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ABSTRACT

Prairie restoration is widely viewed as beneficial because it can restore natural
ecological and hydrologic function. Modeling of prairie restoration is essential to
quantify the benefits of prairie lands. The accurate prediction of soil parameters is vital
for model input to improve the model performance and for other soil related research
studies. Pedotransfer functions (PTFs) generate the soil properties and variables needed
to parameterize the soil water processes models from readily available soil information
such as soil texture and soil organic matter. Native prairie soils are structurally different
from disturbed non-prairie soils with the same soil texture, as native vegetation can
improve soil physical properties due to soil aggregation and soil organic matter
accumulation around the root system. We hypothesize that applying Rawls et al. (1998)
PTF on native prairie soils underestimates the soil hydraulic conductivity (SOL_K). The
accuracy of estimation of SOL_K was evaluated using nine existing PTFs against
observed SOL_K at two watersheds with dominant land-use of prairie land. The results
indicated none of the PTFs provided a better estimate. Currently, there is no PTF
available explicitly designed for native prairie soils. This research developed a new PTF
that incorporates root components (specific root length) to native prairie soils.

Stepwise multiple linear regression was used to develop an equation with
measured data at Cypress Creek watershed (Waller County, TX). Cypress Creek
watershed is dominated by fine sandy loam/sandy loam soil. Percentage of silt (Sl),
percentage of sand (SD), soil organic matter (OM), and specific root length (SRL) are

the independent variables in the new equation to estimate the SOL_K. R? was 0.9226,



indicated 92% of the variation of SOL_K could be explained by CL, OM, SD, and SRL
in the regression model. The accuracy of the new equation was successfully evaluated
against measured SOL_K in the Clear Creek watershed (Cooke, Montague, Wise and
Denton counties, TX). The Clear Creek watershed dominant soil consists of gravelly
clay/clay. The new PTF was integrated into the SWAT model and the model
performances were evaluated against observed streamflow for four watersheds with
dominant land-use of prairie land. The simulation results were statistically satisfactory.
The newly developed PTF can be applied to native prairie soils for the better prediction

of SOL_K in modeling studies and other research studies.
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CHAPTER |
INTRODUCTION

Prairies are one of the ecologically wealthiest landscapes on earth. However, they
are now one of the most critically endangered ecosystems (Gerla et al., 2012; Samson
and Knopf, 1994; Thompson, 1992). In North America, despite the numerous benefits of
prairie lands, more than 99.9% of native grassland ecosystems have been lost mainly due
to human development and agriculture (Samson and Knopf, 1994). The restoration of
prairie lands can result in increased ecological benefits including increased infiltration
(Gerla et al., 2012; Larson et al., 2017) and the potential attenuation of flooding.
Modeling prairie restoration is essential to understanding the impact of land-use change
and quantifying the benefits of prairie restoration in terms of flooding attenuation
(Herkes et al., 2017; Kharel et al., 2016). An accurate or good estimation of inputs for
the model is essential for calibration. Models without appropriate calibration and
validation can result in faulty planning and implementation (Yu, 2003). Hydrological
models require detailed soil characteristics as inputs. Soil water is a critical component
in the generation of surface runoff (Bayabil et al., 2019). Reasonable soil parameters can
be acquired from soil surveys and laboratory analysis which are expensive and limited in
scale. Pedotransfer functions help obtain soil parameters values from basic soil
information (e.g. soil texture, organic matter, etc.) (Bayabil et al., 2019).

Native prairie soils have specific soil characteristics compared to non-prairie soil,
namely native prairie vegetation root systems that can significantly influence soil

structure (Kay, 1990; Low, 1972; Mazurak and Ramig, 1962; Schwartz et al., 2003;



Udawatta et al., 2008). Prairie soils can accumulate more organic matter due to deep,
extensive rooting, allowing them to hold more water in the soil (Chandrasoma et al.,
2016; Fuentes et al., 2004). Furthermore, greater cation exchange capacity of organic
matter can increase water and nutrient retention in prairies soils over time compared with
non-prairie soils.

Current pedotransfer functions are likely insufficient to capture the unique soil
hydraulic properties of prairie soils. Traditionally, PTFs use soil texture and organic
matter information as an input to estimate the complex soil properties. A few studies
showed improvement in the estimation by PTFs by adding additional inputs such as
topography, vegetation, and salinity for site-specific application (Aimrun and Amin,
2009; Jana and Mohanty, 2011; Rezaei et al., 2016; Yao et al., 2015). Jana and Mohanty
(2011) developed a PTF using remote sensing data include vegetation data (leaf area
index) to predict soil moisture content. Currently, no PTFs incorporate a root component
with raw soil data to estimate the soil hydraulic parameters needed to model prairie land
restoration.

The main objective of this study is to develop a PTF that can effectively
characterize native prairie soils. The specific objectives are 1) to model native prairie
lands using SWAT and analyze the calibrated soil parameters with estimated soil
parameters, 2) to analyze potential deficiencies in existing pedotransfer functions applied
for native prairie soils resulting in gaps between measured and calculated soil
parameters, 3) to develop and evaluate a pedotransfer function for estimating native

prairie soil characteristics, and 4) to evaluate the impact of newly developed



pedotransfer function on the calibration of the SWAT model.
1.1 Organization of dissertation

This dissertation includes six chapters. Chapter I is designed to have a general
introduction of the research, the existing research gap in pedotransfer function (PTF),
and the research objectives. Chapter 11 addresses the literature review of prairie
restoration, benefits, flood attenuation, soil hydraulic properties, hydrological modeling,
and pedotransfer functions. Chapter III explains the materials and methodology used for
all specific objectives. Chapter IV discusses the results of all the analysis and the
discussion. Chapter V states the conclusions drawn from each specific objective and the

overall conclusion from the research.



CHAPTER II
LITERATURE REVIEW
2.1 Benefits of Prairie Restoration
Prairie restoration is widely viewed as beneficial because it restores the natural

ecological and hydrological functions back. In North America, native prairies are the
largest vegetative province. They are found in the central part of the North American
continent (Figure 2.1). Since European settlement, more than 99.9% of native prairie
lands have been destroyed due to human development and agriculture (Samson and

Knopf, 1994).

Historical Range of Prairies in the United States

Shortgrass Prairie Mixed Grass Prairle Tallgrass Prairie

Figure 2.1 Prairie regions of America. Reprinted from [The Tallgrass Prairie
History by Haukos] (Haukos, 2014)

A long list of benefits of prairie restorations includes providing habitats for
wildlife, birds, and other native species, increased biodiversity, increased carbon
sequestration, improvement of water quality, and flood attenuation (Cowdery et al.,

2019).



Species extinction on native prairie land is a serious concern . The herbivores in
native prairie land influence the nutrient cycling and soil formation. The population of
dominant herbivores such as bison and prairie dogs declined due to the competition with
cattle for forage, and the prevalence of diseases (Samson and Knopf, 1994). The native
bird species declined due the loss of grassland habitats and the introduction of woody
plants that provides habitat for non-native bird species (Samson and Knopf, 1994).
Restoration of prairie land provides habitats for wildlife, space to breed native birds, and
nourishment for insects.

Prairie grasslands are superior carbon sinks compare to forests with similar
environmental conditions (Burke et al., 1989; Samson and Knopf, 1994). Conversion of
cultivated land into grassland restores soil organic matter, which influences
decomposition, soil structural improvement, and global warming (Purakayastha et al.,
2008; Samson and Knopf, 1994).

Studies showed a significant reduction in nutrients such as nitrate, ammonia,
nitrite, and phosphorus in groundwater and surface water at post-restoration of prairie
land compared to pre-restoration (Cowdery et al., 2019).

Flood attenuation is one of the major benefits of prairie restoration (Kharel et al.,
2016) and the reason for the increasing public attention for the prairie restoration

(Herkes et al., 2017).



2.2 Flood Attenuation

Flooding is one of the significant disasters that affect human life drastically (Berz
et al., 2001). Commonly flooding can be controlled by installing rock beams, rock
ripraps, dams, sandbags, drainage, maintenance of vegetation slope, channel
modification, stormwater detention, bypass channel construction, levee, and grasslands
(Harris County Flood Control Disrict, 2021). Among the several strategies to attenuate
flooding, restoring prairie lands has become increasingly important and widespread.
Implementing a nature-based flood attention strategy is essential for an effective solution
because of the price of constructing complex infrastructure (Herkes et al., 2017).

In the hydrologic cycle, flooding is one of the last stages (Figure 2.2). Prairie
restorations control floods through impacting the hydrological cycle. It substantially
reduced surface runoff and ditch flows during storms where the rainfall-runoff process
begins. An extensive rooting system of prairies creates soil aggregates resulting in
increased saturated hydraulic conductivity, which primarily depends on soil structure
and influences infiltration rate and volume (Rosenzweig et al., 2016; Udawatta et al.,
2008). Enhancement of infiltration rate and volume reduces surface runoff. As a result,
flooding can be attenuated. Prairie soils are covered by various grasses ranging from
shortgrass to tallgrass species. Grass cover retains the soil moisture and produces more
organic matter due to deep, extensive rooting, allowing them to hold more water in the
soil (Bharati et al., 2002; Brye and Riley, 2009; Chandrasoma et al., 2016; Fuentes et al.,
2004; Rawils et al., 2003). Increasing the retention capacity of soil moisture stores more

floodwater and reduces the surface runoff (Hernandez-Santana et al., 2013).



Figure 2.2 Illustration of hydrological cycle and flooding

2.3 Impact of soil characteristics on flow

An imbalance in soil water could causes flooding. Flooding occurs when runoff
exceeds the infiltration in a given amount of time (Guo et al., 2014). Soil’s water
movement depends on its structure and texture. Soil texture is the relative proportions of
sand, silt, or clay in the soil (Hillel, 2003). Well aggregated structured soil can allow
downward movement of excess water in soil macropores, hold sufficient available
moisture for plants, and keep enough pore space for root growth. Sandy soils have
excellent aeration and drainage but a low capacity for holding water and nutrients for
plant growth. A clayey soil has poor aeration and internal drainage ability. Silt has

intermediate characteristics. The textural class loam implies relatively equal proportions



of sand, silt, and clay which can be the good draining ability withholding water for plant
use (Kirkham, 2005).

Saturated hydraulic conductivity (SOL_K) is a crucial characteristic of soil,
describing the water flow rate and pathways of water movement, partitioning
precipitation into the surface runoff, and infiltration (Blanco-Canqui et al., 2017). The
factors affecting the SOL_K in the natural field are cracks, root holes, wormholes, and
the stability of soil crumbs. Soil texture usually has a minor effect on hydraulic
conductivity, except disturbed soil materials. The hydraulic conductivity of natural soils
in place varies from about 30 m/day for a silty clay loam to 0.05 m/day for clay
(Kirkham, 2005).

Native prairie soils have been shown to have higher SOL K due to their root
characteristics, soil microorganisms, especially Acidobacteria and Verrucomicrobia, and
richness of soil organic matter (Fuentes et al., 2004; Kalam et al., 2020; Udawatta et al.,
2008). As a long-term effect, prairie soil changes to reflect the plant community growing
on it (Weaver, 1961). Mechanical binding of prairie vegetation root system creates air-
dry soil aggregates and produces higher soil organic matter (Chandrasoma et al., 2016;
Fuentes et al., 2004; Weaver, 1958, 1961). These structural changes influence the soil’s
hydraulic properties. Studies showed that native prairies increase soil hydraulic
conductivity and decrease soil bulk density (Chandrasoma et al., 2016; Fuentes et al.,
2004; Mazurak and Ramig, 1962). To understand soil structural changes during the
restoration and quantify its benefits, prairie restoration needs to be modelled using

appropriate hydrological models (Herkes et al., 2017; Yang et al., 2010).
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2.4 Hydrological Modeling

Hydrological models are essential tools to plan and implement new water
resource management practices. Those models mathematically represent the processes
involved in the hydrological cycle at the watershed scale (Yu, 2003). Hydrological
models require proper procedures of identification of model, parametrization, model
calibration, validation, and uncertainty assessment. An accurate or good estimation of
inputs for the model is essential for calibration. Models without appropriate calibration
and validation can result in faulty planning and implementation (Yu, 2003). The model
performances are evaluated using statistical methods such as the Nash-Sutcliffe
efficiency (NSE), Root Mean Squared Error (RMSE) — observations standard deviation
ratio (RSR), and Percent Bias (PBIAS) (Moriasi et al., 2007). NSE shows how well the
observed versus simulated data plots fits the 1:1 line. The model performs better when
NSE approaches 1. RSR is one of the error-index statistics to evaluate the model
performance. RSR varies from zero to a large positive value. Zero value indicates perfect
model simulation. PBIAS indicates the average tendency of the simulated data to be
larger or smaller than the respected, observed values.

Because of the nature of environmental predictions, there is no single best
model. Therefore, a wide variety of different hydrologic models exist to select based on
the purpose (Table 2.1). The hydrological models use parameters to represent the spatial

unit (e.g., watershed) as a whole. The primary issue is the lack of adequate data to

9



describe the hydrological processes in the models accurately. Remote sensing provides

spatially and temporally high-resolution digital form data for modeling. Geographic

information systems (GIS) can be used to store, analyze, and manipulate a large number

of model parameters (Singh, 1995).

Table 2.1 summarizes the existing hydrological models to simulate the

hydrological process, water quality, and crops. Among those models, the Soil and Water

Assessment Tool (SWAT) is one of the several widely used models for hydrological

studies at the watershed scale (Arnold et al., 2012a).

Table 2.1 List of selected existing hydrological models

management systems; Integration of

Model Description Provider Source
HEC-HMS Designed to simulate the complete US Army (Scharffenb
hydrologic processes of dendritic Corps of erg, 2016)
watershed systems Engineers
Mike-SHE Physics-based models for overland Danish (H. Jaber
flow, unsaturated flow, groundwater Hydraulic | and Shukla,
flow, and fully dynamic channel flow, Institute 2012)
including all their complex feedbacks (DHI)
and interactions
ADAPT Simulate the quantity and quality of FABE, OSU | (H. Gowda
flows associated with water table etal., 2012)
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the GLEAMS model with

pollutants within a basin

DRAINMOD
DRAINMOD Simulates the hydrology of poorly BAEN, (W. Skaggs
drained and artificially drained soils NCSU etal., 2012)
EPIC and Simulates land management impacts | USDA- (Wang et
APEX for small-medium watersheds, impacts | NRCS and al., 2012)
of soil erosion, and approximately | Texas A&M
eighty cops | AgriLife
SWAT Simulates hydrological processes, fate | Texas A&M | (Arnold et
and transport of sediments and University al., 2012a)

2.4.1 Soil and Water Assessment Tool (SWAT)

The SWAT model is a direct extension of the SWRRB (Simulator for Water

Resources in Rural Basins) model. It is a continuous, process-based, semi-distributed

(lumped) model developed to quantify the impact of land management practices on

water, sediment, and agricultural chemical yields in large complex watersheds with

varying soils, land use, and management conditions over long periods. It simulates

hydrological processes, fate, and transport of sediments and pollutants within a basin.

The major model components include weather, hydrology, soil properties, plant growth,

nutrients and sediment loading, microorganisms, and land management (W. Gassman et

al., 2007). SWAT requires weather data of daily precipitation, maximum and minimum

temperature, solar radiation, relative humidity, and windspeed.
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SWAT divides a watershed into sub-watersheds further divided into hydrologic
response units (HRUs). HRUs are nonspatial units, consist of similar land use, soil type,
and slope within a given subbasin. Water balance is the driving force behind all the
processes in SWAT. The equation of water balance is represented as below:

SWt = SWo + Yf_,(Rday — Qsurf — Et — Wseep — Qgw) (1)

where SWt is the total soil water content, SWo is the initial soil water content for
a given day I (mm H20), and Rday, Qsurf, Et, Wseep, and Qgw are precipitation,
surface flow, ET, return flow, and percolation (mm H20) respectively (Arnold et al.,
2012a).

Water on the soil surface will infiltrate into the soil profile or flow on the surface
as runoff during the hydrological process. The generation surface runoff can be
estimated using two methods available in SWAT: Modified SCS curve number and
Green and Ampt Mein-Larson Model (GAML). In the curve number method, the curve
number (CN) varies non-linearly with the moisture content of the soil. The curve number
drops when soil is in wilting point and increases to near 100 when soil is in saturation.
GAML model requires high temporal data resolution. Here infiltration is calculated as a
function of wetting front matric potential and effective hydraulic conductivity. Water
does not infiltrate, flow as surface runoff. The effective hydraulic conductivity
(SOL_Ke) is approximately equivalent to one-half the saturated hydraulic conductivity
of the soil (Neitsch et al., 2009). The relationship between SOL_Ke and curve number is
given by following equation:

56.82xSOL_K0-286
1+0.051xe (0.062xCN)

SOLKe =

(2)(Nearing et al., 1996)
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This relationship explains curve number becomes sensitive to streamflow while
calibrating the SWAT model even GAML option was selected to estimate the surface

runoff.

2.5 Pedotransfer Functions

Pedotransfer functions (PTFs) are mathematical equations that generate the soil
properties and variables needed to parameterize the soil water processes models from
readily available soil information such as soil texture (Van Looy et al., 2017). PTFs add
the values to basic soil properties by translating them into complex soil properties which
can be laborious and expensive to determine. Briggs et al (1912) predicted a soil
property from other soil properties first (Briggs and Shantz, 1912). Following that,
number of studies predicted soil properties from another (Ahuja et al., 1985; van
Genuchten, 1980). Then the equations for these relationships were named as
“pedotransfer functions” (Bouma, 1989).

In recent years, pedotransfer functions (PTFs) have become increasingly needed
for high- resolution soil parameter estimation in modeling studies to address soil and
water management issues in environmental systems and understanding the impacts of
climate and land-use changes. Since measuring soil hydraulic parameters with spatially
high resolution is often expensive and inaccessible, those parameters need to be
estimated from readily available soil information such as soil texture and soil organic
matter, which can be obtained from soil surveys. PTFs translate the raw soil information

into useful soil information that cannot be easily available (Bouma, 1989). The
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relationship between raw soil information and complex soil hydraulic characteristics
must be adequately accurate, and the range of applicability is known for the accurate
description and prediction of soil processes (Pachepsky and Rawls, 1999; Patil and
Singh, 2016). Soil water is a critical component in the generation of surface runoff,
which leads to flooding. Soil hydraulic characteristics such as saturated hydraulic
conductivity (SOL_K), soil available water content (SOL_AWC), and soil bulk density
(SOL_BD) are key soil parameters for assessing the soil process. Those parameters are
needed to be estimated from PTFs for hydraulic modeling studies (Bayabil et al., 2019).
SOL K is the most critical soil parameter in modeling studies. Other studies developed
several pedotransfer functions to classify the SOL K according to USDA soil textural
classes (Ahuja et al., 1985; Clapp and Hornberger, 1978; Rawls et al., 1982). Based on
these previous studies, Rawls et al., (1998) redefined a pedotransfer function for SOL K
according to USDA soil textural classes and two bulk density classes. Rawls et al. 1998
pedotransfer is used to estimate the SOL K and SOL AWC to compare to calibrated
values for this study. SOL AWC is the difference between field capacity and permanent
wilting point. It is estimated by subtracting soil moisture content at -1500 kPa from the
soil moisture at -33 kPa (Arnold et al., 2012a). SOL_AWC depends on soil organic
matter and soil texture, where the organic matter in the soil influences the soil water
retention. Soil organic matter strongly influences the field capacity compared to
permanent wilting point (Rawls et al., 2003). SOL_BD is another important soil
parameter to determine the soil quality (Murphy et al., 2009) and a significant input for

hydrological modeling (Lenhart et al., 2002; Malone et al., 2015). Several efforts have
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been done to develop pedotransfer functions to predict the bulk density of soil correlated
with soil organic carbon/matter and soil texture (Adams, 1973; Alexander, 1980; Curtis
and Post, 1964; Huntington et al., 1989; Rawls, 1983). Studies showed that soil
parameters obtained from pedotransfer functions are commonly used in hydrological
modeling (Bayabil et al., 2019; Huf Dos Reis et al., 2018; Ranjitkumar et al., 2015; Sun
et al., 2016). Sun et al., 2016 estimated the soil hydraulic properties from an existing
pedotransfer function with basic soil information of soil texture and soil organic matter
and incorporating the parameters into SWAT simulation. Their proposed method was
evaluated with a case study consisting of a watershed with general soil characteristics.

PTFs can be applicable to any soil (Kitterer et al., 2006); however, their accuracy
seems to be high when ensembled or are site-specific (Cornelis et al., 2001; Pachepsky
and Rawls, 1999; Yao et al., 2015). In recent years, several studies attempted to enhance
the existing PTFs by adding supplementary variables such as topography and vegetation
(leaf area index) (Jana and Mohanty, 2011; Leij et al., 2004; Obi et al., 2014; Pachepsky
et al., 2001; Sharma et al., 2006). Additionally, several studies have been done to
develop new PTFs for specific land uses (Kaitterer et al., 2006; Qiao et al., 2018; Yao et
al., 2015).

PTFs can be developed using various mathematical methods. Most PTFs were
derived through multiple regression methods due to their simplicity (Van Looy et al.,
2017; Wosten et al., 2001). Multiple regression is a model of relationship between two
or more explanatory variables and a response variable by fitting an equation to observed

data. Regression technique can be a linear or nonlinear regression based on the expected
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relationship between variables. The accuracy and reliability of a given PTF approach is
determined by how well the explanatory variables such as soil texture explain the
response variable such as soil hydraulic properties. In the regression technique, the
major drawback is the need for adequate prior knowledge of the relationship between
inputs and outputs (Van Looy et al., 2017). Using a training dataset, the pattern of
underlying relationship between input and output can be recognized and the regression
technique can be applied. If there is no prior knowledge of model concept, the Artificial
neural network approach (ANN) is another popular tool to build PTFs (Schaap et al.,
1998; Tamari et al., 1996; Twarakavi et al., 2009; Wosten et al., 2001). ANN is a
classical pattern recognition paradigm inspired by the way biological nervous systems,
such as the brain, process information (Twarakavi et al., 2009). Like the structure of the
human brain, the ANN models consist of neurons in a complex and nonlinear form. The
neurons are connected to each other by weighted links. All the processes in ANN
models, such as data collection and analysis, network structure design, number of hidden
layers, network simulation, and weights/bias trade-off, are computed through learning
and training methods. Although some studies showed that ANN performs better than the
regression method, it has an issue of overfitting the model (Van Looy et al., 2017). A
study showed no significant difference between regression method and ANN (Merdun et
al., 2006). Merdun et al, (2006) developed PTF for soil ware retention and hydraulic
conductivity using ANN and multiple linear regression. The predictive capabilities of
two methods were compared. The predictive results differences between methods were

not statistically significant.
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2.5.1 The input variables of pedotransfer functions

Soil texture is widely used as a major input in PTFs to predict soil hydraulic
properties. Soil texture is the relative proportions of sand, silt, and clay content. The soil
texture is associated with soil porosity, which controls the water holding capacity and
downward water movement. Application of detailed particle size distribution on PTF in
addition to soil textural class increases the accuracy of prediction (Schaap et al., 1998).

In addition to soil texture, soil organic carbon and bulk density are the predictors
commonly used in many PTFs (Ahuja et al., 1985; Rawls et al., 1998; Schaap et al.,
1998; Wosten et al., 2001). Soil organic matter is the portion of soil that comprises plant
and animal debris which are in different states of decomposition (Coleman et al., 1989).
Studies showed that incorporating soil organic carbon increases the accuracy of results
in PTFs (Rawls, 1983; Tamari et al., 1996; Wosten et al., 1999). The relationship
between organic matter and SOL_K is not consistent. Even though soil organic matter
enhances SOL_K, at some extent, studies show that overall, there is a negative
correlation between organic matter and SOL_K (Nemes et al., 2005; Rawls et al., 2004).

The bulk density of soil refers the mass or weight of a certain volume of soil. Soil
bulk density determines the infiltration, available water capacity, soil porosity, rooting
depth/restrictions, soil microorganism activity, root proliferation, and nutrient
availability (Fuentes et al., 2004). Aina and Periaswamy (1985) estimated available
water holding capacity using predictors of sand content and bulk density. Following that

study, several developed PTFs used bulk density as one of the input variables to estimate
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the soil hydraulic properties (Rawls et al., 1998; Teepe et al., 2003). PTFs are available
to estimate the soil bulk density using other easily available soil properties (Adams,
1973; Alexander, 1980; Curtis and Post, 1964; Kétterer et al., 2006).

Additional input variables are used in PTFs to enhance prediction (Schaap et al.,
1998; Sharma et al., 2006). Studies examined the variable of topography to predict the
soil hydraulic properties through PTFs (Leij et al., 2004; Pachepsky et al., 2001; Sharma
et al., 2006). The results of their studies showed improvement in PTF prediction when
including topographical attributes of slope, elevation, curvature, aspect, and solar
radiation. Sharma et al, 2006 incorporated the vegetation attribute leaf area index in
addition to topographic attributes (DEM) to estimate the soil hydraulic properties and the
study suggested that inclusion of a vegetation factor enhance the prediction of variability
of soil hydraulic properties.

Studies showed that native prairies have increased soil hydraulic conductivity
and decreased soil bulk density (Chandrasoma et al., 2016; Fuentes et al., 2004; Mazurak
and Ramig, 1962). Including root components information in PTFs is essential in
calculating native prairie soil characteristics (Weaver, 1920). A study reviewed the
influence of root components on soil hydraulic properties and showed that the impact on
SOL_K depends on root size, root density, soil texture, and type of vegetation (Lu et al.,
2020). The development of the plant’s root system show high level of plasticity in
response to heterogeneity of the soil (Ostonen et al., 2007). Thus, integrating the length
and weight of root systems could enhance the estimation of hydraulic properties of soil.

Specific root length is one the commonly used morphological parameters to represent
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the root characteristics that indicate the soil heterogeneity (Leuschner et al., 2004).
which means Specific root length is defined as the root length per unit root dry mass
(Pang et al., 2010).

There is a research gap between existing PTFs and the native prairie soil
hydraulic characteristics. We hypothesized that estimating soil hydraulic conductivity of
native prairie soil with existing PTF with general predictors of soil texture and organic
matter gives an inaccurate prediction. This will lead to mismanagement of native prairie
conservation and misleading modeling of native prairie restoration. The research finding
of this study will aim to bridge this gap. The incorporation of prairie root characteristics

should enhance the predictive capability of PTF.
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CHAPTER Il
MATERIALS AND METHODOLOGY
3.1 Modeling native prairie lands using SWAT
3.1.1 Description of study areas
The Great Plains are one of the 15 broad level 1 ecological regions of North
America (EPA, 2021). In the USA, areas of 10 states (Montana, North Dakota, South
Dakota, Wyoming, Nebraska, Kansas, Colorado, Oklahoma, Texas, and New Mexico)
are within the Great Plains proper. The grassland of the Great Plains contributes to the
largest biome in North America (Samson and Knopf, 1994). The extreme weather
(extreme cold and extreme warm)with episodic precipitation favors grass growth more
over trees in this region (Lauenroth et al., 2014). Five watersheds with dominant land
use of prairie land were chosen across the Great Plains in the USA from different

hydroclimatic and geographic settings (Figure 3.1 and Table 3.1).
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Figure 3.1 Location of modelled watersheds in the Great Plains Region
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Table 3.1 Description of study watersheds

Watershed Location Drainage | Dominant | Dominant
Area Land Use Soil
(sq. km)

Cypress Creek 29°58°24.8” N 333 Grassland Fine sandy
Watershed, TX and loam - Sandy
(CYO) 95°35°54.79”W clay loam
Clear Creek 33°20°10.41”N 766 Grassland | Gravelly clay
Watershed, TX and loam and clay
(CLC) 97°10°46.05”"W
Headwaters 37°11°37.66” 554 Grassland Silt loam —
Labette Creek and and silty clay
Watershed, KS 95°11°32.99” cropland
(HWC)
North Thompson 40°38°25.00"N 1799 Grassland Clay loam -
River Basin and and clay
Watershed, 1A 93°48°29.80”"W cropland
(NTR)
Upper Big Sioux 44°43°53.87"°N 3931 Cropland Loam — clay
River Watershed, and and loam
SD (UBR) 97°2°40.24"W Grassland
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3.1.1.1 Cypress Creek Watershed (CYC), TX

The Cypress Creek watershed is located in the Western Gulf Coastal plain in
Texas. It lies in Harris County and Waller County. The study area has a surface area of
333 sq Km. A USGS measuring gauge 08068740 Cypress Creek at House-Hahl Road
near Cypress, TX, TX (29°58°24.8”N and 95°35°54.79”W) located nearby the outlet of

Little Cypress Creek was used for calibration and validation in this study (Figure 3.2).

Legend
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Figure 3.2 Location of Cypress Creek watershed, TX

The study area includes soil series of Katy, Hockley, Wockley, Aris, and Gessner.
The dominant soil taxonomic class is sandy clay loam. On an annual basis, the average

precipitation is 53 inches in Harris County (Harris County Flood Control Disrict, 2021).
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3.1.1.2 Clear Creek Watershed, TX (CLC)

Clear Creek begins the central portion of the eastern part of Montague County,
Texas, and flows for about 80 km into Garza-Little Elm Reservoir. This study area, Clear
Creek Watershed of the Trinity River Watershed includes Blocker Creek — Clear Creek
Watershed (HUC 1203010305) and part of Duck Creek — Clear Creek Watershed (HUC
1203010306). It lies in Denton, Wise, Cooke, and Montague counties, Texas. The

watershed has an area of 766 sq Km (Figure 3.3).
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Figure 3.3 Location of Clear Creek watershed, TX

This watershed's most dominant land use is forest and grass/pastureland, which
covers about 95% of the land area, and the rest is cropland. About 0.01 % of the land is a

low-density residential area. The study area includes soil series of Eddy, Sanger, Gaddy,
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Windthorst, Bolar, Medlin, Hensley, Bosque, and Venus. The dominant soil is gravelly

clay loam and clay. The downstream area is dominated by clay loam.

3.1.1.3 Headwaters Labette Creek Watershed, KS (HWC)

This study area includes Headwaters Labette Creek Watershed (HUC
1107020504) and part of Outlet Labette Creek Watershed (HUC 1107020505). It lies
within Neosho and Labette counties in Kansas. The watershed has an area of 554.46 sq

km (Figure 3.4).
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Figure 3.4 Location of Headwaters Labette Creek Watershed, KS

Most of the watershed is grassland (60% of the area), cropland (38% of the area),

and the rest is impervious area. Grassland and cropland appear to be evenly distributed
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across the watershed. The watershed is dominated by soil series of Cherokee and

taxonomic class of fine, mixed, active, thermic Typic Albaqualfs.

3.1.1.4 North Thompson River Basin Watershed, IA (NTR)

The Thompson River initially begins east in Adair County, lowa, into Missouri. It
is the largest tributary of the Grand River in lowa. The study area, which includes the
north part of the Thompson River basin, lies in Adair, Madison, Union, Clarke,

Ringgold, and Decatur counties, IA. It has an area of 1799 sq km (Figure 3.5).
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Figure 3.5 Location of North Thompson River basin, IA

The study area shows the land use distribution of 45% pasture/grassland, 41%

cropland, which is distributed more in the upper basin, and 4% deciduous forest land.
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The upper portion of the study area is dominated by silty clay loam with soil series of
Sharpsburg and taxonomic class of fine, smectic, mesic Typic Argiudolls, and the lower
part is dominated by clay loam soil with Shelby soil series and taxonomic class of fine-

loamy, mixed, super active, mesic Typic Argiudolls.

3.1.1.5 Upper Big Sioux River Watershed, SD (UBR)

The Big Sioux River begins near the town of Summit, South Dakota. The
watershed consists of the geological formation of Coteau des Prairies, a flatiron-shaped
rolling plateau. The Big Sioux River Basin includes Upper Big Sioux, Middle Big
Sioux, and Lower Big Sioux. The study area, Upper Big Sioux River Watershed (HUC
1010170201), lies lower small part of Marshall, part of Day, part of Roberts, part of
Grant, part of Clark, part of Hamlin, part of Deuel, and a major part of Codington
counties, SD. The watershed has an area of 3931sq km (Figure 3.6) The study area is
dominated by soil series of Forman and taxonomic class of fine-loamy, mixed,

superactive, frigid Calcic Argiudolls.
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Figure 3.6 Location of Upper Big Sioux River Watershed, SD

3.1.2 Data Acquisition and Model setup

The software ArcMap 10.5.1 (Maguire, 2008) and ArcSWAT 2012 (Arnold et al.,

2012a) were used to model the watersheds. The input data were collected from various

The elevation data (DEM) (10-m resolution) and National Hydrography Data

were obtained from the United States Geological Survey (USGS) National Map Viewer

(U.S. Geological Survey, 2019a). The land cover data was obtained from Multi-

Resolution Land Characteristics (MRLC) Consortium—National Land Cover Data

(NLCD) available at a 30-m resolution for the U.S (U.S. Geological Survey, 2019b) .

The land cover categories include cropland, developed area, pasture, range, forest,
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wetland, barren, and water. The observation data of streamflow were downloaded for
each watershed from USGS measuring gage station. The soil data from Soil Survey
Geographic Database (SSURGO) were downloaded from the USDA Web Soil Survey
(Soil Survey Staff, 2021). Required weather data including sub-daily rainfall and daily
maximum and minimum temperature data were obtained from NOAA Climate Data
Online (NOAA National Centers for Environmental Information (NCEI), 2005) for all
watersheds except Cypress Creek and Headwaters Labette Creek. Sub-daily rainfall data
for Cypress Creek and Headwaters Labette Creek were obtained from Harris County
Flood district (Harris County Flood Warning System, 2020) and Mesonet KS State,

respectively (Weather data Library Kansas Mesonet, 2020).

3.1.2.1 Manipulation of GIS Data

More than one raster files of DEM, NLCD, and soil were merged using ‘Mosaic
To New Raster’ tool. The merge raster datasets were clipped for the domain using “clip
raster tool’ in ArcMap. This tool allows to extract a portion of raster data based on the
provided extent. Then the clipped raster dataset was projected to
NAD 1983 UTM Zone 14N coordinate system. The prepared raster datasets were
input in the SWAT interface. The NLCD and soil data were then reclassified according to

the SWAT defined classification.

3.1.2.2 Model Setup and Parameterization

The model was set up in the ArcSWAT interface. The watersheds were first
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delineated, and flow accumulation and subbasins were created from elevation raster data
(DEM/LiDAR). Flow accumulation was later matched to channels, and a channel was
defined for each subbasin. Loadings (mass of pollutants, e.g., pounds of sediments or
nitrate) from the subbasin enter the channel network of the watershed in the
associated reach segment. Outflow from the upstream reach segment(s) will also enter
the reach segment. Processes involved in routing water in channels are handled in a
separate subroutine. Hydrologic response units (HRUs) are portions of a subbasin that
possess unique land use/management/soil attributes (Arnold et al., 2012a). Hydraulic
response units (HRU) were defined within the watershed using landuse data, soil, and
two classes of the slope with threshold values of 10%, 10%, and 15% for land use, soil,
and slope, respectively. Observed sub-daily precipitation and average daily temperature
data were used and a world weather database was installed to help generate time series
of relative humidity, solar radiation, and wind speed. With the use of a base flow filter,
the base flow was determined for the observed discharge and substrate from the
discharge data for few observed data sets. The model was run with the GAML method.
For the GAML option, the rainfall-runoff method was selected as the Sub-daily
Rain/G&A/Hourly route option. Based on data availability, model calibration and
validation periods were defined (Table 3.2). The model outputs were obtained on daily

basis.
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Table 3.2 Time windows for model calibration and validation

Warmup
Watershed Calibration | Validation
years

Cypress Creek (CYC) 2007 - 2008 2009 — 2013 | 2014 — 2017
Clear Creek (CLC) 2009 2010 2017
Headwaters Labette Creek 2012 2013 2014
(HWC)
North Thompson River Basin 2010 2011 2012
(NTR)
Upper Big Sioux River (UBR) 2009 2010-2011 2013

3.1.3 Model Calibration and Validation

Warmup period is essential for the short-term simulation to get the hydrological
cycle fully operational during the real simulation period. Model calibration was carried
out by adjusting the selected parameters in the model to obtain the best fit between the
simulated flow and the observed flow data. Initially, the model was executed without any
parameter adjustments. The results at this stage were then analyzed to check the quality
of default parameters with respect to calibration target values. Through the literature
review process, ten parameters were selected to adjust in this study: saturated hydraulic
conductivity (SOL_K), initial SCS runoff curve number for moisture condition II (CN2),
an available water capacity of the soil layer (SOL_AWC), Manning’s “n” value for

overland flow (OV_N), threshold depth of water in the shallow aquifer required for
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return flow to occur (GWQMN), groundwater “revap” coefficient (GW_REVAP),
average slope steepness (HRU SLP), effective hydraulic conductivity in tributary
channel alluvium (CH_K(1)), Manning’s “n” value for the main channel (CH_N(2)), and
maximum canopy storage (CANMAX) (Arnold et al., 2012b). A sensitivity analysis was
done, and the most sensitive parameters were identified (Feyereisen et al., 2007). The
calibration process is most effective when the highly sensitive parameters are the first to
be adjusted. Sensitivity can be measured by changing an input parameter, then
calculating the resultant change of the output. A local sensitivity analysis changes one
parameter at a time, and this method was used for the project. The equation (1) for
sensitivity index, shown below, is a method used to determine the sensitivity of each

parameter.

. Xd Ymax-Ymin
Si = X, Ymax—vmin 3)
Yd Xmax—Xmin

To find the sensitivity of each parameter, three simulations must be performed.
First, the default simulation is completed, with X, representing the model’s default
parameter value and Y, representing the average value of the outputs. Next, the
acceptable maximum and minimum values for each input parameter are defined and
represented as X and X (respectfully). These values were determined via literature
review (Jha, 2011). Then, two more simulations can be performed, one each
using X and another using Xw». The respective average output values are represented
by Y. and Y. Once these values are inserted in the sensitivity index equation, a
normalized value is determined, allowing easy comparison between multiple parameters.

After the sensitivity index of each parameter has been calculated, the parameters are
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ranked in order of sensitivity, and calibration is performed in this sequence.

The calibration process was carried out with manual calibration using
ArcSWAT’s Manual Calibration Helper. The daily model outputs of each watershed were
compared with the average daily discharge data at the appropriate USGS measuring
gauges, which are located at the closing point of each watershed outlet.

The model performance was examined using visualization of figures and then
further evaluated and rated by three statistical measures: the Nash-Sutcliffe efficiency
(NSE), Root Mean Squared Error (RMSE) — observations standard deviation ratio
(RSR), and Percent Bias (PBIAS) (Moriasi et al., 2007) (Table 3. 3). After successful
calibration with acceptable statistical measures, the validation process was carried out.

The same statistical measures were used to evaluate the validation process.

Table 3. 3 Summary of the ratings of goodness of fit. Reprinted from [Model
Evaluation Guidelines for Systematic Quantification of Accuracy in Watershed
Simulations by Moriasi et al., 2007]

Rating RSR NSE PBIAS

Very Good 0.00 <RSR <0.50 0.75 <NSE < 1.00 PBIAS < +10

+10 < PBIAS <

Good 0.50 <RSR <0.60 0.65 <NSE <0.75 +15

+15 <PBIAS <

Satisfactory 0.60 <RSR <0.70 0.50 <NSE <0.65 +25

Unsatisfactory RSR > 0.70 NSE <0.50 PBIAS > 425
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3.2 Comparing the calibrated soil parameters with estimated soil parameters
3.2.1 Estimation of soil parameters

The pedotransfer functions (PTF) developed by Rawls (Rawls et al., 1998) were
used to estimate saturated hydraulic conductivity (SOL K) and soil available water
content (SOL_AWC). The equations were derived according to USDA soil textural
classes and two bulk density classes. The PTF by Alexander (1980) was used to estimate

bulk density (SOL_BD) in this study.

3.2.1.1 Saturated Hydraulic Conductivity (SOL_K)

Rawls et al. (1998) modified Ahuja’s saturated hydraulic conductivity — effective
porosity relationship as the exponent component was redefined as 3 minus the Brooks-
Corey pore size distribution index (A) (Ahuja et al., 1985), (Rawls et al., 1998). Brooks-
Corey pore size distribution index was derived from readily available soil water
properties (Brooks and Corey, 1964; Rawls et al., 1982). In this study, the following
equation (2) was used to estimate SOL_K:

SOL_K = 1930 (¢)GM 4)
where, § is effective porosity in m*/m> and A is Brooks Corey pore size distribution
index. ¢ is calculated by following equation:

® = (0, — 033) ()

where 6, and 655 is soil moisture at 0 kPa (saturated soil moisture) and -33 kPa,
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respectively. 8, and 655 are estimated using equations 4 and 5 (Saxton and Rawls, 2006).
05 = 033 + O(s_33) — 0.097SA + 0.043 (6)
033 = 033 + (1.283(033:)? — 0.374055, — 0.015) (7)
053¢ = 0.251SA + 0.195CL + 0.0110M + 0.006(SA « OM) — 0.027(CL * OM) +
0.452(SA * CL) + 0.299 (8)
0s-33 = B(s—33)c + (0.6360(5_33); — 0.107) 9)
B(s—33)t = 0.278S + 0.034CL + 0.0220M — 0.018(SA * OM) — 0.027(CL * OM) —
0.584(SA = CL) + 0.078 (10)
where, 035 and 8(5_33) are first solution of soil moisture at -33 kPa and (OkPa — 33kP),
respectively. SA, CL, OM are sand, clay, and organic matter percent of soil at weight
basis, respectively.

Brooks Corey pore size distribution index (A) is estimated by equation 8.

_ [In(633)—In (81500)]
" [In(1500)—In (33)] (11)

where, 0;5¢ 1s soil moisture at -1500 kPa and estimated as follow:
81500 = B1500t + (0.14 * 81500 — 0.02) (12)
01500t = —0.024SA + 0.487CL + 0.0060M + 0.005(SA * OM) — 0.013(CL * OM) +

0.068(SA  CL) + 0.031 (13)

3.2.1.2 Soil available water content (SOL_AWC)
Saxton and Rawls (2006) developed regression equations for soil moisture at the

tension of -1500 kPa, -33 kPa, and 0 kPa correlated with sand, clay, and organic matter
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content. In this study, SOL_AWC is estimated as the difference between 655 and 0,54,

by the equations 5 and 10, respectively.

3.2.1.3 Soil bulk density (SOL_BD)

Alexander (1980) developed an equation relating the bulk density with the
organic carbon content of the soil as the author suggested adding more independent
factors did not decrease the standard error significantly, and the proposed equation is not
site-specific (Alexander, 1980). The proposed equation (equation 12) was used in this
study to estimate SOL_BD.

SOL — BD = 1.72 — 0.294(0C)°5 (14)

To estimate the above-mentioned three soil parameters, raw inputs of soil texture
(% sand, silt, and clay) and percentage of organic carbon content of each soil type in
each watershed were acquired from the NRCS SSURGO database. SWAT reclassified
SSURGO soil classes based on the map unit key of soil (MUKEY). SSURGO database
from SWAT modeling files was used to gather the information of soil texture and organic

matter content for the soil parameter estimation.

3.2.2 Evaluation of model performances

There were two sets of soil parameters derived by two methods: calibrated and
calculated (estimated by pedotransfer function). To compare the means of SOL_K
between two methods of calculated and calibrated, the independent group t-test was

conducted. The ‘ttest’ procedure (‘proc ttest’ ) was used in SAS 9.4 to check whether the
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means of the two groups are significantly different or not at the a = 0.05 level.

Models of each watershed were simulated again with calculated soil parameters
(SOL_K, SOL _AWC, and SOL_BD). Three statistical measures (NSE, RSR, and
PBIAS) were used to evaluate model performances against observed streamflow.
Statistical results to were compared to ensemble simulation of regular calibration of all

parameters.

3.3 Analyzing the potential deficiency in existing pedotransfer functions applied for
native prairie soils
3.3.1 Measurement of soil parameters

Soil hydraulic conductivity was measured in selected watersheds. For this study,
two prairie watersheds were selected considering different soil types and land use
throughout the watersheds: Cypress Creek watershed (CYC) and Clear Creek watershed
(CLC), which are in the tallgrass prairie region in Texas, to measure SOL K. A total of

26 test sites were selected (15 in CYC and 11 in CLC) (Figure 3.7). The measurement
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sites cover land use of native prairie land, ranches, and crop land.

ocations of SOL_K Measurments Sites
Clear Creek

Figure 3.7 Locations of study areas and SOL_K measurement sites: Cypress Creek
and Clear Creek

Measured SOL K (mm/hr) of Cypress Creek were obtained from Harris County
Flood District for comparison to field data collected. The SOL K measurements at
mm/hr with two replicates were taken in Cypress Creek using A dual head infiltrometer
(Decagon Services, inc., Pullman Washington). A total of 11 test sites were chosen in
Clear Creek watershed to do the measurement of SOL_K (mm/hr) (Figure 3.7). At CLC,
SOL_K was measured using double ring infiltrometer (double-ring infiltrometer (Turf-
Tec International, Tallahassee, Florida) (Figure 3.8). The infiltration rings have a 6-inch

inner ring and a 12-inch outer ring with a 7-inch height. Following the American Society
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for Testing and Materials (ASTM) D3385, infiltration rate was measured by installing
the double ring by driving into the soil. The outer ring prevents the lateral flow and
promotes the one-dimensional vertical flow beneath the inner ring. Readings of water
level were taken every 15 mins to estimate the SOL_K until get the constant water

depth.

Figure 3.8 SOL_K measurement with double ring infiltrometer at Clear Creek
watershed

3.3.2 Description of PTFs used

For this study, nine widely used published PTFs were used based on soil texture,
effective porosity, and bulk density to estimate the SOL_K (Table 3.4). Cosby et al.
(1984) model the SOL_K based on soil textural classes. Ahuja et al. (1989) developed an
equation for SOL_K with effective soil porosity based on the generalized Kozeny-
Carman equation. Rawls et al. 1998 modified Ahuja’s saturated hydraulic conductivity —

effective porosity relationship as the exponent component was redefined as three minus
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the Brooks-Corey pore size distribution index (A) (Ahuja et al., 1985; Rawls et al.,
1998). Brooks-Corey pore size distribution index was derived from easily available soil
water properties such as water content at different pressure heads (Brooks and Corey,
1964; Rawls et al., 1982). Moreover, Timlin et al. (1999) developed PTF based on
effective porosity with Brooks-Corey pore size index. Suliman and Ritchie (2001)
published a model related to the SOL_K with relative effective porosity defined as
effective porosity divided by field capacity (Suleiman and Ritchie, 2001). In 1985,
Puckett et al. developed an equation to estimate SOL K of Ultisols with only one

predictor of percentage of clay (Puckett et al., 1985) in lower coastal plains.

Table 3.4 Overview of selected published PTFs used for this study

Number
References of Equation R?
samples
(Cosby et al., 1984) 1448 SOL_K = 60.96 % 1(0-0126+Sand—0.0064+clay—0.6 0.872
(Puckett et al., 1985) 42 SOL_K = 4.36 * 1075 x g0:1975x%clay 0.77
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230 SOL_K = 2.778 * 10~%{exp[12.012 0.95
—0.0755(%sand)
(Saxton et al., 1986) + [—3.8950 + 0.03671(% sand)
—0.1103(% clay) + 8.7546
* 107 (% clay)?](1/0s)]}
1139 | SOL K = exp [7.755 + 0.0352 * silt + 0.93 0.94
—0.967 * BD? — 0.000484
+ clay? — 0.000322 * silt?
(Wosten and van +0001/ 00748/
Genuchten, 1988) — 0.643 * In(silt) — 0.01398
+ BD * clay — 0.1673 * BD * OM
+0.02986 * clay — 0.03305
* silt]
(Ahuja et al., 1989) 473 SOL_K = 764 * 3238 0.670
(Rawls et al., 1998) 900 SOL_K = 1930~ 0.92
(Timlin et al., 1999) N/A SOL_K = 2.59 % 107* % 10%6* x p254 N/A
(Suleiman and Ritchie, N/A SOL_K = 12302 * @343 0.58
2001)
136 SOL_K = exp (1.9582 + 0.0308 * sand — 0.6142 0.25

(Weynants et al., 2009)

* BD — 0.01566 * 0C)

3.3.3 Estimation of saturated hydraulic conductivity and evaluation of published

PTFs

The selected nine published PTFs were used to estimate SOL_K at the test sites
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of study areas with predictors obtained from the NRCS web soil survey. To evaluate the
predictive capability of PTFs, we chose two widely used statistical measure: (1)
Coefficient of determination (R*) which assess how strong is the linear relationship
between two variables (Equation 15); (2) Root means square error (RMSE) of prediction

which gives the standard deviation of prediction residuals (Equation 16) (Chicco et al.,

2021).

2 = q _ 2 (Xizvi?

R*=1-3500 (15)
1 . .

RMSE =\[;Z?;1(X1—YL)2 (16)

Where Yi is the measured SOL K, Xi predicted value of SOL_K at i location, m number
of measurements. For the best predictive capability, the RMSE should be low as possible

and R? should approaching 1.

3.4 Development and evaluation of a new pedotransfer function
3.4.1 Description of study areas

Two watersheds were chosen in Texas for this study. The first is Cypress Creek
Watershed (CYC), located in the Western Gulf Coastal plain in Texas. It lies in Harris
County and Waller County. The dominant soil in the study area is sandy clay loam. The
second is the Clear Creek Watershed (CLC) of the Trinity River watershed lies in
Denton, Wise, Cooke, and Montague counties, Texas. The dominant soil of this
watershed is gravelly clay loam and clay.

The drainage area of Cypress Creek and Clear Creek were 552 sq. km and 766
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sq. km, respectively. Both watersheds have the dominant land use of hay/pasture,

covering more than 90% of the total area.

3.4.2 Soil and Vegetation data

Soil Survey Geographic Database (SSURGO), the compilation of soils
information collected by the Natural Resources Conservation Service (NRCS) were used
to conduct the study. Cypress Creek has 11 soil series, and Clear Creek has 20 soil series.
Soil information of soil texture (%) (Figure 3.9), and organic carbon content (%) for
each series was obtained from SSURGO database for the regression analysis. Vegetation
information in each watershed was acquired from the Texas parks and wildlife website
(tpwd.texas.gov) (Figure 3.10).

The vegetation was identified in the test sites based on the observation and the
vegetation map (Table 3.5 and Table 3.6). The dominant species were considered for
regression analysis. In the study areas, the dominant species found at prairie land are
Bermuda grass and Little blue stem. The crop land consists of major crops of corn and

soybean. The oak tree is the most common woody vegetation, found in the study area.
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Figure 3.9 Textures of soil series found in study areas (blue dots for Cypress Creek
and orange dots for Clear Creek). The texture triangle is based on USDA soil
texture classification
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Vegetation information and Locations of SOL K measurement sites
Cypress creek

Legend
® SOL_K_Measurement_Loc
Vegetation Name
\:| Barren
l:| Riparian Herbaceous/Marsh
- Grass Farm
[ coastal Prairie/ Pondshore
Native Invasive
- Open Water
- Pineywoods
- Row Crops
:] Swamp
I urban
D Basin

Vegetation Information and Locations of SOL K measurement sites
Clear creek

® SOL_K Measurement Loc
Vegetation Name
l:! Barren
[ | Tame Grassiand
D Floodplain Hardwood
[ Riparian Hardwood
- Crosstimbers
[T Deciduous Oak
[ Post Oak Motte and Woodland
- Tallgrass Prairie
- Deciduous Woodland
- Open Water
[T Row Crops

Figure 3.10 Vegetation information and locations of SOL_K measurement sites of
study area
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Table 3.5 Information of soil, vegetation, and land-use of test sites at Cypress Creek

watershed
Soil
Site name Land use | Dominant vegetation
Name
Bermuda grass, King ranch
Upper Tucker Prairie Wockley Prairie
bluestem, Little bluestem
Bermuda grass, King ranch
Lower Tucker Prairie Monaville Prairie
bluestem, Little bluestem
Bermuda grass, King ranch
Warren Prairie Gessner Prairie
bluestem, Little bluestem
Warren Wet Prairie Gessner | Wet Prairie Corn, Soybean

Water oak, Sweetgum,

Nahatche Sugar hackberry, Southern
Upper Tucker Wet Prairie Wet Prairie
Loam red oak, River birch,
American elm
Nelson Rice Katy Rice Rice
Chase North Rice Katy Rice Rice
Warren Millet Gessner | Row Crop Millets: Paspalum
Bermuda grass, King ranch
Warren Pasture Hockley Pasture
bluestem, Little bluestem
Bermuda grass, King ranch
Lower Tucker Pasture Monaville Pasture

bluestem, Little bluestem
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Bermuda grass, King ranch
Bing Katy Pasture
bluestem, Little bluestem
Manor Katy Pasture Corn, Soybean

Table 3.6 Information of soil, vegetation, and land-use of test sites at Clear Creek

watershed
Site name Soil Name Land use Dominant Vegetation
Dickinson water
Gaddy Grazed Pasture Bermuda, Switchgrass
Foundationl
Dickinson water Native prairie King Ranch Bluestem,
Sanger
Foundation2 land Bermuda
Pecan, Post oak, White ash,
Scott’s private land1 Windthorst Ploughed land Green ash, American elm,
Sugar hackberry
Little blue stem, Silver
bluestem, Texas Winter
Scott’s private land2 Bolar Rotating grazing
grass, Sideoats grama,
Bermuda
Sanger sports park Frio Grass land Bermuda grass/Oak
Little bluestem, King ranch
Sanger Ranch Medlin Ranch
Bluestem
Pasturel Hensley Pasture Bermuda, King ranch
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Bluestem

Pasture with rag King ranch bluestem,
Pasture2 Bolar
weed Bermuda, Ragweed

Pasture - Coastal
Don Vogel Ranchl Bosque Bermuda Grass
Bermuda grass

Don Vogel Ranch2 Bosque Pasture/Oak Post oak, American elm
Don Vogel Ranch3 Prairie land -
Venus Bermuda, Canada wildrye
Canada wild Rye

3.4.3 Specific root length (SRL)
In our study, the SRLs of selected species were obtained from various research

papers, and a few were calculated using the following two equations.
SRL = L/, (17) (Ostonen et al., 2007)
SRL = 4/(RTD D2 m) (18) (Ostonen et al., 2007)
where SRL is specific root length in m/g, L is root length in m, m is dry mass of root in
g, RTD is root tissue density in g/m3, and D is the diameter of root in m. The

information of root length and dry mass of root were obtained from previous studies to

calculate SRL. Table 3.7 showed the SRL of selected plant species used in our study.
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Table 3.7 Specific root length values of plants species

Species

Common

name

SRL, m/g

Source

(Bo and David, 2019; Fuentealba

Cynodon dactylon Bermuda grass 43.14
et al., 2015)
Bouteloua gracilis
Blue grama 102.71 (Craine et al., 2003)
Kentucky
Poa pratensis 207.06 (Craine et al., 2003)
bluegrass
Schizachyrium (Craine et al., 2003; Rebecca
Little bluestem 102.69
scoparium Nelson et al., 2010)
Sorghastrum nutans Indian grass 59.29 (Rebecca Nelson et al., 2010)
61.00 (Craine et al., 2003; Rebecca
Andropogon gerardi Big bluestem
Nelson et al., 2010)
Panicum virgatum Switch grass 19.69 (Rebecca Nelson et al., 2010)
(Chen et al., 2014; Fernandez et
Zea mays Corn 28.81 al., 2009; Lyu et al., 2016; Souza
et al., 2016)
Glycine max Soybean 51 (Fernandez et al., 2009)
(Guetal., 2017; Lietal., 2017;
Oryza sativa Rice 750
Zhang et al., 2019)
Paspalum L. Paspalum 37.5 (Bo and David, 2019)

49




Setaria italica Foxtail millet 466.52 (Ahmad et al., 2018)
Pinus massoniana Pine tree 8 (Yang et al., 2021)
Betula lenta L. Sweet birch 100 (Comas et al., 2014)
Quercus rubra L. Red oak 62.5 (Comas et al., 2014)
Ulmus rubra Slippery elm 80 (Comas et al., 2014)
Nyssa sylvatica Black gum 58 (Comas et al., 2014)

3.4.4 Regression Analysis and development of new pedotransfer function

Pearson correlation analysis was carried out to analyze the correlation patterns
among SOL K and soil texture, organic carbon, and SRL. Correlation analysis was done
using SAS 9.4 (SAS Institute, Cary, North Carolina) with the correlation procedure
(“Proc corr”).

Based on the correlation patterns, a new relationship between SOL K and soil
properties was developed using multiple linear regression with SAS 9.4. In this
procedure, the ‘stepwise’ selection option was selected, which results in a combination
of forward and backward regression. Here independent variables of the percentage of
organic carbon (OC), sand (SA), and silt (SI), and specific root length (SRL), and the
interaction effect between variables were added one by one and its significance was
tested. Then variables can be added or deleted until the model gets the best fit based on
the coefficient of determination (R?). Stepwise analysis was selected for this study since
there was collinearity among soil texture, organic matter, and SRL resulted in presence

of one variable might have significant while the presence of another variable.
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The last step of the stepwise analysis gave the best estimate of parameters for the
regression equation. In this study, stepwise regression proved SD and SRL are the only
variables that were the appropriate predictors to estimate SOL K with limited data.
However, based on the literature, soil texture in addition to percentage of sand, and OC
should be predictors for SOL_K (Rawls et al., 1998; Rawls et al., 2004). Thus, SI and

OC were made compulsory and resulted in a good fit.

3.4.5 Evaluation and validation of the pedotransfer function

The coefficient of determination (R?) is the standard statistic to evaluate the
regression equation (Chicco et al., 2021). R? quantifies how much of the dependent
variable is estimated from the independent variable in terms of proportional variation.
Higher R? indicates the better model fit. R? and root mean squared error (RMSE) were
used to evaluate newly developed PTF (Zhang and Schaap, 2019). Equation 13 and
equation 14 are used to calculate the statistics.

These two statistical criteria have no threshold to determine whether the model is
good, however we evaluated the model based on the own threshold.

The developed PTF model was validated using a statistical comparison between
measured and predicted SOL_K values. For the validation, observed SOL_K at the CLC
watershed were used. The same statistical criteria were used to validate the model. In
addition to that, a two-sample t-test using SAS 9.4 was done. The model can be validated
by applying the PTF model in the hydrological model, and the predicted flow will be

evaluated.
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3.5 Evaluating the impact of newly developed pedotransfer function on the
calibration of SWAT model
3.5.1 Description of Study Areas

We selected four watersheds that have dominant land use of grasslands and
croplands across the tallgrass prairie region of the Great Plains in the USA (Table 3.8)
for this study. The watershed characteristics were already discussed in section 3.1.1. The
tallgrass prairies contain more than 500 prairie species, where four species are
dominated among them: big bluestem (Andropogon gerardii), switchgrass (Panicum
virgatum), indiangrass (Sorghastrum nutans), and little bluestem (Schizachyrium
scoparium) (Grace et al., 2000). Based on the NRCS glossary, grassland can be divided
into three categories: hay land, pastureland, and ranch. The hay and pastureland are
managed to grow forage crops to be harvested or/and allow for grazing. Ranches have
native prairie species. The cropland in this region has row crops, mainly corn, soybean,
and wheat. The soil groups in this region are strongly correlated with grass cover and the
precipitation pattern. It has a diversity of soil, including Mollisols, Alfisols, Aridisols,

Inceptisols, and Entisols (Hirmas and Mandel, 2017).

Table 3.8 Description and vegetation information of study areas

Watershed Drainage Vegetation
Area

(sg. km)
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Clear Creek watershed, 766 Coastal Bermuda, Big bluestem, king ranch

TX (CLC) bluestem, little bluestem, Switch grass

Headwaters Labette creek 554 Big bluestem

watershed, KS (HWC)

North Thompson River 1799 Big bluestem, Butterfly milkweed, Prairie cord

basin watershed, 1A grass, Pale purple coneflower, Pasture -

(NTR) Kentucky bluegrass, bromegrass

Upper Big Sioux River 3931 Buffalo grass, Big bluestem, Blue grama grass,

watershed, SD (UBR) Little bluestem, Prairie dropseed, Sideoats
grama

3.5.2 Application of the newly developed pedotransfer function (PTF)

The new PTF requires the inputs of soil texture (sand and silt content), soil
organic carbon (OC), and specific root length (SRL).

The soil texture and OC were obtained from the SWAT input file, and SRL was
added for each HRU based on the land use and the appropriate plant community. SRL
values were obtained from previous studies (Bo and David, 2019; Comas et al., 2014;
Craine et al., 2003; Fuentealba et al., 2015; Rebecca Nelson et al., 2010). If the HRU had
more than one dominant species, then the average SRL or the SRL of dominant species
were considered. SOL_Ks of each soil layer for each HRU was estimated using the
newly developed PTF. The soil input file (.sol) was then altered with new SOL Ks and

inputted into the model. We ran the model and evaluated the model performances.

53



The statistical analysis was performed to check the heterogenous SOL K
obtained from each method using SAS with the univariate procedure. The univariate
procedure provides the measures of central tendency (mean and median), measures of
dispersion (standard deviation), and allow to visualize the SOL_K data by box plot. In
this way, the dispersion pattern of SOL_K from each method (calculated, calibrated, and

new SOL_K) could be analyzed.

3.5.3 Evaluation of model performance

The two model performances (simulation with regular calibration, simulation
with integration of new PTF) were evaluated separately using three statistical measures
includes the Nash-Sutcliffe efficiency (NSE), Root Mean Squared Error (RMSE) —
observations standard deviation ratio (RSR), and Percent Bias (PBIAS) (Moriasi et al.,

2007) and statistically compared the performances.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1 Model calibration and validation results

The calibration process was done to minimize the variations among simulated
and observed data. The simulated daily streamflow hydrographs of all five watersheds
were compared with observed streamflow data at respective watershed outlets.
According to the statistical measures for model calibration, defined by Moriasi et al.,
2007, overall SWAT simulation matched well with the observed flow (Figure 4.1 and
Table 4.1). Among five watersheds, the SWAT model of CYC watershed performed very
well based on the Moriasi et al., 2007 rating. As the other four prairieland watersheds are
not well covered by a dense network of weather observatory stations with sub-daily
rainfall data, which is the primary input, SWAT models of the other four watersheds
performed reasonably in terms of NSE, RSR, and PBIAS (the relationship between
observatory and predicted flow). Additionally, observed streamflow data from the USGS
gauge station are not available for as continuous data.

Initially, models of CYC, CLC, HWC, and UBR over-predicted both peak flows
and base flows of streamflow compared to the observed flow. The most sensitive
parameter (SOL_K) of the CYC model was reduced to increase the soil permeability and
reduce the runoff. Also, the initial SCS runoff curve number for moisture condition II
(CN2) was increased to increase the runoff. In SWAT, the infiltration potential of rainfall
is influenced by the daily fluctuations of soil moisture content (SMC) via adjusted CN

parameter. This is called the daily curve number, or cnday. The cnday parameter goes up
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after a rainy day and reduces if dry days continue. The GAML method uses effective
hydraulic conductivity (Keff) to adjust potential infiltration heads to reflect SMC. Keff
was calculated based on cnday. If cnday is high, Keff tends to be low and vice versa.
Since the model overpredicted the base flow, the threshold depth of water in the shallow
aquifer, required for the return flow, was increased to reduce the base flow. The peak
flows early shifted for some storms. To correct the early shift, the slope (HRU SLP) was
decreased and Manning’s n value (OV_N) was increased. The fitted values for all
parameters were obtained by adjusting the values within the range until a good match
was found between the simulated and observed values.

Initial simulation for NTR seemed under-predicted and missed some of the
peaks. As discussed above, SOL K and CN2 were adjusted inversely (Figure 4.1 d).

The model performances were evaluated using two statistical measures, NSE and
RSR. The goodness-of-fit acceptability values are listed in Table 3. 3. The statistical
values of NSE and RSR were rated at least ‘satisfactory’ based on the guidance (Moriasi
et al., 2007). Even with reasonable NSE and RSR values, PBIAS resulted in high
positive or negative values in some cases. Bias indicates the average tendency of
simulated values to be larger or smaller than their observed values. In some instances,
SWAT captures the time response of flow well; however, it fails to capture the total
volume of flow. This lack-of-fit in total volume is that the rainfall data did not represent

the entire watershed well.
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Figure 4.1 Comparison of simulated streamflow by calculated and calibrated
soil parameters of (a) Cypress creek watershed, (b) Clear creek watershed,
(c) Headwaters Labette creek watershed, (d) North Thompson River basin,

and (e) Upper Big Sioux River basin

57




Table 4.1 Model performance results with rating according to Moriasi et al., 2007
Watershed NSE RSR PBIAS

Calibrated Calculated Calibrated Calculated Calibrated Calculated

CYC 0.81 0.74 0.43 0.51 45.26 -3.01

V Good Good V Good Good Unsat V Good

CLC 0.63 -1.63 0.61 1.62 -0.37 -201.50
Sat Unsat Sat Unsat V Good Unsat
HWC 0.65 0.30 0.59 0.83 43.19 42.14
Sat Unsat Good Unsat Unsat Unsat
NTR 0.54 0.44 0.67 0.74 15.68 -24.56
Sat Unsat Sat Unsat Sat Sat
UBR 0.63 0.44 0.60 0.74 15.08 -24.56
Good Unsat Sat Unsat Sat Sat

4.2 Analysis of calibrated and estimated soil parameters

The calculated and calibrated soil parameters were compared and analyzed. The
box plots in Figure 4.2 showed the distribution of SOL K from each method. SOL_K
distribution for all watersheds shows that the means of calibrated values is less than
calculated values. SOL_K of CYC was relatively uniformly distributed for both the
methods with few outliers. The calculated SOL K in CLC ranged from 0.68 — 75.9
mm/hr. There are outliers with SOL_K of greater than 30 mm/hr for the soil texture of
fine sandy loam to loamy fine sand which covers 16% of HRUs. Other than those

outliers, generally, the calculated SOL_K’s fall between 0.68 mm/hr and 6.5 mm/hr for
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the rest of the HRUs. However, the calibrated SOL K falls between 9 mm/hr and 32
mm/hr with an outlier of 100.8 mm/hr for 8% of total HRUs. All the textural classes of
fine sandy loam and loamy fine sand have SOL_K of 100.8 mm/hr. The difference
between the means of calculated and calibrated values in all watersheds are statistically
significant. In HWC, more than 77% of HRUs consist of 24.3 mm/hr and rest of the
HRUs consist of SOL_K ranged between 2.7 — 8.1 mm/hr of calibrated SOL_K.
However, calculated SOL K seems more diverse and lies between 1.62 mm/hr and 4.6
mm/hr with few outliers. This indicated that the calibrated values are more general while
calculated values are more specific. In UBR, the calibrated values are more general (3
values: 19.4, 64.8, and 66 mm/hr) and uniformly distributed among HRUs. However,

calculated values are in a narrow range from 1.84 to 10.7 mm/hr.
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Figure 4.2 Distribution of SOL_K by calculated and calibrated methods for each
watershed from left to right (1) Cypress Creek watershed, (2) Clear Creek
watershed, (3) Headwaters Labette creek watershed, (4) North Thompson River
basin, and (5) Upper Big Sioux River basin

Statistical t-test results indicated the means of SOL K calculated differ from

means of SOL K calibrated significantly for all the watersheds (Table 4.2). The SOL K

from each method showed quite different was deemed to consider calculated does not

reflect the actual physical meaning of the soil.

Table 4.2 The results from statistical t-test

Watershed

Calibrated

Calculated

Mean StdDev | Mean StdDev

Pr>F
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CYC 87.67 6.22 25.93 12.05 <0.0001
CLC 24.57 26.03 8.26 13.77 <0.0001
HWC 20.62 6.92 2.76 1.46 <0.0001
NTR 22.50 20.16 4.45 5.69 <0.0001
UBR 53.08 20.41 4.78 2.46 <0.0001

4.2.1 Comparison of simulations between calculated and calibrated soil parameters

To analyze the soil parameters of native prairie land from existing pedotransfer
function, the model performance of calibrated and calculated soil parameters against
observed stream flow were compared. Observed steam flow represents the hydrological
behavior of watershed both temporally and spatially. The ensemble simulations and the
respective model performance results are shown in Figure 4.1 and Table 4.1. The
simulation using calibrated soil parameters performed better than the simulation using
calculated soil parameters in terms of NSE and RSR.

Figure 4.3 shows the scattered plots of observed versus simulated (from
calculated soil parameters and simulated from calibrated soil parameters) stream flows
and regression lines for the five watersheds. Flows were separated into the low flow, and
high flow and plotted separately for each watershed. A plot of CYC shows both low flow
and high flow calibrated simulations tend to behave towards observed flow well
compared to calculated. However, in low flow, R? (0.23) of calibrated is less than R?
(0.29) of calculated due to a larger effect of unexplained residuals. Generally low flow
R? is less than high flow R? since low flow had several events and many unexplained
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residuals. SWAT model captures the peak flows well and fails to catch the low flows at
many events. The total flow did not match with the total observed flow well. This leads
to bias between observed and simulated. PBIAS is greater than 25% percent, while NSE

and RSR values fall into an acceptable range for all simulations.
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4.3 Analyzing potential deficiency in existing pedotransfer functions
4.3.1 Input predictors to estimate the SOL_K

Table 4.3 and Table 4.4 show descriptive statistics of input predictors used to
estimate SOL K in Cypress Creek (CYC) and Clear Creek (CLC) watersheds. The
predominant soils in the study area of CYC and CLC are fine sandy loam and sandy clay

loam, and gravelly clay loam, respectively.

Table 4.3 Descriptive statistics of soil textural information and soil organic matter
in Cypress Creek watershed

Statistics Soil Percentage | Percentage | Percentage
organic of clay of silt (SI) | of sand (SD)
matter (CL)

(OC)

Mean 0.7 11.6 27.2 61.2
Standard 0.2 4.7 13.0 15.1
Deviation

Coefficient of 29.4 40.1 47.8 24.7
variation

Maximum 1.2 25.0 43.7 85.9

Minimum 0.3 7.5 6.6 38.5
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Table 4.4 Descriptive statistics of soil textural information and soil organic matter
in Clear Creek watershed

Statistics Soil Percentage | Percentage | Percentage
organic of clay of silt (SI) of sand
matter (CL) (SD)

(OC)
Mean 1.0 29.0 33.4 37.6
Standard Deviation 0.4 12.9 9.6 18.2
Coefficient of 42.4 44.5 28.9 48.5
variation
Maximum 1.5 50.0 52.0 69.6
Minimum 0.1 11.5 16.4 8.0

4.3.2 The measured SOL_K

The description of test sites and measured SOL K at CYC and CLC were given

in Table 3.5 and Table 3.6 respectively. The measured SOL K in CYC and CLC ranged

from 13 mm/hr to 150 mm/hr and from 16 mm/hr to 156 mm/hr, respectively. Prairie

land with dominant species of Bermuda grass is showing more than 30 mm/hr. We

observed SOL K of more than 100 mm/hr in prairie land with dominant species of king

ranch bluestem, little bluestem, and big bluestem Croplands with corn, soybean, rice,

and millets are having SOL_K ranging between 13 mm/hr and 30 mm/hr. Various studies

showed that native prairie soils have high SOL K compared to cropland, where the soil
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is exposed to tillage (ex. SOL K values of native prairie, restored prairie, no-till corn,

and row-crop were 87.66, 22.7, 14.28, and 4.31 mm/hr) (Chandrasoma et al., 2016;

Fuentes et al., 2004).

Table 4.5 Description of test sites and measured SOL_K in Cypress Creek

watershed
Measured SOL_K,
Site Soil Name Land use
mm/hr
Upper Tucker Prairie Wockley Prairie 126.72+33.89
Lower Tucker Prairie Monaville Prairie 120.96+45.22
Warren Prairie Gessner Prairie 32.23+1.28
Warren Wet Prairie Gessner Wet Prairie 28.75+12.91
Upper Tucker Wet Prairie Nahatche Loam | Wet Prairie 37.80+26.90
Nelson Rice Katy Rice 16.38+12.10
Chase North Rice Katy Rice 13.61+8.06
Warren Millet Gessner Row Crop 35.99+13.59
Warren Pasture Hockley Pasture 85.32+75.82
Lower Tucker Pasture Monaville Pasture 151.56+45.22
Bing Katy Pasture 14.25+10.38
Manor Katy Pasture 19.30+£22.56
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Table 4.6 Description of test sites and measured SOL_K in Clear Creek watershed

Measured SOL_K,

Site Soil Name Land use
mm/hr
Dickinson water
Gaddy Grazed Pasture 16.65+18.60
Foundationl
Dickinson water
Sanger Native prairie land 36.00+£19.35
Foundation2
Scott’s private land1 Windthorst Ploughed land 57.35+£26.37
Scott’s private land2 Bolar Rotating grazing 28.00+4.00
Sanger sports park Frio Grass land 21.00+11.00
Sanger Ranch Medlin Ranch 60.00+41.04
Pasturel Hensley Pasture 48.00+6.00
Pasture with rag
Pasture?2 Bolar 30.00+10.01
weed
Don Vogel Ranchl Pasture - Coastal
Bosque 24.00+4.00
Bermuda grass
Don Vogel Ranch2
Bosque Pasture/Oak 32.00+8.00
Don Vogel Ranch3 Prairie land -
Venus 48.00+30.51

Canada wild Rye

4.3.3 SOL_K Estimation
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Figure 4.4 shows the positive linear relationship of predictive values with
measured values to the 1:1 line for CYC. The calculated coefficient of determination
(R?) was indicated in Figure 4.4 and Table 4. 7. Three PTFs (Ahuja et al., 1989,
Suleiman et al., 2001, and Wosten et al., 1988) seemed close to the 1:1 line with R? of
0.45, 0.44, and 0.66, respectively. The R? of two PTFs, Cosby et al., (1984) and
Weynants et al., (2009), were relatively high (0.51 and 0.55, respectively), which
indicates the effect of outliers and R? was not sensitive for that. PTF of Puckette et al.,
1985 seemed utterly off from the 1:1 line. It should be noted that the PTF of Puckette et
al., (1985) used only one predictor (CL) to estimate SOL_K. The dominant soil in CYC
is fine sandy loam. Among 9 PTFs, the PTF of Wosten et al., 1988 predicted the best in
CYC.

Although R? of a few PTFs shows a good correlation between measured and
predicted SOL K, RMSE values of all the PTFs are high and unacceptable (Table 3.6).
RMSE is sensitive to outliers. In terms of RMSE, none of the PTFs predicted SOL K
accurately.

Figure 4.5 shows that none of the PTFs predicted SOL_K well in the CLC
watershed in terms of R2. R? showed a lack of correlation between predicted SOL_K and
measured SOL_K in CLC (Table 4. 7). However, the PTF of Wosten et al., (1988)
behaves slightly better among other PTFs in terms of RMSE. Overall, selected published
PTFs failed to predict SOL_K in prairie soils in this study. This indicates that current
predictors of soil texture, porosity, and organic matter may be inadequate to reflect the

actual SOL_K of native prairie soils.
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Table 4. 7 Statistical performances of nine published PTFs in terms of R? and

RMSE

Statistical measure

PTF Cypress Creek Clear Creek
R? RMSE R? RMSE
Rawls et al., 1998 0.37 45.00 0.01 31.21
Ahuja et al., 1989 0.44 41.09 0.00 31.44
Timlin et al., 1999 0.36 47.53 0.00 30.91
Suleiman et al., 2001 0.45 43.41 0.01 32.07
Cosby et al., 1984 0.51 43.42 0.00 26.34
Wosten et al., 1988 0.66 29.82 0.05 14.99
Weynants et al., 2009 0.55 55.42 0.00 28.74
Saxton et al., 1986 0.13 45.89 0.02 287.62
Puckett et al., 1985 0.02 107.73 0.01 107.99

4.4 Development and evaluation of a new pedotransfer function

4.4.1 Correlation Analysis

Based on the previous studies, the possible appropriate predictors for SOL_K

were chosen as soil texture (SD, CL, and SI), soil organic matter (OM), and SRL. In

early studies, SOL_K was predicted based on soil texture (Ahuja et al., 1985; Clapp and

Hornberger, 1978; Rawls et al., 1998). Later, OM was included to improve the prediction

of SOL K (Rawls et al., 2004; Saxton and Rawls, 2006). Recently, many studies
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incorporated additional variables such as salinity, topography, and vegetation to enhance
the SOL_K prediction which can be applied for specific land use (Jana and Mohanty,
2011; Leij et al., 2004; Pachepsky et al., 2001; Yao et al., 2015). From our finding, the
correlation among SOL K, soil texture, OM, and SRL was significant for the pairs of
OM-CL, OM-SI, OM-SD, OM-SOL K, CL-SD, SOL_K-SI, SOL_K-SD, and SOL K-
SRL at alpha 0.05 (Table 4.4). The Pearson correlation coefficient (r) for SOL K-SRL
was 0.65 indicating a 65% positive relationship between SOL K and SRL. Higher SRL
is related to the finer fibrous root system. The correlation coefficient between OM-SRL
was -0.29, which is a negative correlation and was not significant. Fine roots have more
contact with soil microorganisms, and less lignin content resulted in high decomposition,
and produces soil organic matter (Poirier et al., 2018), which increases SOL_K;
however, the correlation between SRL and decomposition is not consistent among
various species (Poirier et al., 2018; Roumet et al., 2016). SOL_K had strong positive
correlation with soil texture (r = 0.67) than SRL (= 0.64) and OM (1= -0.6).

Table 4. 8 Pearson correlation coefficients and Pr>|r| among SOL_K, SRL, OM
and soil texture (CL, Sl, and SD)

OM CL Sl SD SRL
CL 0.8477
0.0005
SI 0.6658 0.313
0.0181 0.3219
-0.83354 -0.57707 -0.95628
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SD 0.0008 0.0495 <.0001
SRL -0.28893 0.06037 -0.48838 0.40137
0.3624 0.8522 0.1072 0.1959
SOL_K -0.60046 -0.12737 -0.73358 0.67003 0.64872
0.039 0.6932 0.0066 0.0171 0.0225

4.4.2 Multiple linear regression (MLR)

The stepwise multiple linear regression analysis provided the accurate prediction
of SOL_K when using SD and SRL as predictors. However, the equation was
reanalyzed, and SI and OC were added to make the equation applicable for all textural
classes of native prairie soils. The developed equation to predict SOL K was found to be
as follows:

SOL_K =3.97670* SI —1.684947 * OC + 16.207563 * SD * SRL (19)
Where SOL K is saturated hydraulic conductivity in mm/hr, SI is the proportion of silt
content (e.g., 80% of clay is denoted as 0.8), OC is the proportion of organic carbon
content to soil weight, SD is the proportion of sand content, and SRL is the specific root
length in m/g.

Results of the analysis of variance showed that SOL K has a significant linear
effect on the multiplication of SD and SRL (P <0.0001). R? was 0.9226, indicating that
92% of the variation of SOL K could be explained by SI, OC, SD, and SRL in the
regression model. RMSE was 21.16. The developed equation was validated with

measured SOL_K at the Clear Creek Watershed with an R? of 0.21. Two independent
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sample t-test using SAS were performed. Results showed a variance of two SOL_Ks of
measured and estimated by new PTF were equal (P=0.4125) at alpha 0.5. There was no
significant difference between the mean of measured SOL_K and the mean of estimated

SOL K at Clear Creek at alpha 0.1 (P=0.6220).
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Figure 4.6 Comparison of SOL_K from field measurement, by using newly
developed PTF, and by using PTF by Rawls et al. (1998) at Clear Creek watershed
Figure 4.6 showed measured SOL K and estimated SOL_K by Rawls equation

and newly developed equation at 11 test sites in Clear Creek. As expected, the developed
PTF had the best prediction of SOL_K compared to the Rawls et al. (1998) PTF (Figure
4.5) due to the inclusion of SRL. Higher SRL enhance the soil structure and increase the
soil aggregates. Fine roots and hairs closely attach to the soil particles and contribute to
the accumulation of soil organic carbon (Poirier et al., 2018). The newly developed

equation might not be accurate for conditions that are greatly different from the soils it
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was developed for. It is observed that SOL K in prairie soil tend to increase with clay
percent whereas in general clay particles restricts the infiltration. The possible reason for
this effect would be root penetration in the clay soil attribute to cracks and provide
pathway for water infiltration; however, root penetration in sandy particles may not
create cracks.

Rawls’s PTF is a widely used equation to predict SOL_K (Patil and Singh, 2016;
Saxton and Rawls, 2006). However, SOL K was underpredicted when applying Rawls’s
PTF in native prairie soils except for site 1 (Figure 4.5). At site 2 (native prairie land),
measured SOL_K were observed to be more than 40 mm/hr. Rawls PTF estimated
SOL K with soil texture where sand content was lower in site 2 and 6 (Figure 4) which
was the more sensitive variable (Table 3). Therefore, Rawls’s PTF underpredicted
SOL K in prairie lands. The inclusion of SRL in the equation enhanced the SOL K
prediction in all prairie sites. Specifically, sites 2 and 6 have vegetation of king ranch
bluestem, little bluestem, and Bermuda grass (Table 4.2). The inclusion of the average
SRL of that vegetation in the new PTF enhanced the prediction well in site 2. However,
in site 6, 7, and 11 the prediction from new equation is still underestimating SOL K. The
effect of clay soil cracks due to the root penetration should be included to enhance the
PTF further. Site 5 is the grassland nearby the sports park at Sanger. It also has the
potential for soil compaction. Site 8 is native prairie land; however, weeds (rag weeds)
were observed in the field. That might have resulted in overprediction of SRL. Studies
showed that SRL does not have positive correlation with soil aggregation all the time; it

all depends on the plant type (Poirier et al., 2018).
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4.5 Evaluating the impact of newly developed pedotransfer function on the
calibration of SWAT model
4.5.1 Distribution of soil hydraulic conductivity (SOL_KSs)

The calibrated and estimated SOL_K at each HRUs were tabulated in Appendix
A. During the calibration, SOL K adjustment was done relative to the initial values.
Initially the model has assigned SOL K values based on the soil texture class data. Thus,
calibrated values resulted in similar results for the same texture classes regardless of land
use. For example, calibrated SOL_Ks were the same for the soil texture class of fine
sandy loam; however, SOL Ks from the new PTF vary within the fine sandy loam class
as a result of the integration of SRL into the equation. Figure 4.7 shows the
heterogeneous nature of SOL K using the newly developed PTF as compared to the

other two methods.
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Figure 4.7 Distribution of SOL_Ks resulting from the three methods (New PTF,
Rawls PTF, and Calibrated) in the HRUs for the four watersheds

4.5.2 Model performances

Model performances were evaluated and compared for each simulation. The
application of the new PTF in the model slightly improved the model performance
(Table 4. 9). The SOL_Ks from the new PTF were added in the calibrated model, and
simulations were compared against observed streamflow. The statistical measure of RSR
and NSE seemed to result in improvement for all watersheds, whereas PBIAS only
improved for a few events. During the calibration, SOL_K was adjusted based on the
initial assignment without affecting its heterogeneous nature. In real field conditions, the

SOL K of native prairie soils is highly variable temporarily and spatially (Chandrasoma
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et al., 2016; Mohanty and Zhu, 2007). In this study, calibrated SOL K were observed to
be more homogenous, and SOL_Ks from the newly developed PTF were more
heterogeneous (Figure 4.7).

In addition, SRL in the new equation resulted in an improved estimation of
SOL K where SOL Ks were underestimated as compared to the Rawls PTF. The
heterogeneous nature of SOL K and the inclusion of characteristics of root improve the
SOL K estimation. Thus, the model simulations of the flow matched well with the
observed flow.

Table 4. 9 Model performance results with rating according to Moriasi et al., 2007

Watershed RSR NSE PBIAS

Calibrated = New PTF  Calibrated New PTF Calibrated New PTF

CLC 0.60 0.51 0.63 0.74 -0.37 27.16
Sat Good Sat Good V Good Unsat

HWC 0.59 0.60 0.65 0.63 43.20 53.45
Good Sat Sat Sat Unsat Unsat

NTR 0.67 0.65 0.54 0.57 -15.68 38.89
Sat Sat Sat Sat Sat Unsat

UBR 0.60 0.60 0.63 0.63 15.08 15.12
Sat Sat Sat Sat Good Good
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CHAPTER V
SUMMARY AND CONCLUSION

5.1 Summary

This research study focuses on developing a pedotransfer function that can be applied to
native prairie soils. Native prairie soils are structurally different from similar texture non-prairie
soils as native prairie soils are rich in prairie vegetation root systems which penetrate well into
the soil profile. Mechanical binding of prairie root systems creates air-dry soil aggregates and
produces higher soil organic matter. These structural changes influence the soil hydraulic
properties. Watersheds with dominant land-use of prairie lands were modeled using SWAT, and
calibrated soil parameters were compared with soil parameters calculated with commonly used
Rawls PTF. The potential error resulting from using Rawls et al. (1998) PTF applied for native
prairie soils was evaluated. The results proved that there is a gap that need to be bridged in Rawls
PTF when modeling native prairie soils. A new PTF equation was developed using multiple
linear regression. The incorporation of root characteristics in addition to soil texture and soil
organic matter in the development of the PTF improved the estimation of hydraulic conductivity
of native prairie soils. The new predictor called specific root length (SRL) was added in the new
PTF to represent the root characteristics. The new PTF was integrated into the SWAT model, and
the results of the simulations were analyzed compared to calibrated values and Rawls PTF
values.
5.2 Conclusions

From this study, a new pedotransfer function was developed to include root
characteristics to estimate the hydraulic conductivity of native prairie soil. The new pedotransfer

function estimates native soil hydraulic conductivity accurately, which can be used to modeling
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studies and other research study of native prairie soils. The newly developed equation was
evaluated with R? of 0.92 and validated with R? of 0.21 which is better than the values obtained
with Rawls equation (Figure 4.4).
The following conclusions were drawn from this study:

1. Analysis of SWAT model calibrated soil parameters

a. The SWAT model calibrated soil parameters of native prairie soils (saturated
hydraulic conductivity, soil available water content, and soil bulk density) are
significantly different from calculated soil parameters by the PTF of Rawls et al.
1998.

b. The SWAT model calibrated soil parameters are homogenous (i.e., similar values
are given to the same soil textural classes), and soil parameters from Rawls et al.
(1998) are heterogeneous across the watershed (i.e., values vary within the same
textural class).

2. Analysis of potential deficiency

a. The accuracy of nine existing PTFs in predicting SOL_K proved to be
unsatisfactory based on the coefficient of determination (R?) and RMSE (Root
means squared error).

b. The existing PTFs with soil texture, soil organic carbon, and soil density as
independent variables estimate better than the existing PTF with a single
independent variable, when applied in native prairie soils

c. Use of soil texture, soil organic matter only as the independent variables in the
existing PTFs results in failure to accurately predict the hydraulic properties of

native prairie soils
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3. Development of a new PTF

a. The percentage of sand and specific root length are the most sensitive independent
variables for estimating SOL_K of native prairie soil. However, the addition of
more independent variables in the PTF to make it applicable for extended native
prairie soils.

b. The incorporation of specific root length (SRL) as an independent variable
(predictor) in the newly developed PTF showed a better prediction of SOL_K of
native prairie soils

4. Evaluation of the newly developed PTF

a. The newly developed PTF estimates higher and more accurate SOL_K compared
to the SOL_K underestimated by the Rawls et al. (1998) PTF. It indicated
incorporation of SRL improves the estimation.

b. The means of SOL_K estimated by the newly developed PTF were comparable
with SWAT calibrated SOL_Ks for the four watersheds.

c. The estimated SOL_K by the newly developed PTF was more heterogeneous
(varied within one soil textural class) across the watershed compared to the
calibrated SOL_K.

d. The SWAT model, with the integration of the newly developed PTF, performed
well in four watersheds with prairie land as major land-use across the Great Plains
as demonstrated by goodness-of-fit statistical measures such as Nash-Sutcliffe
Efficiency, root mean square Standard deviation Ratio, and percent bias.

5.3 Future work

The new PTF has been developed in this study incorporating root characteristics (specific
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root length) with limited field measured data at Cypress Creek watershed. A larger measured
dataset that includes laboratory data, would give even more accurate estimates for parameters in
the equation. In this study, we used stepwise multiple linear regression method to develop the
equation. The PTFs can be developed using an artificial neural network, which may result in a
more accurate estimation. Also, in this study, only one independent variable (SRL) was added in
addition to other common independent variable for SOL_K. However, many factors can
significantly affect the SOL_K, such as tillage, grazing, weeds, and wormholes. The

development of an equation that addresses those factors may increase the accuracy of estimation.
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APPENDIX A

INPUT VARIABLES FOR REGRESSION ANALYSIS

Cypress Creek
Specific
Soil
Location Clay, Sand, Root
Site name Soil Name Silt, % Organic
Lat/Long % % Length,
Carbon, %
m/g
Upper Tucker Prairie Wockley 29.9576,-95.907 14 19.9 66.1 0.725 102.69
Lower Tucker Prairie Monaville 29.9523,-95.8999 7.5 6.6 85.9 0.348 102.69
Warren Prairie Gessner 29.9666,-95.8438 10.5 43.7 45.8 0.725 72.92
Warren Wet Prairie Gessner 29.9424,-95.8577 105 43.7 45.8 0.725 35.3
Upper Tucker Wet Nahatche 29.9562,-95.9014 25 36.5 38.5 1.160 75.12
Prairie Loam
Nelson Rice Katy 29.9136, 95.8652 10 26.5 63.5 0.725 375
Chase North Rice Katy 29.9091,-95.9284 10 26.5 63.5 0.725 375
Warren Millet Gessner 29.9416,-95.8419 10.5 43.7 45.8 0.725 375
Warren Pasture Hockley 29.9772,-95.8611 14 19.9 66.1 0.725 72.92
Lower Tucker 29.9432,-95.9024 75 6.6 85.9 0.348 102.69
Monaville
Pasture
Bing Katy 29.9285,-95.9248 10 26.5 63.5 0.725 72.92
Manor Katy 29.8963,-95.9033 10 26.5 63.5 0.725 35.3
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Clear Creek

Specific
Soil
Location Clay, Sand, Root
Site name Soil Name Silt, % Organic
Lat/Long % % Length,
Carbon, %
m/g
Grazed Pasture Gaddy 33.4570,-97.3848 14.0 16.4 69.6 0.15 19.69
Native prairie land Sanger 33.4403,-97.3986 50 27.9 22.1 1.16 102.69
Ploughed land Windthorst 33.6545,-97.5689 11.5 21 67.5 0.44 62.5
Rotating
Bolar 33.6845,-97.6037 30 36.5 335 1.16 61
grazing/Scotts
Grass land Frio 33.3399,-97.1848 40 52 8 1.45 43.14
Ranch Medlin 33.3514,-97.2791 50 27.9 22.1 1.16 61
Pasture Hensley 33.4300,-97.3252 22.5 37.7 39.8 0.73 61
Pasture with rag weed Bolar 33.4811,-97.4567 30 36.5 335 1.16 61
Pasture - Coastal
Bosque 33.6106,-97.5122 235 373 39.2 1.45 19.69
Bermuda grass
Pasture/Oak Bosque 33.6116,-97.5108 235 373 39.2 1.45 62.5
Prairie land - Canada
Venus 33.6156,-97.5083 24 36.9 39.1 0.87 19.69
wild Rye
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APPENDIX B

SATURATED SOIL HYDRAUCLIC OCNDUCTIVITY IN MM/HR FROM

CALIBRATION, ESTIMATED FROM RALWS PTF, AND ESTIMATED FROM

NEW PTF
CLC HWC NTR UBR
New_ | Rawls | Calibrated | New_ | Rawls | Calibrated | New_ | Rawls | Calibrat | New_ | Rawls | Calibrated
K K K K K K K K ed K K K

68.48 34.77 25.92 | 29.65 4.65 24.30 | 33.70 2.88 10.80 | 61.88 2.04 19.44
68.48 34.77 32.40 | 29.65 4.65 24.30 3.83 1.69 10.80 | 61.88 6.52 64.80
39.61 5.62 3240 | 11.09 2.38 24.30 3.83 1.69 2.52 | 19.82 6.52 64.80
39.61 5.62 3240 | 11.09 2.38 2430 | 17.79 2.24 252 | 19.82 6.52 64.80
68.48 34.77 25.92 7.50 1.63 2.70 | 10.17 2.24 10.80 | 19.82 6.52 64.80
68.48 34.77 25.92 | 10.63 4.65 2430 | 10.17 2.24 10.80 | 19.82 6.52 64.80
33.43 3.04 100.80 | 10.63 4.65 2430 | 10.17 2.24 252 | 61.88 6.52 64.80
57.30 3.82 100.80 4.75 2.38 24.30 | 10.96 2.24 252 | 61.88 6.52 64.80
57.30 3.82 32.40 4.75 2.38 24.30 | 18.57 2.24 10.80 | 61.88 6.52 64.80
65.08 5.62 32.40 1.24 1.63 540 | 1857 2.24 10.80 | 19.82 6.52 64.80
65.08 5.62 32.40 1.24 1.63 540 | 1857 2.24 10.80 | 19.82 6.52 64.80
112.4

5 34.77 32.40 | 72.26 9.70 24.30 | 37.38 5.36 10.80 | 19.82 6.52 64.80
112.4

5 34.77 32.40 | 29.65 4.65 24.30 | 33.70 2.88 10.80 | 19.82 6.52 64.80
55.25 3.04 32.40 8.13 191 8.10 | 33.70 2.88 10.80 | 22.82 6.52 64.80
55.25 3.04 32.40 8.13 191 8.10 0.94 1.69 10.80 | 61.88 10.68 64.80
68.48 34.77 100.80 | 25.77 9.70 24.30 0.94 1.69 10.80 | 61.88 2.04 19.44
68.48 34.77 100.80 | 10.63 4.65 24.30 | 14.24 4.19 252 | 61.88 6.52 64.80
68.48 34.77 3240 | 10.63 4.65 24.30 | 22.60 5.36 252 | 61.88 6.52 64.80
68.48 34.77 32.40 2.85 191 8.10 | 22.60 5.36 10.80 | 19.82 6.52 64.80
68.48 34.77 32.40 2.85 191 8.10 | 22.60 5.36 10.80 | 19.82 6.52 64.80
68.48 34.77 32.40 4.75 2.38 24.30 | 22.60 5.36 10.80 | 19.82 6.52 64.80
112.4

5 34.77 100.80 4.75 2.38 24.30 | 10.66 2.24 10.80 | 19.82 6.52 64.80
112.4

5 34.77 100.80 | 29.65 4.65 24.30 | 18.28 2.24 10.80 | 61.88 6.52 64.80
112.4

5 34.77 32.40 | 29.65 4.65 24.30 5.87 1.85 10.80 | 61.88 6.52 64.80
112.4

5 34.77 3240 | 11.58 2.38 24.30 3.24 1.85 10.80 | 61.88 2.04 19.44
112.4

5 34.77 3240 | 11.58 2.38 24.30 3.24 1.85 10.80 | 61.88 6.52 64.80
112.4

5 34.77 32.40 3.62 2.17 24.30 5.87 1.85 32.40 | 61.88 6.52 64.80
68.48 34.77 100.80 3.62 2.17 24.30 | 23.25 6.48 10.80 | 19.82 6.52 64.80
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68.48 34.77 100.80 8.08 2.83 24.30 | 23.25 6.48 10.80 | 19.82 6.52 64.80
68.48 34.77 32.40 8.08 2.83 2430 | 14.03 391 252 | 19.82 6.52 64.80
68.48 34.77 32.40 5.24 2.38 2430 | 14.03 391 252 | 19.82 6.52 64.80
68.48 34.77 32.40 5.24 2.38 2430 | 23.95 391 32.40 | 68.25 6.52 64.80
68.48 34.77 32.40 | 10.63 4.65 2430 | 23.68 4.19 32.40 | 68.25 6.52 64.80
112.4

5 34.77 100.80 | 10.63 4.65 2430 | 14.24 4.19 32.40 2.29 6.52 64.80
112.4

5 34.77 100.80 4.75 2.38 2430 | 22.60 5.36 32.40 2.29 2.04 19.44
112.4

5 34.77 32.40 4.75 2.38 2430 | 37.38 5.36 32.40 2.29 2.04 19.44
112.4

5 34.77 32.40 | 11.09 2.38 2430 | 14.03 391 10.80 | 11.26 10.68 64.80
112.4

5 34.77 32.40 | 11.09 2.38 2430 | 14.03 391 10.80 | 11.26 10.68 64.80
112.4

5 34.77 3240 | 11.58 2.38 2430 | 37.38 5.36 10.80 2.64 2.26 64.80
39.61 5.62 3240 | 11.58 2.38 2430 | 37.38 5.36 10.80 2.64 2.26 64.80
39.61 5.62 32.40 4.75 2.38 2430 | 14.03 391 10.80 3.87 2.26 64.80
68.48 34.77 32.40 4.75 2.38 2430 | 14.03 391 10.80 3.87 1.92 66.02
68.48 34.77 32.40 1.64 1.92 24.30 | 23.95 391 32.40 | 65.79 1.92 66.02
52.93 1.56 9.72 1.64 1.92 24.30 | 23.36 3.91 32.40 | 65.79 1.85 66.02
52.93 1.56 9.72 1.64 1.92 24.30 | 22.60 5.36 32.40 | 65.79 1.85 66.02
83.82 71.66 100.80 | -0.31 4.65 24.30 | 22.60 5.36 32.40 | 65.79 1.92 66.02
83.82 71.66 100.80 | -0.31 4.65 24.30 | 22.60 5.36 32.40 2.64 1.92 66.02
68.48 34.77 100.80 0.29 1.82 8.10 | 14.03 3.91 32.40 3.87 1.85 66.02
68.48 34.77 100.80 1.64 1.92 24.30 | 14.03 3.91 32.40 2.64 6.48 19.44
39.61 5.62 32.40 1.64 1.92 24.30 | 23.95 3.91 32.40 2.64 6.48 19.44
39.61 5.62 32.40 1.80 2.51 24.30 | 34.75 2.88 32.40 | 11.26 6.48 19.44
52.93 1.56 9.72 1.80 2.51 24.30 | 23.95 3.91 32.40 | 11.26 6.48 19.44
52.93 1.56 9.72 | -0.31 4.65 2430 | 34.75 2.88 32.40 3.87 1.85 66.02
117.4

4 34.50 100.80 0.29 1.82 8.10 | 33.89 2.88 3240 | 63.61 1.92 66.02
117.4

4 34.50 100.80 1.60 2.38 2430 | 18.74 2.11 3240 | 11.39 1.85 66.02
117.4

4 34.50 100.80 4.67 1.92 2430 | 18.74 211 3240 | 11.26 1.85 66.02
138.6

2 75.90 100.80 4.67 1.92 2430 | 33.70 2.88 3240 | 11.26 1.85 66.02
138.6

2 75.90 100.80 4.67 1.92 24.30 | 33.70 2.88 32.40 3.87 1.92 66.02
112.4

5 34.77 32.40 6.05 2.17 24.30 | 33.70 2.88 32.40 3.87 1.92 66.02
112.4

5 34.77 32.40 6.05 2.17 24.30 0.94 1.69 32.40 | 65.79 1.92 66.02
68.48 34.77 100.80 | 43.60 9.70 24.30 0.94 1.69 32.40 | 65.79 5.64 66.02
68.48 34.77 100.80 | 43.60 9.70 24.30 | 20.21 2.88 32.40 | 65.79 3.79 64.80
33.43 3.04 25.92 6.63 1.92 24.30 | 20.21 2.88 32.40 | 65.79 1.85 66.02
33.43 3.04 25.92 6.63 1.92 24.30 0.94 1.69 32.40 | 23.73 6.48 19.44
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57.30 3.82 32.40 6.63 1.92 24.30 0.94 1.69 3240 | 23.73 1.92 66.02
57.30 3.82 32.40 | 29.65 4.65 24.30 3.48 1.85 10.80 | 23.73 1.92 66.02
55.25 3.04 2592 | 16.94 1.82 8.10 3.48 1.85 32.40 | 23.73 1.92 66.02
55.25 3.04 25.92 6.51 1.84 8.10 | 34.56 2.88 10.80 | 23.73 1.92 66.02
55.25 3.04 25.92 3.46 1.92 2430 | 33.70 2.88 10.80 | 23.73 6.48 19.44
55.25 3.04 25.92 3.46 1.92 2430 | 10.17 2.24 10.80 | 11.26 6.48 19.44
52.93 1.56 9.72 6.37 1.82 8.10 | 10.17 2.24 10.80 | 11.26 6.48 19.44
52.93 1.56 9.72 2.28 1.84 8.10 | 20.21 2.88 10.80 3.87 6.48 19.44
35.94 0.69 0.76 2.28 1.84 8.10 | 20.21 2.88 10.80 2.64 6.48 19.44
35.94 0.69 0.76 | 11.58 2.38 2430 | 10.66 2.24 10.80 2.64 6.48 19.44
52.93 1.56 9.72 | 11.58 2.38 2430 | 10.66 2.24 10.80 3.87 6.48 19.44
52.93 1.56 9.72 5.24 2.38 24.30 3.48 1.85 10.80 | 65.79 6.48 19.44
51.22 1.57 9.72 5.24 2.38 24.30 | 26.08 4.65 32.40 | 65.79 6.48 19.44
51.22 1.57 9.72 4.75 2.38 24.30 7.45 2.24 32.40 | 23.73 6.48 19.44
35.94 0.69 0.76 4.75 2.38 24.30 7.27 2.24 32.40 | 23.73 1.92 66.02
35.94 0.69 0.76 6.05 2.17 2430 | 14.03 391 32.40 1.99 1.92 66.02
35.45 0.69 0.76 6.05 2.17 24.30 | 14.03 3.91 32.40
17.93 1.57 9.72 6.05 2.17 24.30 9.22 2.31 10.80
17.93 1.57 9.72 | 13.75 2.83 24.30 9.22 2.31 10.80
17.93 1.57 9.72 | 13.75 2.83 2430 | 14.04 3.39 32.40
17.93 1.57 9.72 | 13.75 2.83 24.30 | 14.04 3.39 32.40
12.10 0.69 0.76 | 13.75 2.83 24.30 | 14.03 3.91 32.40
12.10 0.69 0.76 | 13.75 2.83 24.30 | 14.03 3.91 32.40
33.43 3.04 2592 | 17.93 4.65 24.30 | 14.03 3.91 32.40
33.43 3.04 2592 | 17.93 4.65 24.30 7.45 2.24 32.40
3241 1.56 9.72 | 29.65 4.65 24.30 | 37.38 5.36 32.40
3241 1.56 9.72 6.51 1.84 8.10 | 10.66 2.24 10.80
39.61 5.62 32.40 6.51 1.84 8.10 | 10.66 2.24 10.80
39.61 5.62 3240 | 11.58 2.38 24.30 | 38.88 6.49 32.40
55.25 3.04 25.92 | 11.58 2.38 2430 | 17.46 2.05 10.80
55.25 3.04 25.92 3.46 1.92 2430 | 17.46 2.05 10.80
52.93 1.56 9.72 3.46 1.92 2430 | 10.15 2.05 10.80
52.93 1.56 9.72 3.62 2.17 24.30 | 10.15 2.05 10.80
35.94 0.69 0.76 3.62 2.17 24.30 | 10.66 2.24 10.80
35.94 0.69 0.76 | 10.63 4.65 24.30 | 10.66 2.24 10.80
35.45 0.69 0.76 | 10.63 4.65 24.30 | 23.95 3.91 32.40
35.45 0.69 0.76 5.24 2.38 2430 | 17.46 2.05 10.80
33.43 3.04 25.92 5.24 2.38 2430 | 17.46 2.05 10.80
28.75 1.27 9.72 6.39 1.79 8.10 | 11.24 2.11 10.80
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28.75 1.27 9.72 6.39 1.79 8.10 | 11.24 2.11 10.80
3241 1.56 9.72 | 29.65 4.65 2430 | 10.15 2.05 10.80
3241 1.56 9.72 | 29.65 4.65 2430 | 10.15 2.05 10.80
39.61 5.62 32.40 6.51 1.84 8.10 | 10.15 2.05 10.80
48.03 1.27 9.72 6.51 1.84 8.10 | 19.43 2.28 10.80
48.03 1.27 9.72 | 11.58 2.38 2430 | 19.43 2.28 10.80
52.93 1.56 9.72 | 11.58 2.38 2430 | 39.37 6.48 32.40
52.93 1.56 9.72 2.16 1.79 8.10 | 35.69 4.86 32.40
51.22 1.57 9.72 2.16 1.79 8.10 | 35.69 4.86 32.40
51.22 1.57 9.72 2.28 1.84 8.10 0.72 1.85 10.80
35.94 0.69 0.76 2.28 1.84 8.10 0.72 1.85 10.80
35.94 0.69 0.76 5.24 2.38 2430 | 39.37 6.48 32.40
33.43 3.04 25.92 5.24 2.38 2430 | 34.84 2.92 10.80
33.43 3.04 25.92 4.67 1.92 2430 | 34.84 2.92 10.80
3241 1.56 9.72 4.67 1.92 2430 | 23.25 6.48 32.40
3241 1.56 9.72 4.67 1.92 2430 | 23.25 6.48 32.40
35.24 2.88 32.40 | 13.75 2.83 24.30 | 39.37 6.48 32.40
35.24 2.88 3240 | 13.75 2.83 24.30 | 28.18 1.45 2.52
39.61 5.62 32.40 | 13.75 2.83 24.30 | 37.07 30.67 100.80
39.61 5.62 32.40 | 13.75 2.83 24.30 | 37.07 30.67 100.80
52.93 1.56 9.72 | 13.75 2.83 24.30 | 39.37 6.48 32.40
52.93 1.56 9.72 | 17.93 4.65 24.30 | 34.52 4.87 32.40
33.43 3.04 2592 | 17.93 4.65 24.30 | 37.07 30.67 100.80
33.43 3.04 25.92 5.09 1.83 7.29 | 37.07 30.67 100.80
28.75 1.27 9.72 5.09 1.83 729 | 1121 2.75 32.40
28.75 1.27 9.72 | 29.65 4.65 2430 | 34.84 2.92 10.80
3241 1.56 9.72 | 11.58 2.38 2430 | 28.18 1.45 2.52
32.41 1.56 9.72 | 11.58 2.38 24.30 | 35.69 4.86 32.40
39.61 5.62 3240 | 11.58 2.38 24.30 | 35.69 4.86 32.40
55.25 3.04 25.92 | 11.58 2.38 24.30 0.00 4.86 32.40
55.25 3.04 25.92 3.46 1.92 24.30 0.00 4.86 32.40
48.03 1.27 9.72 3.46 1.92 2430 | 21.18 6.48 32.40
48.03 1.27 9.72 2.28 1.84 8.10 | 21.18 1.45 2.52
48.03 1.27 9.72 2.28 1.84 8.10 | 39.37 1.45 2.52
52.93 1.56 9.72 5.24 2.38 2430 | 28.18 1.45 2.52
52.93 1.56 9.72 5.24 2.38 24.30 | 16.87 1.45 2.52
34.70 3.82 3240 | 13.45 2.51 2430 | 16.87 2.92 10.80
34.70 3.82 3240 | 13.45 2.51 2430 | 28.91 1.45 2.52
21.05 0.69 3.60 | 29.65 4.65 2430 | 34.84 3.91 32.40
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21.05 0.69 3.60 6.51 1.84 8.10 | 28.18 3.91 32.40
57.30 3.82 32.40 6.51 1.84 8.10 | 14.03 391 32.40
57.30 3.82 3240 | 11.58 2.38 2430 | 14.03 2.75 32.40
35.94 0.69 0.76 | 11.58 2.38 2430 | 14.03 2.75 32.40
35.94 0.69 0.76 6.06 2.51 24.30 6.63 8.11 32.40
59.15 3.17 32.40 6.06 2.51 24.30 6.63 8.11 32.40
59.15 3.17 32.40 2.28 1.84 8.10 | 2457 8.11 32.40
35.94 0.69 0.76 2.28 1.84 8.10 | 24.57 30.67 100.80
35.94 0.69 0.76 5.24 2.38 2430 | 2457 2.92 10.80
35.94 0.69 0.76 5.24 2.38 2430 | 62.39 2.92 10.80
35.94 0.69 0.76 6.51 1.84 8.10 | 35.73 1.45 2.52
35.94 0.69 0.76 6.51 1.84 8.10 | 34.84 30.67 100.80
59.15 3.17 3240 | 11.58 2.38 2430 | 28.18 30.67 100.80
59.15 3.17 3240 | 11.58 2.38 2430 | 37.07 1.45 2.52
12.59 0.69 0.76 3.46 1.92 2430 | 37.07 1.45 2.52
12.59 0.69 0.76 3.46 1.92 2430 | 16.87 4.87 32.40
12.59 0.69 0.76 2.28 1.84 8.10 | 2891 1.45 2.52
12.10 0.69 0.76 2.28 1.84 8.10 | 34.52 3.40 32.40
21.22 3.17 32.40 5.24 2.38 2430 | 28.18 3.40 32.40
21.22 3.17 32.40 5.24 2.38 24.30 | 13.06 2.88 10.80
52.93 1.56 9.72 13.06 2.88 10.80
52.93 1.56 9.72 20.41 2.88 10.80
35.45 0.69 0.76 20.41 2.06 10.80
55.25 3.04 25.92 20.41 2.06 10.80
55.25 3.04 25.92 10.24

17.93 1.57 9.72 10.24

17.93 1.57 9.72

12.10 0.69 0.76

12.10 0.69 0.76

52.93 1.56 9.72

52.93 1.56 9.72

51.22 1.57 9.72

51.22 1.57 9.72

51.22 1.57 9.72

55.25 3.04 32.40

55.25 3.04 32.40

35.45 0.69 0.76

55.25 3.04 25.92

55.25 3.04 25.92
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55.25 3.04 32.40
55.25 3.04 32.40
35.45 0.69 0.76
17.93 1.57 9.72
17.93 1.57 9.72
19.86 3.04 32.40
19.86 3.04 32.40
12.10 0.69 0.76
12.10 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
66.97 15.36 32.40
66.97 15.36 32.40
66.97 15.36 32.40
7.73 1.60 9.72
7.73 1.60 9.72
7.73 1.60 9.72
35.77 3.17 32.40
35.77 3.17 32.40
35.77 3.17 32.40
116.1
0 30.94 100.80
116.1
0 30.94 100.80
12.94 1.60 9.72
12.94 1.60 9.72
12.94 1.60 9.72
60.51 3.65 9.72
60.51 3.65 9.72
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
57.30 3.82 32.40
57.30 3.82 32.40
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116.1

0 30.94 100.80
116.1
0 30.94 100.80
35.94 0.69 0.76
35.94 0.69 0.76
40.19 15.36 32.40
4.49 1.60 9.72
4.49 1.60 9.72
21.22 3.17 32.40
34.70 3.82 32.40
34.70 3.82 32.40
34.70 3.82 32.40
66.97 15.36 32.40
66.97 15.36 32.40
66.97 15.36 32.40
7.73 1.60 9.72
7.73 1.60 9.72
66.52 6.47 9.72
66.52 6.47 9.72
57.30 3.82 32.40
57.30 3.82 32.40
55.25 3.04 25.92
55.25 3.04 25.92
55.25 3.04 25.92
48.03 1.27 9.72
48.03 1.27 9.72
57.30 3.82 32.40
57.30 3.82 32.40
110.0
3 15.36 32.40
110.0
3 15.36 32.40
110.0
3 15.36 32.40
57.30 3.82 32.40
57.30 3.82 32.40
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
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12.94 1.60 9.72
12.94 1.60 9.72
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
35.45 0.69 0.76
35.45 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
35.45 0.69 0.76
35.45 0.69 0.76
35.45 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
35.45 0.69 0.76
35.45 0.69 0.76
35.45 0.69 0.76
35.45 0.69 0.76
35.94 0.69 0.76
35.94 0.69 0.76
12.10 0.69 0.76
12.10 0.69 0.76
-0.38 1.60 9.72
-0.38 1.60 9.72
-0.38 1.60 9.72
-0.62 2.88 32.40
-0.62 2.88 32.40
-0.62 2.88 32.40

7.73 1.60 9.72

7.73 1.60 9.72
12.94 1.60 9.72
12.94 1.60 9.72
12.94 1.60 9.72
58.30 2.88 32.40
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58.30 2.88 32.40
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
57.30 3.82 32.40
57.30 3.82 32.40
35.94 0.69 0.76
35.94 0.69 0.76
59.15 3.17 32.40
59.15 3.17 32.40
59.15 3.2 324
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