.0 15.6 sandy loam 
 10-20 57.3  17.5  25.3    

17(2) 0-10 67.7 62.5 17.7 17.6 14.6 20.0 15.6 sandy loam 
 10-20 57.3  17.5  25.3    

18 0-10 50.9 47.9 31.9 31.6 17.2 20.5 12.0 loam 
 10-20 45.0  31.3  23.8    

23 0-10 57.7 54.7 24.5 25.5 17.8 19.8 13.7 sandy loam 
 10-20 51.6  26.5  21.9    

Average 
0-10 59.1 58.4 24.3 22.2 16.6 19.5 14.8 loam 
10-20 57.6  20.1  22.3  14.4 sandy clay loam 
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