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CHAPTER 1: Conceptual Framework and Review of Literature 

 

 

1.1 Introduction 

 

Movement of phosphorus from farm fields and other point/non-point pollution 

sources to surface waters can boost up phosphorus in water systems above critical levels 

for aquatic plant growth and thus results in eutrophicating the surface waters. The 

sourcing of phosphorus from production fields including phosphorus from manure and 

fertilizer is now one focus area considered as being an important contributor of total 

phosphorus entering surface waters, and hence significantly contributing to the 

degradation of water quality. Various research conducted in different parts of the world 

pointed out the impact of land use pattern in the loading of phosphorus in surface water 

bodies. Bolstad and Swank (1997) observed that there were remarkable changes in the 

water quality variables, concomitant with land use changes. Tong (1990), in his study on 

the Little Miami river basin, has noticed the influence of urban developments on 

hydrological changes and degradation of water quality. Therefore, changing land use and 

land management practices have pronounced effects in the modification of hydrological 

systems causing changes in runoff (Mander, et al., 1998), surface water supply yields 

(Wu and Haith, 1993), and the quality of receiving water (Changnon and Demissie, 

1996). Buck creek watershed, which is the sub-watershed of White River Water System 
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in Central Indiana, is not an exception to these pollution phenomena. The study 

conducted by Brown (2003) on the sub-watersheds of Upper White River Basin pointed 

out that the phosphorus loading in the surface waters of the Buck Creek watershed was 

above the permissible limits. This phosphorus-induced degradation of surface water 

quality called for the implementation of beneficial management practices (BMP) like the 

riparian vegetative buffer strips in the watershed region. Vegetated buffer strips are used 

to intercept wastewater, surface runoff and groundwater flow to reduce pesticide, nutrient 

and other organic pollutants before they enter the stream. Vegetated buffer strips play an 

active role in pollutant adsorption, riverbank stabilization, and microclimate 

improvement. Riparian vegetation can also effectively minimize the problem of non-

point source pollution from agricultural slope lands. Conservation buffers help to 

stabilize a stream and reduce its water temperature. However, to understand the 

effectiveness and impact of buffer strips on minimizing the phosphorus induced pollution 

in surface waters, it is highly essential to model the phosphorus loading into the surface 

water and simulate the impacts of its control through the buffer strips. The modeling of 

the impacts of best management practices will help to simulate the amount of phosphorus 

being controlled from entering the surface water through these buffer strips. The present 

study attempts to model the impacts of buffer strips on phosphorus pollution in the 

surface water at the watershed scale.  
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1.2 Review of Literature 

 

A literature review has been carried out with the following objectives in mind:  

(i) To examine the relationship between land use practices and phosphorus drain into 

surface water. 

(ii) To understand the various research done on Geographic Information Systems (GIS) 

integrated water quality modeling for nutrients, in general, and phosphorus, in particular. 

(iii) To present the options of buffer strips on phosphorus management strategy. 

1.2.1 Phosphorus Loading into Surface Water 

 

Sharpley (1993) observed that the main mechanism by which the phosphorus gets 

transported to surface water is through the agricultural drain off and soil erosion. The 

concentration and amount of bio-available phosphorus in runoff leaving agricultural 

fields varies on the basis of cropping practices. Sharpley’s study also noted that the 

concentration of dissolved phosphorus through runoff from no-tilled cropland is higher 

than from the tilled land. Similar findings were observed by the research conducted by 

Bundy (1998) at the University of Wisconsin-Madison. His study analyzed the 

phosphorus budget for the Wisconsin cropland and noted an increase in soluble 

phosphorus from no-till cropland.  

Legg (1996), in his study of the urban residential areas of Wisconsin, pointed out 

that urban areas also have impact on phosphorus and sediment loading in surface water as 
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that of agricultural lands. He also observed that urban areas produces 1.3 to 1.4 times 

more surface runoff  and lowers ground water infiltration over rural areas. His 

conclusions drew attention to the large amounts of pollutants drained into surface water 

from urban areas, which included nutrients, salts, phosphorus and sediments. These 

observations were further supported by the research of Bannerman (1996) on the 

Wisconsin urban sites. He observed that Wisconsin urban sites had an average median 

and mean total suspended solids (TSS) concentration of 120 mg/l and 237 mg/l, 

respectively.   

Kronvang et al. (2005), in their study on the quantification of nutrient loading in 

48 Danish streams, observed the impact of changes in land use and management practices 

in the loading of nutrients into the streams. Their study noted that the considerable 

changes in agricultural practice have resulted in a reduction of the net N-surplus from 136 

to 88 kg nitrogen per ha per year (41%) and the net P-surplus from 19 to 11 kg 

phosphorus per ha per year (42%) during the period 1985–2002. As a part of the 

management effort by the Danish National Aquatic Monitoring Programme (NOVA), the 

farmers were educated to do ecofriendly farming. Optimal application of fertilizers and 

reduction in the tillage of land contributed to the reduction in the loading of the nutrients 

into the basins. The study also evaluated the effects of soil types on nutrient loading to 

the stream. A non-parametric statistical trend analysis of nitrogen concentrations in 

streams draining dominantly agricultural catchments has shown a significant (p<0.05) 

downward trend in 48 streams. This downward trend was found to be stronger in loamy 

when compared to sandy catchments, and became more pronounced with the increasing 
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dominance of agricultural exploitation in the catchments. They also identified that zoning 

improvements in the urban land uses also have considerably reduced the effects of 

phosphorus loading into the streams from point and non-point sources.  

Sharpley et al. (1994) identified manure spread agricultural land mainly the diary 

farms as an important source of soluble phosphorus loading into the perennial streams of 

the Northeastern United States. Their study examined the relation between high spatial 

densities of dairy farms and high animal densities per manure applied areas, in both 

cases, generated considerable load of soluble phosphorus into the streams. It has been 

noted that these kind of phosphorus delivery into the streams can be controlled to a great 

extent by modifying the manure application procedures. Walter et al. (2001) evaluated 

the effectiveness of various manure spreading strategies in reducing the non-point source 

soluble phosphorus pollution in the Catskill watershed. The study supports and 

emphasizes that the timing and location of manure spreading influences the transport of 

phosphorus into the streams. 

1.2.2 Spatial and Nonspatial Water Quality Modeling 

 

A comprehensive approach to model the relationship between land use and 

surface water quality had been made by Tong and Chen (2002) in their study on different 

watersheds of Ohio. Their analysis involved statistical, GIS and hydrological modeling. 

Better Assessment Science Integrating point and Non-point Sources (BASINS), a 

modeling tool developed by the U.S. Environmental Protection Agency (EPA) have been 

used for the study. They modeled the impact of land use on surface water quality. 
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Through the hydrological and water quality model, it has been revealed that agricultural 

and impervious urban lands produced a much higher level of nitrogen and phosphorus 

than other land surfaces. However, the model didn’t simulate the loading of these 

contaminants at a temporal scale in the watershed. 

The GIS enabled water quality modeling research could be classified into three 

categories based on their levels of GIS integration (1) ad hoc integration, (2) partial 

integration, and 3) complete integration. Many models simulated hydrological processes, 

water balancing in a river basin, predicting chemical concentrations and assessing non-

point source loading over a watershed (Maidment et.al., 1996). Maidment (1992) 

attempted to perform a hydrological modeling with GIS using ArcInfo and his model 

covered the grid based watershed delineation, geographic representation of stream 

network and dynamic segmentation for hydrologic feature locations on this stream 

network. His research proposed a ‘hybrid grid network’ that effectively modeled the flow 

and transport processes in the stream network, which traced out the network of linearly 

connected flow systems.  Further discussion on water quality modeling shall be made in 

the methodology part of this proposal. 

Several modeling studies have analyzed the benefits of the implementation of 

BMP’s, including nutrient management on water quality.  Some of these models were 

used to shed insight into effective programs. In a study at Owl Run Watershed in 

Fauquier county, Virginia ((Brannan et.al., 2000) determined the effectiveness of a 

system of animal waste BMPs for improving surface water quality.  Water quality related 

parameters including precipitation, stream flow, total suspended solids, nitrogen (N), and 
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phosphorus (P) were measured at the main outlet and in three sub-watersheds.  They 

performed pre- and post-BMP comparisons of annual water quality parameters.  The 

implementation BMPs has resulted in considerable reductions in phosphorus and nitrogen 

drain into surface water.  For the average annual values at the main watershed outlet, 

BMPs were effective in reducing both loads and concentrations of all forms of nitrogen 

with the largest reductions in soluble organic N (62%) and the smallest reduction for 

nitrate-N (35%).  Furthermore, BMPs were effective in reducing both loads and 

concentrations of most forms of P with the largest reductions in particulate-P.  These 

BMPs resulted in the reduction of sediment load and concentration from the entire 

watershed by 19% and 35%, respectively. It has been noted that there were considerable 

reduction in both loads and concentrations of all forms of N and a reduction in loads and 

concentrations of most forms of P, except orthophosphate-P which increased by 7%. This 

has been attributed to the practice of nutrient management plans centered on crop N 

needs thereby resulting in the elevated orthophosphate load and concentration.  

Kovacs (2004) evaluated two different watershed models to calculate the nutrient 

emission from the drainage area and nutrient fluxes at the catchment outlet for 5 years in 

the Zala watershed area in the western part of Hungary. He used two different watershed 

modeling tools-MONERIS (Modeling Nutrient Emission in River Systems, Behrendt et 

al., 2000) model and the SWAT (Soil and Water Assessment Tool, Neitsch et al., 2000) 

model to estimate the phosphorus emissions. Both these models have a similar pattern of 

watershed delineation derived from ArcHydro, which is ArcGIS data model for water 

resources, but a different pattern of dealing with nutrients. MONERIS focuses on total 
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phosphorus and separates seven different pathways for phosphorus loading which 

includes atmospheric deposition, overland flow, erosion, tile drainage, ground water and 

urban systems. SWAT models the entire phosphorus cycle and loading in the stream 

system. The researchers found out that both these models successfully modeled 

phosphorus load in the basin. However, there were considerable differences between the 

results produced by two models. MONERIS predicted two times higher phosphorus 

emissions from the watershed which accounted to the underestimated surface runoff and 

overestimated sediment yield. SWAT scored high rank in both nutrients and water 

balance area of the study. But it over-predicted the phosphorus loads in the watershed. 

Despite the drawbacks, each model has its own application at various scales. At a macro-

regional scale, where the effects of different sub regions are more balanced, MONERIS 

model can be ideal to calculate long term impacts on management practices. SWAT is 

more ideal for studies at micro regional scale which can incorporate various spatial data 

and generate successful spatial and temporal resolutions. 

Hamlett and Epp (1994) used a field-scale computer model, Chemicals, Runoff 

and Erosion from Agricultural Management Systems (CREAMS), to assess impacts of 

BMPs and nutrient management programs on sediment and nutrient losses at three 

locations in the Chesapeake Bay drainage area in Pennsylvania.  Many BMPs were 

evaluated and CREAMS simulations were conducted for runoff, erosion, sediment and 

nutrient delivery, percolation, and nitrate leaching.  CREAMS predicted the BMPs 

themselves to increase percolation, decrease runoff, increase nitrate leaching, and reduce 

sediment-associated N and P losses.  Flanagan et al. (1986, 1989) also used the CREAMS 
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model to explain the effectiveness of erosion control on the surface runoff using 

vegetated buffer strips.  

 

1.2.3 Water Quality Modeling in SWAT 

 

The SWAT model, which was developed by USDA Agricultural Research 

Service, was a continuous, spatially explicit simulation model. The model was designed 

to quantify the effects of land use and management practices on water quality in 

agricultural basins (Arnold et al., 1995). It was based on Routing Outputs to Outlet 

(ROTO), CREAMS and Simulator of Water Resources in Rural Basins (SWRRB) 

models.  

Santhi et al., (2001) used the SWAT to quantify the effects of BMPs related to 

dairy manure management and municipal wastewater treatment plant effluent on a 

watershed scale.  Results of SWAT’s BMP simulations were presented as time-weighted 

(TW) concentrations (average of daily load divided by daily flow over a year) and flow-

weighted (FW) concentrations (total cumulative load divided by total cumulative flow 

over a year).  The authors concluded that the SWAT model could be a useful tool to 

measure the effectiveness of different management scenarios from point and non-point 

sources of pollution in watersheds.   

Debele et al. (2006) attempted to integrate two powerful hydrological and water 

quality models SWAT and CE-QUAL-W2 to better understand the processes of water 

and its constituents’ movements, interactions, and transformations, both in the upland 
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watershed and in the downstream water body of Cedar Creek Watershed, Texas. The 

upland watershed processes were modeled in SWAT whereas the routing and 

hydrodynamics of the downstream were captured by CE-QUAL-W2 model. They 

integrated the two models by writing an intermediate application which extracts output 

from SWAT at required sub-basin and reach outlets and converts them into CE-QUAL-

W2 acceptable formats. The output structure of both these models varied considerably 

with SWAT being more in an advantageous position outputting water quality in its 

entirety whereas CE-QUAL-W2 demanded user inputs. Even though the nutrient 

variables showed a high percentage of error in CE-QUAL-W2, its integration with the 

SWAT created a powerful water quality simulation model which can be used both for 

upland and downstream areas of the watershed. 

Vache et al., (2002) evaluated the effects of agriculture on water quality at the 

watershed scale in Buck and Walnut creeks of Iowa using SWAT. They employed a two-

step process to accomplish their objective which includes the analysis and comparison of 

water quality conditions to the previous water quality conditions characterized by 

Cambardella et al. (1999) and James et al. (1999) in the Walnut Creek watershed, and 

further, modeled the future alternate land management scenarios to improve water 

quality. In the study, the researchers provided quantitative estimates on how landscape 

and management changes might affect the water quality and presented three agricultural 

land use scenarios which can reduce the loading of nitrates into the water.  

 Santhi et al. (2006) have evaluated and quantified the long term impact of the 

implementation of Water Quality Management Plans (WQMP) on non-point source 
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pollution at farm level and watershed level using SWAT modeling in the West Fork 

Watershed of Trinity River Basin in Texas, USA. Simulations have been done for the 

pre-existing conditions of nutrients and sediment loading before the implementation of 

WQMP and after the implementation of WQMP. It has been noticed that there has been a 

considerable variations in the loading of the nutrients and sediments at different spatial 

scales of the study area. The benefits of the WQMPs in the reduction of sediment and 

nutrient loadings were greater (up to 99%) at the farm level and lower (1-2%) at the 

watershed level. They simulated an additional scenario in SWAT to demonstrate the 

effects of installing the BMPs over a greater percentage of land (assuming the current 

BMPs are extended over 10% of the watershed area) and thereby increased load 

reductions that could be obtained in the watershed. The study highlights the power of 

SWAT in modeling, quantifying and simulating the nutrient and sediment loading before 

and after the implementation of BMPs. These modeling exercises in SWAT provided a 

clear idea about the depth and extend of BMPs to be installed to control the level of 

stream pollution induced by either nutrients, sediments or pesticides. 

1.2.4 Best Management Practices and Water Quality 

 

Despite the advances in modeling and understanding of the sources of agricultural 

and urban derived non-point source pollution, the aquatic ecosystems linked to 

agricultural regions in the United States continue to receive high loads of agricultural and 

urban pollutants including pesticides, nutrients and toxic wastes (Vache et al., (2002). To 

control the amount of pollutants entering the water bodies, best management practices 

oriented towards vegetative buffer strips played a pivotal role in most watershed areas. 
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There have been considerable amounts of research done on the design of buffer strips and 

the control of pollution in surface water. For non-point source pollution, vegetative buffer 

strip was recommended by many researchers as an effective management strategy. 

(Barfield et al., 1979; Magette et al., 1989; Smith, 1989). Fischer and Fischenich (2000) 

has evaluated the buffer strip effectiveness in five categories which included the trapping 

of sediments or nutrients, moderating stream temperature, providing food and cover, 

providing large organic debris, and moderating cumulative watershed effects. Their study 

calculated the efficiency of buffer strips by comparing the quantity of sediments trapped 

behind the barrier with the quantity of the sediment trapped plus that moving through the 

barrier. The key factors identified in controlling the sediment movements within the 

buffer strips were slope, density of obstruction or surrogate variables of these factors. 

They evaluated various research studies which reported sediment travel distances and 

buffer strip efficiencies. Their findings from these studies suggested four major aspects of 

a buffer design which took into account the width of riparian buffers, sediment transport 

parameters and the effects of resistances created by vegetation, rocks and other stream 

related topographical features. The foremost observation of their research review was that 

the riparian buffer strip widths should be greater where slopes within the zone were steep. 

They also noted that the riparian buffers were not effective in controlling channelized 

flows originating outside the buffer and that the sediments could travel within the buffer 

for about 300 feet in a worst case scenario before even get trapped. The sediment travel 

time and distance was also dependent on any removal of the natural obstructions to flow, 

including vegetation, woody debris, rocks, gravel and sediments within the buffer, which 

ultimately increased the distance to which the sediment could be transported.  
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Lin et al. (2002) attempted to model the possible width of the vegetative buffer 

strips to prevent the agricultural non-point source pollution along the Chi-Jia-Wang 

stream in Taiwan.  The index model was used for the purpose to identify the influence of 

buffer strips in controlling pesticide pollution. Their study did a careful field observation 

of multiple factors ranging from topography, pollutant transport, flow velocity, 

degradation and adsorption which eventually calculated the safety depth of the pesticide 

concentration. The width and depth of riparian vegetative buffer strip were then estimated 

using the computer model WinGrid. The safety depths for various pesticide 

concentrations derived from the model varied from 3.79 m to 5.19 m depending on the 

type of pesticides. The lower value in safety depth was recorded for Acephate (3.79 m) 

and higher depth was required by Fenarimol (5.19 m). The result of their research pointed 

out to the fact that if the vertical elevation differences between the cultivation area and 

water surface is less than the safety depth of the traced pesticides in the water sample, 

vegetative buffer becomes mandatory with a prohibition of any cultivation practices.  

Ding and Chen (1979) indicated that a 10m buffer strip would be enough for 

short-term effectiveness in reducing insoluble pesticide accumulation. However, 30 – 60 

m buffer strips are needed to prevent soluble pesticides. Dillaha et al. (1989) indicated 

that a 12m buffer grass strip would reduce the total nitrogen and total phosphorus by 45% 

and 55% in runoff from irrigation or natural rainfall.  

Abu-Zreig et al. (2003) conducted field experiments to examine the efficiency of 

vegetated filter strips for phosphorus removal from cropland runoff with 20 filters with 

varying length (2 to 15 m), slope (2.3 and 5%), and vegetated cover. They created 
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artificial runoff in the study area with water loaded with an average concentration of 2.37 

mg/L and a sediment concentration of 2700 mg/L. Their field experiment found that the 

phosphorus trapping efficiency of all vegetated filters ranging from 31% in a 2-m filter to 

89% in a 15-m filter, with an average of 61%. They identified the factors influencing the 

phosphorus trapping to be the filter length, rate of inflow, type of vegetation and the 

density of vegetation.  The interesting finding is that short filters (2m and 5m) that are 

efficient in the removal of sediments are poor in the removal of phosphorus. However, 

increasing the length of the strip to more than 15 m has been found to be less effective in 

trapping sediments even though it helps in reducing phosphorus loading into the stream. 

The study has successfully brought out some of the conditions of phosphorus loading and 

trapping which is very useful in designing models for simulating vegetative buffer strips. 

However, the validity of such experimental studies is questionable to a certain extent 

because of the fact that the real world conditions have much more parametric variations 

than an experimental field. 

Frede et al.(2002) attempted a spatial modeling exercise for the optimal design of 

riparian buffer strips aimed for the reduction of surface runoff  and sediment and nutrient 

retention. Their simulation of surface runoff was modeled in Hillflow 2D, the 

sedimentation was modeled in GrassF, the proportion of adsorbed and dissolved 

phosphorus during the runoff was calculated based on the Langmuir algorithm. The 

model calibration and validation has been carried out in an experimental field for riparian 

buffer strips with 5 m and 10m effective filter width in different landscapes. The model 

conceptualized the idea of sediment retention in four different zones with varying degree 
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of adsorption starting with a vegetative buffer entry point in zone A to still transport 

towards the end point zone D. Apart from the soil matrix, grain size of sediments were 

effectively considered for the model efficiency. In the study, they concluded that the 

phosphorus retention in the buffer strips was attributed to runoff reductions. The main 

drawback of their study is that the entire modeling and analysis has been done in an 

experimental field which will not reflect a real world water/land system.   

In an interesting research to model the long term water quality impact on 

structural BMPs in the sub-watersheds of Black Creek in northeast Allen County, 

Indiana, Bracmort et al. (2006) noted that a structural BMP is expected to be fully 

functional only for a limited period of time upon installation after which the degradation 

of BMPs reduces the water quality improvements. The research was based on the 

evaluation of a previously modeled phosphorus loading data and the simulations done in 

SWAT. The present conditions of the BMPs were evaluated using the BMP evaluation 

tool. Based on simulations in the two sub-watersheds, BMPs in good condition reduced 

the average annual sediment yield by 16% to 32% and the average annual phosphorus 

yield by 10% to 24%. BMPs in their current condition reduced sediment yield by only 

7% to 10% and phosphorus yield by 7% to 17%. The study indicated the importance of 

maintaining the BMPs in the watershed, the deterioration of which will eventually 

minimize its effect on water quality.  
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1.3 Objectives 

 

1. To understand the influence of land use pattern on surface water quality of Buck 

Creek Watershed, Indiana with emphasis on phosphorus induced pollution 

2. To study the impacts of land use dynamics on surface water quality of Buck 

Creek watershed. 

3. To model the phosphorus loading in the Buck Creek Watershed 

4. To quantify the impact of buffer strips on controlling phosphorus induced 

pollution in the Buck Creek Watershed. 

1.4 Study Area 

 

The present study was carried out in the Buck Creek watershed (Fig: 1.1) which is a sub-

watershed of the White River Watershed in Central Indiana. Buck Creek is the largest 

tributary of White river within the Delaware County and drains 25.1 square miles of land, 

starting at Henry County and flowing north through the southern portion of the City of 

Muncie. It drains both Delaware and Henry counties. The major land uses in the 

watershed includes agricultural, urban and suburban land uses. The Buck Creek water 

system which is a part of the major White river water system experiences a humid, 

continental climate with large seasonal temperature differences.  
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Figure 1.1 Buck Creek Watershed 
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The mean annual temperature is about 11
0
C and receives an annual precipitation ranging 

from 96 cm to 117 cm per year. The hydrology of the Creek is determined by the 

precipitation with high flows in the months of March and April when the precipitation is 

high and low flows in the relatively drier months of September and October. Buck Creek 

is regarded as a unique waterway in the Delaware County due to its potential as a cold 

water trout stream.  Buck Creek is listed with the 2002 EPA 303(d) list as a waterway 

with impaired water quality (Indiana Department of Environmental Management, 2002). 

Further discussion on the physical and cultural characteristics of the study area will be 

done in the modeling parametric section of this thesis. 

1.5 Research Justification 

 

The health of any river system and its usefulness to the community which it drains 

depends totally on the reduced loading of sediments, nutrients, pesticides and toxic 

chemicals. Buck Creek which is listed in the Indiana 303d listings as an impaired stream 

(IDEM, 2002) has higher concentration of nutrients, sediments and pesticides which  was 

observed in the studies of Brown (2003), Goward (2004) and Wright (2005) that have 

been initiated as a part the Upper White River Watershed Project (UWRWP) in Delaware 

County, Indiana. Water samples collected from 6 monitoring points of Buck Creek over a 

period of 9 months spanning in 2003-2004 showed that levels of phosphorus were 

relatively high in most of the sampling locations with a few exceptions with changes in 

slope and land use. In order to properly understand the processes involved in the 

degradation of the water quality of the Creek, it is essential to take a detailed look on to 

the water cycle, morphological pattern, weather dynamics, nutrient cycle and the 
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influences of the physical and cultural landscape on the entire watershed area. This 

watershed-based spatial system analysis can only be done effectively through a GIS-

based watershed modeling tools. This is the prime motivation for identifying various 

spatial models which can model the spatial processes involved in the watershed. This 

study attempts to model and simulate various hydrological processes and nutrient loading 

and understand the impact of changes in land use and land management practices on 

overall water quality of the watershed at micro and macro scales. The Soil and Water 

Assessment Tool (SWAT 2005), developed by the USDA was used for this study. The 

entire modeling and simulation has been done using ArcSWAT which is the ArcGIS 

interface of SWAT 2005.  

The GIS-based modeling exercise done in the Buck Creek will help to evaluate 

and guide the phosphorus reduction program to be initiated in the White River 

Watershed. The modeling will help to predict the reductions in loading thereby minimize 

the effort of long time frame monitoring in any watershed. The modeling task brings out 

the cost and effects of the existing and prospective land use and land management 

practices on phosphorus loading into the watershed which will help justifying the zoning 

and rezoning of environmentally sensitive land use and agricultural practices.  

1.6 Organization of Thesis 

 

 The study is organized into three chapters. The first chapter is aimed to introduce 

the research with focus on reviewing the available literature on related studies in the 

field. In this section, reviews were done on the studies emphasizing phosphorus loading 
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in surface water, different watershed modeling initiatives, specific studies on watershed 

modeling done using SWAT and an overview of how various BMPs impacted the water 

quality of the stream. This chapter also defines the objectives of the research and 

provides a brief introduction of the study area.  The first chapter concludes with a section 

briefly justifying the selection of the research topic, followed by a list of references. 

 The second chapter defines and prepares the modeling input which helps in the 

configuration and calibration of the SWAT modeling. The first sections of the chapter 

elaborate the various processes involved in the modeling and explain the various 

approaches suitable for model calibration and validation. The entire data preparation and 

modeling input are dealt within this chapter.  

 Chapter three discusses the results of the model execution which evaluates and 

quantifies the phosphorus loading into the Buck Creek Watershed. The model calibration, 

validation, and analysis are done in this section. This is the core part of the research 

where different modeling criteria has been evaluated and tested to understand the impact 

of buffer strips on phosphorus loading in the stream.  
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CHAPTER 2: Modeling Framework 

 

 

 

This chapter elaborates the methodology and modeling framework used for this 

research. An attempt is made in this chapter to explain the various theoretical and 

modeling aspects of SWAT relevant to the phosphorus concentration and the impact of 

land use and buffer strips on its concentration. 

2.1 SWAT: Theoretical Framework 

 

The Soil and Water Assessment tool (SWAT) model is a physically based 

theoretical simulation model that functions on a continuous-time landscape processes and 

stream flow with a high level spatial detail by allowing the river/watershed to be divided 

into sub-basins or sub-watersheds (Arnold et al., 1998; Neitsch et al., 2002; SWAT 

Model Website). The model takes into account four different spatial and time related 

aspects which encompass the impacts of watershed management and climatic conditions, 

flow and water quality loadings and fate, flexibility in how a basin is descretized into 

smaller geographic areas, and the need of a continuous time simulation. The model 

components include weather, hydrology, erosion and sedimentation, plant growth, 
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nutrients, pesticides, agricultural management, channel routing, and pond and reservoir 

routing. Agricultural components in the model include crop cycles from planting to 

harvesting, fertilization, tillage options, and animal production and have the capability to 

include point source loads (Neitsch et al., 2001). The different aspects of the modeling 

processes simulated by SWAT used for this study are elaborated in the forth coming 

section of this chapter. 

2.1.1 Land processes and Water balance 

 

 Since SWAT is a physical model, discretization of land is the key for a successful 

modeling. The river basins/watersheds are very heterogeneous in land use and soil and 

this heterogeneity impacts the hydrological as well as physical properties of any river 

basin. Demarcation of the watershed boundary and further partitioning of it into sub-

watersheds or sub-basins is very critical for any successful watershed modeling. By 

partitioning the watersheds into sub-basins, spatial detailing is possible that enables an 

effective spatial comparison between different subunits of the basin. Each sub-basin is 

divided into several land use and soil combinations called Hydrologic Response Units 

(HRUs) based on threshold percentages used to select the land use and soil (Arnold et al., 

1998). The resultant HRUs, which is a unique combination of soil and land use, are 

hydrologically homogeneous which facilitate the perfect spatial modeling capable areas. 

The soil profile has been subdivided into multiple layers and the runoff is predicted 

separately for each  of the HRUs and routed to obtain the total runoff  for the watershed.  
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The SWAT model considers hydrological cycle as a key determining factor in 

watershed modeling as it has been linked to all the processes including the movement of 

sediments and nutrients within the watershed. The loading part of the sediments, nutrients 

and water is controlled by the land phase of the hydrological cycle whereas the transport 

part is handled by the water part of the hydrological cycle (Neitsch et al., 2002). SWAT 

bases the water balance equation to simulate the hydrological cycle within the watershed 

which is as follows: 

   

 

where SWt is the final soil water content (mm H2O), SW0 is the initial soil water content 

on day i (mm H2O), t is the time (in days), Rday is the amount of precipitation on day 

i(mm H2O), Qsurf is the amount of surface runoff on day i (mm H2O), Ea is the amount of 

evapotranspiration on day i (mm H2O), wseep is the amount of water entering the vadose 

zone from the soil profile on day i (mm H2O), and Qgw is the amount of return flow on 

day i (mm H2O).  The hydrological cycle and the water balance in the real world as well 

as that of in the modeling world of SWAT starts with the entry of water in the form of 

precipitation which either be a measured data or simulated in SWAT. The surface runoff 

is estimated using the modified version of Soil Conservation Services (SCS) Curve 

Number (CN) method (USDA-SCS, 1972) or the Green Ampt infiltration equation (Mein 

and Larson, 1973).  

 

(2.1) 

 

Qsurf = 
(Rday-0.2 S)

2
 

(Rday+0.8 S) 

 

(2.2) 
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In which, Qsurf is the accumulated runoff or rainfall excess in mm, Rday is the rainfall 

depth for the day in mm, S is the retention parameter in mm. The retention parameter S is 

estimated using the formula: 

 

where CN has a range from 30 to 100; lower numbers indicate low runoff potential while 

larger numbers are for increasing runoff potential. 

The other equations used for modeling the hydrology phase include a layered storage 

routing technique combined with a crack flow model to estimate percolation, Penman-

Monteith method for calculating potential evapotranspiration, and Modified Universal 

Soil Loss Equation (MUSLE) for soil erosion. Penman-Monteith method (Allen et al., 

1989) estimates the potential evapotranspiration (PET) part of the hydrological cycle that 

requires solar radiation, air temperature, relative humidity and air temperature as inputs 

for the estimation. MUSLE computes the erosion caused by rainfall and runoff which is a 

modified version of Universal Soil Loss Equation (USLE) developed by Wischmeier and 

Smith (1978). The sediment yield is predicted more accurately with MUSLE as it takes 

into account of the runoff and moisture conditions of the stream.  

2.1.2 Phosphorus Loading and Transport 

 

 SWAT models the entire phosphorus cycle and various pools of phosphorus in the 

soil. It identifies all four major forms of phosphorus in mineral soil which includes 

organic phosphorus associated with humus, insoluble forms of mineral phosphorus, plant 

available phosphorus in soil solution, and external addition of phosphorus through the 

S= 25.4 ( 
100 

-10 ) 
CN 

 

 

(2.3) 
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application of fertilizers or manures. Plant use of phosphorus is estimated using the 

supply and demand approach (Williams et al. 1984). SWAT provides the flexibility of 

automatic or user specified initialization of the phosphorus levels contained in humic 

substances for all soil layers at the beginning of simulation. The concentration of solution 

phosphorus in all layers is initially set to 5 mg/kg, which is a representative of 

unmanaged soil under native vegetation. A concentration of 25 mg/kg soil in the plow 

layer is considered representative of cropland (Cope et al., 1981). The concentrations of 

phosphorus in the active and stable mineral pools as well as in the organic phosphorus are 

based on the simplified soil and plant phosphorus model (Jones et al. 1984). Phosphorus 

in the fresh organic pool is initialized to zero in all soil layers except in the top 10 mm of 

soil. In the top 10 mm, the fresh organic phosphorus pool is set to 0.03% of the initial 

amount of residue on the soil surface.  The SWAT model makes all nutrient calculations 

on a mass basis even though all nutrient levels are input into the model as concentrations. 

The nutrient concentration (mg/kg or ppm) is converted to mass (kg P/ha) by multiplying 

it by the depth of the soil layer and soil bulk density and performing appropriate unit 

conversions (Neitsch et al., 2002). The mineralization and decomposition have been 

incorporated into SWAT with net mineralization algorithms (Jones et al. 1984) which 

incorporate immobilizations into equations. SWAT also quantifies for inorganic 

phosphorus sorbtion, leaching, organic and inorganic fertilizer applications and plant 

uptakes.  

 The SWAT simulates the movement of P from the landscape into surface runoff 

as  
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where Psurf is the amount of soluble P transported by surface runoff (kg P/ha), Psolution,surf 

is the amount of labile P in the top 10 mm (kg P/ha), Qsurf is the amount of surface runoff 

on a given day (mm), and kd,surf is the P soil partitioning coefficient (m3 mg−1) (Neitsch 

et al. 2001). The loss of dissolved phosphorus in surface runoff is estimated based on the 

concept of partitioning phosphorus into solution and sediment phases as described in the 

Pesticide Submodel, which is obtained by the modification of CREAMS (Leonard and 

Wauchope, 1980). The amount of soluble P removed in runoff is predicted using labile P 

concentration in the top 10 mm of the soil, the runoff volume and a phosphorus soil-

partitioning factor which is the ratio of P attached to sediment to P dissolved in soil 

water. The phosphorus soil-partitioning factor is a model input parameter and typical 

values range from 100 to 175 depending on the soil. Sediment transport of P is simulated 

with a loading function as described for the organic N transport. Instream nutrient 

dynamics have been incorporated into SWAT (Ramanarayanan et al., 1996; Neitsch et 

al., 2002) using the kinetic routines from the in-stream water quality model, QUAL2E 

(Brown and Barnwell, 1987). 

2.1.3 Best Management Practices with Buffer Strips 

 

 SWAT has extensive options of modeling management practices that control the 

plant growth cycle, timing of fertilizer and pesticides, removal of biomass, harvest 

operations and tillage. It also simulates best management practices (BMP) at sub-basin 

(2.3) 
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and HRU level. Since Buffer strips are the BMP used in this study, it is ideal to expand 

the conceptual background of buffer strips in SWAT modeling.  

 In SWAT, edge-of-field strips can be defined within an HRU as HRU is the 

homogenous region ideal for evaluating the impacts while modeling. The filter strip 

trapping efficiency for nutrients is calculated using the equation (Neitsch et al. 2004): 

 

where trapef is the fraction of the constituent loading trapped by the filter strip and 

widthfiltstrip is the width of the filter strip (m). 

The trapping efficiency of the subsurface flow constituents is calculated using the 

equation (Neitsch et al. 2004): 

 

where trap ef.sub is the fraction of the subsurface flow constituent load trapped by the filter 

strip and width filtstrip is the width of the filter strip (m). 

2.1.4 Model Calibration and Validation 

 

 Since SWAT is a predictive watershed, the model output mainly depends on the 

input parameters which include soil, land use, management, weather and channels. To 

effectively estimate the influence of various parameters, which are either measurable or 

non measurable, need to be generated and tested against the measured set of data. 

Therefore, the modelings of BMPs with SWAT calls for the evaluation of the sensitivity 

of SWAT flow, sediments and nutrient outputs to selected parameters for the 

(2.4) Trap ef = 0.367.(width filtstrip)
0.2967 

 

(2.5) 
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representation of BMPs. The ability of a watershed model to sufficiently predict 

constituent yields and streamflow for a specific application is evaluated through 

sensitivity analysis, model calibration and model validation (White and Chaubey, 2005). 

The sensitivity analysis evaluates how different input parameters influence a predicted 

output. The parameters that are found to be sensitive and influence predicted outputs are 

used to calibrate the model. Model calibration entails the modification of parameter 

values and comparison of predicted output of interest to measured data until a defined 

objective function is achieved (James and Burges, 1982). The objective function for 

model calibration generally consists of statistical tests such as minimization of relative 

error (RE), minimization of average error (AE), coefficient of determination (R
2
) or 

optimization of the Nash-Sutcliffe model efficiency Coefficient (ENS) and the model is 

further validated. In the present study, the calibration is tested using coefficient of 

determination (R
2
) and Nash-Sutcliffe model efficiency Coefficient (ENS). The R

2
 value 

is an indicator of strength of values between the observed and simulated values where as 

ENS indicates how well the plot of an observed versus simulated value fits in a 1:1 line. 

The Nash-Sutcliffe model efficiency Coefficient (ENS) assesses the predictive power of 

the model (Nash and Sutcliffe, 1970) using the formula: 

 

where Q0 is the observed discharge and Qm is the modeled discharge. Q0
t 
is observed 

discharge at time t. If the R
2
 and ENS values are less than or very close to 0, the model 
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prediction is considered unacceptable. If the value is 1, it is called a perfect prediction. 

However, any values above 0.5 are considered acceptable.  

2.2 Modeling Input and Configuration 

 

 The preparation of data in a SWAT compatible format is the foremost step for a 

successful modeling. The entire modeling inputs have been generated in ArcSWAT. The 

different stages of the modeling input and configuration done for this research are 

elaborated in the forthcoming subsections of this chapter.  

2.2.1 Watershed Delineation 

 

 The watershed delineation tool in ArcSWAT has been used to demarcate the Buck 

Creek watershed boundary. The Digital Elevation Model (DEM) of Delaware County 

with a raster cell size of 30 m has been used as the delineation input. In order to minimize 

the processing time, a polygon clip layer was created which provided enough buffer for 

the entire Buck Creek and areas adjacent to the White river. This clip layer was further 

added to the Watershed delineation tool as a mask layer. The initial DEM preprocessing 

and stream definition based on the drainage area threshold was generated using the flow 

direction and accumulation estimation interface. The threshold value created by the tool 

for the upstream drainage area was 297 ha. It has been observed that the streams created 

using these threshold values were found incomplete and less detailed. In order to improve 

the accuracy and details of the drainage network, the specified value of upstream 

drainage area has been changed to 317 ha, which on re-running the tool, created a new 

detailed set of synthetic drainage network (Reach) and stream junction points(monitoring 
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points). Six sub-basin outlets were manually added at the locations of the Buck Creek 

monitoring stations so as to facilitate the input and modification of the observed data 

from these monitoring points in the later stages of model calibration and simulation. The 

 

Figure 2.1 Locations of Sub-watersheds in Buck Creek Watershed 
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 watershed delineation tool successfully created sixteen sub-watersheds. In order to 

facilitate model calibration and simulation between observed data and simulated data, it 

would be ideal to have a perfect boundary overlap of watershed over the sampling points 

from the White River Watershed project. Hence, the watershed boundaries were merged 

and readjusted into six sub-watersheds so as to ensure that each sub-watershed has at 

least one water quality sampling locations. The sub-watersheds were given identification 

codes of BC-3, BC-4, BC-5, BC-6, BC-7 and BC-8 which matched the sampling point 

locations within the sub-watersheds. The map shows the distribution of sub-watersheds 

(Figure 2.1). The watershed delineation tool was re-run with this readjusted watershed 

boundaries using the predetermined stream option and all the basin parameters were 

recalculated. 

2.2.2 Land Use 

 

 The land use layer provided by the Delaware County GIS formed the base layer 

for land use classification. The land use boundaries were redefined and recoded in 

consultation with the 2003 color ortho-rectified aerial photo of Delaware County. All 

land use types supported for agriculture were brought under agricultural land use 

category with an allocation of 60% devoted for row crops and remaining 40% devoted for 

generic agricultural practices. For the purpose of an effective modeling of the phosphorus 

loading, 60% of the areas under row crops were reclassified as corn dominated land use 

and remaining 40% for soybeans dominated land uses. All green spaces and wetlands 

were reclassified as pastures so as to simulate the phosphorus loading in a reliable 

manner.  The wetlands spread across 151.47 acres in the Buck Creek Subwatershed 
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(USFWS National Wetland Inventory [NWI] website) which represents 0.94 percent of 

the total sub-watershed area. The pastures categorization also accounts for the golf 

courses of the county, where extensive application of phosphorus are being noticed 

(Johnson. K, Personal Communications). Since, fertilizer applications in Golf courses 

need to be accounted while modeling green spaces, the entire pastures are treated as 

managed grazing lands. The five and thirty meter riparian buffers identified and extracted 

as a part of the White River Watershed project (Brown, 2003) have been included in the 

land use as pastures. However, these riparian buffers have been used as a BMP input in 

the model to calibrate the model.  

Table 2.1 Land Use Distribution in Buck Creek Watershed 

Land use 

SWAT 

Code 

Area 

(Ha) 

% of 

Watershed 

Area 

Agricultural Land AGRR 3556.67 58.08 

Commercial UCOM 237.95 3.89 

Institutional UINS 19.76 0.32 

Pasture PAST 781.85 12.77 

Industrial UIDU 178.78 2.92 

Residential-Med/Low Density URML 913.06 14.90 

Transportation UTRN 433.37 7.08 

Residential-Low Density URLD 2.72 0.04 

Total   6124.14 100 

 

The land use is quantified in the table (table 2.1) and the distribution is shown in the map 

(Figure 2.2). It has been noted that the land associated with agricultural operations cover 

58% of the basin, followed by the residential (14.9%) green spaces and wetlands grouped 

as pastures (12.8%). 
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Figure 2.2 Land Use Pattern in Buck Creek Watershed 
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2.2.3 Soils and Slope 

 

 The SWAT model has a very good integration with the State Soil Geographic 

Database (STATSGO). However, due to the generalized nature of STATSGO soil which 

has a reduced level of applicability in small areas, a more detailed Soil Survey 

Geographic Database (SSURGO) has been used for this study. For the purpose of 

converting and integrating the complex and detailed SSURGO soil into a SWAT 

acceptable user soil data, SSURGO pre-processing tool (Diluzio, 2004; Sheshukove, 

2009) has been used. SWAT model requires different soil textural and physicochemical 

properties such as soil texture, available water content, hydraulic conductivity, bulk 

density and organic carbon content for different layers of each soil type. The SSURGO 

dataset provides a detailed estimation of all the properties of the soil which formed the 

soil input in for the present modeling. The Crosby, Urban land and Treaty soil component 

names have the greatest proportion of area which comprises of 22.6%, 20.8 % and 12 % 

of the watershed area, respectively. Miamin, Miami and Sloan are the next soil group 

spread over the basin (Table 2.2). The other soil groups occupy a negligible share of the 

basin area which will be eliminated in the HRU definition phase of the modeling. The 

Crosby and Treaty soils are poorly drained soils, but, respond well to tile drainage. Urban 

soils are generally non native or modified soil group associated with structures or roads. 

The detailed soil characteristics and drainage conditions are listed in Table 2.2 and their 

distribution is shown in Figure 2.3. 
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Figure 2.3 Soils of Buck Creek Watershed 
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Table 2.2 Soils of Buck Creek Watershed 

Soil Code Soil Series 
Area 

[ha] 

% of 

Watershed 

Area 

Hydrology 

Group 
Texture 

BdhAH Bellcreek 68.67 1.1 C fine 

BdlC2,BdmA & 

BdmB2 
Belmore 143.42 2.4 B fine-loamy 

BdsAN Benadum 9.54 0.2 B fine-silty 

CdgC3 Casco 16.17 0.3 B 
clayey over sandy 

or sandy-skeletal 

CudA, CrA Crosby 1384.65 22.6 C fine 

Cy Cyclone 5.38 0.1 B fine-silty 

DdxA Digby 57.84 0.9 B fine-loamy 

EdxB2, EdxC2, 

EdxE2, EdB2, 

EdC2, EdE2, ExC3 

Eldean 52.15 0.9 B Fine 

FexB2 Fox 0.90 0.0 B 

fine-loamy over 

sandy or sandy-

skeletal 

HtbAU Houghton 3.56 0.1 D not used 

LshC3, LshD3, 

LeB2, LeC2, LeE2, 

LhC3 

Losantville 111.19 1.8 D Clayey 

MecA, MecB Martinsville 72.38 1.2 B fine-loamy 

Ma Martisco 0.12 0.0 C fine-silty 

MmcB2, MmcC2, 

MlA, MlB2 
Miami 329.17 5.4 C fine-loamy 

MoeB2, MoeC2 Miamian 563.84 9.2 C fine 

MorA 
Milford 76.61 1.3 

D fine 

MphA C fine 
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Soil Code Soil Series 
Area 

[ha] 

% of 

Watershed 

Area 

Hydrology 

Group 
Texture 

MryA Millgrove 51.01 0.8 B fine-loamy 

MvxA, MvxB2 Mountpleasant 57.87 0.9 C fine 

MwzAN 
Muskego 17.51 0.3 

B not used 

MwzAU D not used 

PgaA Pella 32.37 0.5 B fine-silty 

Pt Pits 2.40 0.0 D Pits 

Pmg Pits, gravel 2.63 0.0 D Pits, gravel 

Pml Pits, quarry 20.57 0.3 D Pits, quarry 

ReyA Rensselaer 238.87 3.9 B fine-loamy 

SgmAH Shoals 1.97 0.0 B fine-loamy 

SmsAH, Sn Sloan 314.78 5.1 B fine-loamy 

SnlA Southwest 113.75 1.9 C fine-silty 

SvsE2, SvsG Strawn 30.12 0.5 B fine-loamy 

ThrA Treaty 734.55 12.0 B fine-silty 

Uam 
Udorthents 26.86 0.4 

C loamy 

Ucu A loamy-skeletal 

UccA, UemB, 

UhaB 
Urban land 1270.82 20.8 D Urban land 

WbgB3, WbgC3 Wapahani 30.76 0.5 D loamy 

W Water 26.29 0.4 A Water 

WdrA, WdrB2, 

WdrC2 
Wawaka 84.56 1.4 C fine-loamy 

We Westland 2.27 0.0 B fine-loamy 

WonA Williamstown 168.58 2.8 C fine-loamy 
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The general topography in the Buck Creek Subwatershed is gently rolling in the 

southern portion of the watershed and shows a declining relief towards north. Two 

classes of slope (Figure 2.4) have been extracted so as to facilitate a detailed HRU 

analysis.  

 

Figure 2.4 Slopes of Buck Creek Watershed 
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2.2.4 HRU Analysis 

 

 The analysis of the parameters of the study can be very well evaluated by dividing 

the sub-basin into several HRU.  Subdividing the watershed into areas having unique land 

use, soil and slope combinations enables the model to reflect the differences in 

evapotranspiration for various crops and soils, and further predict the runoff at the HRU 

level effectively (Arnold et al., 1998). SWAT provides the option of defining a single 

HRU to each sub-basin or assigns multiple HRUs to each sub-basin. The single HRU 

option will select the dominant soil-land use-slope combination where as the multiple 

HRUs option provides the option of specifying several criteria for land use, soil and slope 

data that will be used to determine the number and type of HRUs in each sub-basin. For 

the present study, multiple HRUs option were selected with the threshold type to be the 

percentage area of landuse/soil/slope over sub-basin area.  The considerations for setting 

the threshold levels included a proper representation of major slope, land use and soils 

aspects which contributed to phosphorus loading into the basin and also reducing the 

number of HRUs. Since agricultural land is the major contributor of phosphorus loading, 

it would be ideal to have the threshold value of land use be set in such a way that corn, 

soybean, pastures and wetlands gets a proper representation in the HRU definition 

criteria. Since SWAT processes HRU definition by soil code/series instead of simplified 

soil hydrological group, setting threshold values is required so as to keep the dominant 

soils for processing.  The selection the dominant land use followed a trial and error 

method which gave a proper representation of the required land use/slope/soils while 

keeping the number of HRUs to a manageable level. As per the above defined strategy, 
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the threshold levels set for land use, soil and slope were 15%, 20% and 15%,  

respectively. The land uses that cover less than 15% of sub-watershed area has been 

eliminated and the remaining land uses were reproportioned to 100% of area. The 

threshold value of 20% set for the soils eliminates any soil class under 20% with in a land 

use area within the sub-watershed and re-proportioned to 100% of the land use area. 

Similarly, any slope class less than 15% within a soil in a specific land use area were 

eliminated and re-proportioned so that 100% of slope area is modeled. The agricultural 

land use was further split into 60% corn and 40% soybean to enable detailed modeling of 

row crops.  The pastures were further divided into non forested Wetlands, mixed 

Wetlands and Pastures, and allocated 40%, 30% and 30% of the sub-basin area, 

respectively. This sub-classification of wetlands will give an ideal representation of 

difference in green spaces ranging from suburban golf courses to environmentally 

sensitive wetlands. The detailed distributions of HRUs in Buck Creek watershed is listed 

in Table 2.3 and the distribution of HRUs in different sub-watersheds are shown in 

following tables (Table 2.4, Table 2.5, Table 2.6, Table 2.7, Table 2.8, and Table 2.9). 
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Table 2.3 Slopes, Soils and Land Use Distribution in Buck Creek Watershed 

  

 Area [ha] % of Watershed Area 

Land use 

Corn --> CORN 2652.09 43.3 

Soybean --> SOYB 1768.06 28.9 

Pasture --> PAST 114.20 1.9 

Wetlands-Mixed --> WETL 228.39 3.7 

Wetlands-Non-Forested --> WETN 228.39 3.7 

Residential-Med/Low Density --> 

URML 898.86 14.7 

Transportation --> UTRN 234.15 3.8 

Soils 

CudA 3498.83 57.1 

SmsAH 73.30 1.2 

UccA 1128.74 18.4 

UhaB 246.98 4.0 

MoeB2 1176.30 19.2 

Slope 

0-0.6 5004.22 81.7 

0.6-9999 1119.92 18.3 
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Table 2.4 HRU for the Sub-watershed BC3 

  

Area 

[ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

 Land use 

Corn --> CORN 279.33 4.6 47 

Soybean --> SOYB 186.22 3.0 31.4 

Residential-Med/Low Density --> 

URML 128.11 2.1 21.6 

Soils 

CudA 465.55 7.6 78.6 

UccA 128.11 2.1 21.4 

Slope 

0-0.6 593.66 9.7 100 

HRUs 

1 Corn --> CORN/CudA/0-0.6 279.33 4.6 47 

2 Soybean --> SOYB/CudA/0-0.6 186.22 3.0 31.4 

3 Residential-Med/Low Density --> 

URML/UccA/0-0.6 128.11 2.1 21.6 
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Table 2.5 HRU for the Sub-watershed BC4 

  
Area 

[ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

Land use 

Corn --> CORN 121.79 2.0 31.9 

Soybean --> SOYB 81.19 1.3 21.3 

Pasture --> PAST 14.66 0.2 3.8 

Wetlands-Mixed --> WETL 29.32 0.5 7.7 

Wetlands-Non-Forested --> WETN 29.32 0.5 7.7 

Residential-Med/Low Density --> URML 105.91 1.7 27.8 

Soils 

CudA 202.98 3.3 53.2 

SmsAH 73.30 1.2 19.2 

UccA 105.91 1.7 27.8 

Slope 

0-0.6 331.71 5.4 86.9 

0.6-9999 50.48 0.8 13.2 

HRUs 

4 Corn --> CORN/CudA/0-0.6 121.79 2.0 31.9 

5 Soybean --> SOYB/CudA/0-0.6 81.19 1.3 21.3 

6 Pasture --> PAST/SmsAH/0-0.6 4.56 0.1 1.2 

7 Wetlands-Mixed --> WETL/SmsAH/0-0.6 9.13 0.2 2.4 

8 Wetlands-Non-Forested --> WETN/SmsAH/0-0.6 9.13 0.2 2.4 

9 Pasture --> PAST/SmsAH/0.6-9999 10.10 0.2 2.7 

10 Wetlands-Mixed --> WETL/SmsAH/0.6-9999 20.19 0.3 5.3 

11 Wetlands-Non-Forested --> WETN/SmsAH/0.6-9999 20.19 0.3 5.3 

12 Residential-Med/Low Density --> URML/UccA/0-0.6         105.91 1.7 27.8 
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Table 2.6 HRU for the Sub-watershed BC5 

  

Area 

[ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

Land use 

Corn --> CORN 150.37 2.5 13.1 

Soybean --> SOYB 100.25 1.6 8.7 

Pasture --> PAST 48.54 0.8 4.2 

Wetlands-Mixed --> WETL 97.08 1.6 8.4 

Wetlands-Non-Forested --> WETN 97.08 1.6 8.4 

Residential-Med/Low Density --> URML 425.72 7.0 37.0 

Transportation --> UTRN 234.15 3.8 20.3 

Soils 

CudA 250.62 4.1 21.8 

UccA 655.59 10.7 56.9 

UhaB 246.98 4.0 21.4 

Slope  

0-0.6 932.20 15.2 80.9 

0.6-9999 220.99 3.6 19.2 
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 HRUs 

Area 

[ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

13 Corn --> CORN/CudA/0-0.6 150.37 2.5 13.1 

14 Soybean --> SOYB/CudA/0-0.6 100.25 1.6 8.7 

15 Pasture --> PAST/UccA/0.6-9999 20.83 0.3 1.8 

16 Wetlands-Mixed --> WETL/UccA/0.6-9999 41.66 0.7 3.6 

17 Wetlands-Non-Forested --> WETN/UccA/0.6-

9999 41.66 0.7 3.6 

18 Pasture --> PAST/UccA/0-0.6 27.71 0.5 2.4 

19 Wetlands-Mixed --> WETL/UccA/0-0.6 55.42 0.9 4.8 

20 Wetlands-Non-Forested --> WETN/UccA/0-

0.6 55.42 0.9 4.8 

21 Residential-Med/Low Density --> 

URML/UccA/0-0.6 270.15 4.4 23.5 

22 Residential-Med/Low Density --> 

URML/UhaB/0.6-9999 50.39 0.8 4.4 

23 Residential-Med/Low Density --> 

URML/UhaB/0-0.6        105.18 1.7 9.1 

24 Transportation --> UTRN/UccA/0-0.6 106.87 1.8 9.3 

25 Transportation --> UTRN/UccA/0.6-9999 35.87 0.6 3.1 

26 Transportation --> UTRN/UhaB/0.6-9999 30.58 0.5 2.7 

27 Transportation --> UTRN/UhaB/0-0.6 60.83 1.0 5.3 
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Table 2.7 HRU for the Sub-watershed BC6  

  Area [ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

Land use 

Corn --> CORN 567.04 9.3 48.0 

Soybean --> SOYB 378.03 6.2 32.0 

Residential-Med/Low Density --> 

URML 239.13 3.9 20.2 

Soils 

CudA 945.07 15.4 80.0 

UccA 239.13 3.9 20.2 

Slope 

0-0.6 1118.51 18.3 94.6 

0.6-9999 65.69 1.1 5.6 

HRUs 

28 Corn --> CORN/CudA/0-0.6 567.04 9.3 48.0 

29 Soybean --> SOYB/CudA/0-0.6 378.03 6.2 32.0 

30 Residential-Med/Low Density --

> URML/UccA/0.6--9999  65.69 1.1 5.6 

31 Residential-Med/Low Density --

> URML/UccA/0-0-0.6 173.44 2.8 14.7 
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Table 2.8 HRU for the Sub-watershed BC7 

  Area [ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

Land use 

Corn --> CORN 827.77 13.5 60.1 

Soybean --> SOYB 551.85 9.0 40.0 

Soils 

CudA 1379.62 22.5 100.1 

Slope 

0-0.6 1379.62 22.5 100.1 

HRUs 

32 Corn --> CORN/CudA/0-0.6 827.77 13.5 60.1 

33 Soybean --> SOYB/CudA/0-0.6 551.85 9.0 40.0 
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Table 2.9 HRU for the Sub-watershed BC8 

  

Area 

[ha] 

% of 

Watershed 

Area 

% of Sub-

watershed 

Area 

Land use 

Corn --> CORN 705.78 11.5 49.1 

Soybean --> SOYB 470.52 7.7 32.7 

Pasture --> PAST 51.00 0.8 3.6 

Wetlands-Mixed --> WETL 101.99 1.7 7.1 

Wetlands-Non-Forested --> WETN 101.99 1.7 7.1 

Soils 

MoeB2 1176.30 19.2 81.8 

CudA 254.98 4.2 17.7 

Slope 

0.6-9999 782.76 12.8 54.4 

0-0.6 648.52 10.6 45.1 

HRUs 

34 Corn --> CORN/MoeB2/0.6-9999 417.13 6.8 29.0 

35 Soybean --> SOYB/MoeB2/0.6-9999 278.09 4.5 19.3 

36 Corn --> CORN/MoeB2/0-0.6 288.65 4.7 20.1 

37 Soybean --> SOYB/MoeB2/0-0.6 192.44 3.1 13.4 

38 Pasture --> PAST/CudA/0.6-9999 17.51 0.3 1.2 

39 Wetlands-Mixed --> WETL/CudA/0.6-9999 35.02 0.6 2.4 

40 Wetlands-Non-Forested --> WETN/CudA/0.6-9999 35.02 0.6 2.4 

41 Pasture --> PAST/CudA/0-0.6 33.49 0.6 2.3 

42 Wetlands-Mixed --> WETL/CudA/0-0.6 66.97 1.1 4.7 

43 Wetlands-Non-Forested --> WETN/CudA/0-0.6 66.97 1.1 4.7 
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2.2.5 Climate Inputs 

 

 Apart from the precipitation inputs, climate inputs are utilized in ArcSWAT for a 

number of calculations including the prediction of crop growth, evapotranspiration and 

snow melt. The daily climate inputs required for SWAT simulations were minimum and 

maximum temperature, precipitation depths, solar radiation and relative humidity. The 

data from the weather station at Ball State University and Muncie were entered as user 

defined stations in SWAT. The precipitation and temperature data obtained from these 

two sources were subjected to minor adjustments so as to effectively input into the 

model. Adjustments were made in conjunction with the weather generator tool run 

against the SWAT weather station at Hartford city, Indiana which is the closest weather 

station to Muncie. The main modification done includes filling in the measured data for 

days when temperature or precipitation data were missing from both the Muncie weather 

stations. The stream discharge measurements for the Buck Creek were obtained from 

USGS (USGS Station 0334750) and White River Watershed project which will be 

discussed further in the calibration phase of this modeling.  

2.2.6 Additional Derived Inputs 

 

 Since the availability of phosphorus centered water quality data as well as 

monitoring records of phosphorus loading both from point and non-point sources were 

not readily available for modeling, some data with regard to loadings need to be 

extracted. The White River Watershed project identified leaking sewers as one of the 

major causes for the phosphorus loading into Buck Creek (Brown, 2003.,  Goward, 
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2004.,  Wright, 2005). So, GIS data layer for houses without septic system has been 

extracted by geoprocessing and querying the sanitary districts and Houses/structures 

feature classes Table 2.10 provides the number of house that are not connected to septic 

system which may eventually pose a real threat of phosphorus pollution through leaking 

sewers. 

Table 2.10 Residential Structures not connected to Septic System 

Subwatershed # of Structures  Area (Ha) Structure Density 

BC-3 37 381.6 0.1 

BC-4 260 592.5 0.4 

BC-5 96 1151.8 0.1 

BC-6 460 1181.9 0.4 

BC-7 416 1378.2 0.3 

BC-8 441 1438.2 0.3 

 

Further, the boundary of the higher concentration areas for houses without sewers 

has been demarcated. The non agricultural HRUs falling within these high concentration 

areas were given the same initial organic-P concentration of 250 ppm as that of the 

manured agricultural areas. The additional feature class considered as an input for 

modeling is the existing riparian corridors. Five meter and 30 meters riparian buffers 

identified as a part of the White River Watershed project (Brown, 2003) has been used 

for this purpose. The area covered by the riparian corridors is given in Table 2.11. 
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Table 2.11 Riparian Buffer Corridor Land Cover in Buck Creek Watershed 

Riparian Corridor type 

Area (acres) 

5 Meter 30 Meter 

Impervious 1.48 14.66 

Agricultural 0.34 87.52 

Grass Buffers 0.34 5.2 

Gravel pit 0.012 0 

Low Shrubs and Grass 9.52 36.18 

Other Water 0.004 0.4 

Pasture 0 0.87 

Commercial Areas 0.01 3.38 

Turf 1.79 36.25 

Woodland 47.71 164.1 

Total 61.21 348.56 

   Source: White River Watershed Project, 2004 

 2.2.7 Phosphorus Measurements 

 

 The water quality data measured as a part of the White River Watershed Project 

(Brown, 2003) has been used for the study. Orthophosphate which is the inorganic form 

of phosphorus has been tested and measured in the study area as it’s the form of 

phosphorus which is used in fertilizers and drains from septic tanks. As per the White 

River Watershed Project measurements, phosphorus concentrations as orthophosphate (P) 

were measured to be greater than or equal to the guideline for water quality of 0.1 mg/L 

(Pierzynski et al., 2000). Buck creek had many readings slightly above the guideline in 

the high flow periods of May and September 2003 with BC-3, BC-4 and BC-5 showing 

relatively high P levels (Wright, 2005). From Table 2.12, it has also been noted that 

within the Buck Creek watershed, the mean PO4-P concentration increased from the site 

farthest upstream to the site farthest downstream with an exception of BC5 to BC4 

(Goward, 2004). The phosphorus loading and transport in the downstream of Buck Creek 
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is essentially guided by the large drain of phosphorus from agricultural and urban non-

point sources. The lack of proper best management practices in the downstream also 

contributes to much of the phosphorus induced pollution (Brown, 2003).  

Table 2.12  Orthophosphate –Measured Values 

Sub-watershed Orthophosphate (PO4-P) 

Mean Standard Deviation 

BC-3 0.047 ± 0.050 

BC-4 0.044 ± 0.047 

BC-5 0.044 ± 0.043 

BC-6 0.042 ± 0.045 

BC-7 0.036 ± 0.035 

BC-8 0.028 ± 0.027 

Source: White River Watershed Project 

 The measured data of phosphorus concentrations were used as an observed data in 

SWAT while calibrating and simulating the model. So, further discussion on this 

measured data will be done at the calibration phase of this study.  
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CHAPTER 3 Modeling: Calibration, Validation and Analysis 

 

 

 

To efficiently portray the loading and transport of sediments and further analyze 

the impact of buffer strips on its loading and transport, a proper simulation of the natural 

process occurring in the Buck Creek need to be activated in the model. These simulated 

variables were further tested against the measured variables so as to get a realistic result 

which makes the modeling of the watershed more accurate. This chapter attempts to 

model the phosphorus loading responses towards the modifications in the land use and 

management practices in the Buck Creek watershed.  

3.1 Model Initialization 

 

 For the modeling to be fully efficient, the modeling exercise was required to 

include a warm up period in which the modeling parameters were allowed to initialize. 

Since the data on soil chemical composition, sediment deposition and other basin related 

variables for the time prior to the UWRWP (Brown, 2003) were not available for the 

modeling input, a five year period prior to  the UWRWP was selected as the warm up 

period for the model. Several SWAT modeling studies (Arnold, et al.. 2000; Santhi, et al., 

2001; Vache, et al., 2002) done in the US Midwestern watersheds showed that a warm 
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period of at least two years is required for SWAT modeling to simulate the basin state 

variables and conditions.  For the present study, due to the uncertainty associated with the 

exact initial phosphorus levels, the warm up period was extended to 5 years from 1997 to 

2002.  The warm up period from 1997 to 2002 helped the model to stabilize and thus 

calculate the values that became the input for the project year of 2003. It has been noted 

from the previous studies (Santhi, et al., 2001; Wilson, 2002) that the accuracy of 

modeling will considerably improve if the comparison of model predictions are done 

against measured values after the warm up period.  By this estimation, the year 2002 has 

been considered as the ideal year which represented the true conditions of the watershed. 

The measured stream flow was obtained from the USGS station (Station ID 03347500) 

for the year 2003 and it was compared to specific SWAT outputs during calibration and 

validation. At the beginning date of both calibration and validation simulations, SWAT 

default values were used which will be discussed in the forthcoming sections of this 

chapter. SCS curve numbers (CN2) were derived from the SSURGO preprocessed user 

soil database in which the CN2 varies according to hydrology group and land uses. 

 The warming period also simulated the plant growth in land use and crop cover 

HRUs. The plants growing in each land use including pastures, wooded areas, and grass 

were selected for simulation from the SWAT 2005 crop database. Since, all the other 

model inputs were discussed in the data preparation section of the previous chapter, it 

was excluded from the detailed elaboration in this section.  
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3.2 Model Calibration and Validation 

 

The model was first calibrated for flows, then phosphorus concentration and 

finally phosphorus loadings. These calibrations were done at multiple levels which 

included either at HRU level or sub-watershed level or at the watershed level for multiple 

periods depending on the confidence level of data available for that particular parameter. 

Further discussion on the levels and strategy used for the calibration and validation of the 

parameters will be done on their respective sections in this chapter. 

3.2.1 Precipitation and Stream Discharge 

 

For stream flow, the measured data obtained from the USGS gauges and the 

UWRWP were compared to the specific model outputs during calibration and validation 

(Fig: 3.1). Calibration has been done for annual and monthly simulated flows. However, 

to facilitate an ease of comparison between measured and observed data, monthly flow 

data have been used for the final calibration.  The calibration procedure adopted in this 

study followed the detailed calibration procedures and definitions of various calibration 

parameters for SWAT model which were described by Neitsch et al.(2002) and Santhi et 

al.(2001). 

The evaluation of precipitation status between 2002 and 2004 showed that the 

months of May, July, August and September of 2003 recorded an extremely high values 

compared to 10 average rain years. This resulted in extreme wet condition in the SWAT 
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Figure 3.1 Buck Creek: Stream Flow Calibration 

 

model and was regarded as the flooding months. The hydrology simulation was done on 

the measured flow at BC3 and the USGS station (Station ID: 03347500). Calibration and 

validation of discharge data was performed against the USGS station and UWRWP data. 

While simulating the monthly flow calibration at the selected sites at selected days, it has 

been noted that the model showed a considerable deviation in spike in the high water 

flow wet months of May, July August and September, 2003 (Fig : 3.1).   This irregular 

spike has to be adjusted to get a reliable flow simulation while predicting the loading of 

phosphorus into the streams. Due to the acceptable values of prediction efficiency (ENS) 

and determination coefficient (R
2
) for stream discharge, it didn't call for a spike 

adjustment through an averaging. However, to increase the efficiency in the calibration of 

flows, SCS curve number (CN2) value optimizations were done as it influences the 
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amount of surface runoff calculated for each rainfall or snowmelt. Adjustment of surface 

water flow was accomplished by adjusting the SCS curve numbers in the HRUs. CN2 

values were adjusted at the HRU level so as to get reliable calibrated results at the best 

possible micro-level of the study area. This micro-level handling induced less error factor 

in the overall model. The normal acceptable range is between -5 and +5. In order to 

readjust the wet month spikes due to flooding months, a 10% reduction in the base CN2 

was done. The additional parameters adjusted for base flow proportioning were soil 

evaporation compensation factor (ESCO), ground water revap coefficient (GW_REVAP), 

plant uptake compensation factor (EPCO) and threshold depth of water in shallow aquifer 

(GWQMN). The final values used for each of the stream discharge related variables are 

given in Table 3.1 

Table 3.1 Model Final Values related to Stream Discharge 

Sensitivity 

Parameters 
Description 

Normal 

range/SWAT 

default value 

Final value 

used 

CN2 SCS Curve Number 
-5 to + 5 

Varies by HRU 

Reduced base 

CN2 by 10% for 

all HRU 

SURLAG Surface runoff lag coefficient 4.0 1 

ESCO Soil Evaporation Compensation factor 0 to 1 0.8 

SPCON Linear factor for channel sediment routing 0.0001 to0.01 0.001 

SPEXP 
Exponential factor for channel sediment 

routing 
1 to 1.5 1 

GW_REVAP Groundwater revap coefficient 0.02-0.4 0.4 

EPCO Plant uptake compensation factor 0-1 0.2 

ESCO Soil evaporation compensation factor 0-1 0.6 

GWQMN 
Threshold depth of water in shallow aquifer for 

percolation to occur 
0-300 150 
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It has been noticed that a 10% reduction in CN2 in addition to a reduction in 

ESCO allowed more evaporation from the lower soils layers that resulted in the flow 

values to fall at a median point between simulated and measured values. The discharge  

Table 3.2 Stream Discharge Calibration 

Date 

Measured Q 

(m
3
/second) 

Simulated Q 

(m3/second) 

Coefficient of 

Determination (R
2
) 

Prediction Efficiency 

(ENS) 

7/10/2002 1.4 1.20 

0.79 0.78 

7/22/2002 0.89 0.66 

8/18/2002 0.62 0.55 

11/2/2002 0.5 0.51 

11/9/2002 0.57 0.53 

4/19/2003 1.03 0.99 

5/13/2003 3.5 5.10 

5/15/2003 4.86 3.33 

5/25/2003 1.43 0.98 

5/30/2003 0.97 0.67 

7/16/2003 2.58 1.83 

8/17/2003 1.47 2.50 

9/4/2003 4.86 4.20 

9/13/2003 1.52 0.85 

9/28/2003 4.4 3.96 

10/16/2003 2.11 2.32 

2/28/2004 1.56 1.87 

3/6/2004 2.84 3.12 

3/13/2004 1.68 1.51 

3/19/2004 2.03 1.83 

4/18/2004 1.12 1.12 

4/25/2004 1.37 1.59 

4/29/2004 1.01 1.17 

 

value was finalized in such a way that the average observed and simulated was within 

20% and that the R
2
 and ENS were above 0.5.  A value greater than 0.5 for R

2
 and ENS 
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were considered generally acceptable (Neitsch et al., 2002). It has been noted that the R
2
 

and ENS were 0.79 and 0.78 (Table 3.2), which points to the acceptability of simulated 

stream discharge values.  

3.2.2 Phosphorus concentrations and Loading 

 

The mean simulated daily flow and phosphorus concentration and loading for 

each sub-watershed was calibrated against the measured values recorded by Muncie 

Bureau of Water Quality and UWRWP for the whole watershed. It was observed from 

the graph (Figure: 3.2), that the simulated concentration of phosphorus is much lower 

than the measured concentration.  
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Figure 3.2 Buck Creek: Phosphorus Concentration Calibration 

 

This was due to the fact that the modeling did not have enough field tested soil 

quality data, amount of leaking sewers, agricultural management practices including crop 
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rotation and tilling, manure/fertilizer application schedules and volumes, and the acreage 

under each crops which will help to predict the amount of orthophosphates draining into 

the watershed. In the measured data, many samples recorded a higher concentration of 

phosphorus as orthophosphate (P) which is greater than or equal to the guideline for 

water quality of 0.1 mg/L (Pierzynski et al., 2000). It was also observed that extreme wet 

months contributed for the exceeding rate of the P values especially in the sub-

watersheds BC-3, BC-4 and BC-5 which can be accounted for soil leeching especially in 

the months of May to September of 2003. It has been noted that the simulated values for 

phosphorus concentration in the sub-watersheds BC-3 and BC-7 were nearly 

unacceptable as the R
2
 and ENS were 0.49 and 0.55 respectively (Table:3.3) which is 

considered as the border line of acceptability at 0.5. This called for the adjustment of 

model parameters related to phosphorus loading to the basin so as to minimize the error 

in BC-3 and BC-7. 

Table 3.3 Phosphorus Concentration: Pre-calibration 

Sub 

watershed   

Jul-

02 

Oct-

02 

High 

Flow 

May-

03 

May-

03 

July-

03 

High 

Flow 

Sept.-

03 

Oct-

03 

Apr-

04 R
2
 ENS 

BC-3 

M 0.029 0.017 0.120 0.080 0.047 0.110 0.047 ND 

0.51 0.49 S 0.081 0.049 0.097 0.073 0.038 0.089 0.041 0.006 

BC-4 

M 0.026 0.014 0.120 0.090 0.047 0.120 0.046 0.007 

0.96 0.91 S 0.043 0.012 0.104 0.078 0.041 0.104 0.061 0.005 

BC-5 

M 0.015 0.010 0.100 0.070 0.048 0.096 0.044 0.014 

0.87 0.81 S 0.026 0.043 0.086 0.069 0.042 0.083 0.052 0.015 

BC-6 

M 0.016 0.012 0.090 0.080 0.054 0.085 0.039 0.012 

0.75 0.69 S 0.041 0.041 0.073 0.073 0.044 0.069 0.057 0.010 

BC-7 

M 0.012 0.010 0.080 0.080 0.034 0.082 0.034 0.009 

0.58 0.55 S 0.032 0.049 0.065 0.073 0.028 0.066 0.065 0.008 

BC-8 

M 0.010 0.010 0.100 0.080 0.025 0.057 0.039 ND 

0.77 0.68 S 0.041 0.041 0.081 0.073 0.020 0.057 0.041 0.007 

M=Measured  S=Simulated 
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In order to readjust the values to bring BC-3 and BC-7 to adjustable ranges, minor 

parametric modifications has been done  for cover factor (C Factor) by assigning lower 

value of 0.003 to pastures and highest value of 0.2 to row crops for both these sub-

watersheds. It was assumed that no intense agricultural management practices like tilling 

were employed at this calibration phase. It was also assumed that manure and nutrient 

application rates were not very intense. All the existing agricultural BMPs were input into 

the management input file.  Additional parameters which were assigned values for the 

calibration of phosphorus concentration included channel sediment routing factors 

(SPCON and SPEXP), biological mixing efficiency (BIOMIX), organic phosphorus  

Table: 3. 4 Model Final Values related to Sediments and Phosphorus 

Sensitivity 

Parameters 
Description 

Normal 

range/SWAT 

default value 

Final value 

used 

C Factor Cover or management factor 0.003 to 0.2 

Pasture: 0.003 

Row 

Crops:0.2 

SPCON Linear factor for channel sediment routing 0.0001 to0.01 0.001 

SPEXP 
Exponential factor for channel sediment 

routing 
1 to 1.5 1 

BIOMIX Biological mixing efficiency 0.20 0.04 

RS5 Organic phosphorus settling rate in the reach 0.001-0.1 0.1 

BC4 
Rate constant for mineralization of organic 

phosphorus to dissolved phosphorus 
0.01-0.7 0.03 

 

settling rate in the reach (RS5) and rate constant for mineralization of organic phosphorus 

to dissolved phosphorus (BC4). The basis of the assignment of values was drawn from 
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some of the previous watershed studies conducted in some Iowa and Texas watersheds 

for phosphorus related calibration by Grasslands Soil and Water Research Laboratory 

(Santhi, 2001).   The model was recalibrated and validated with the final values listed in 

the Table 3.4. 

Table 3.5 provides the final calibrated and validated values of phosphorus 

concentration. The final calibrated and validated values of phosphorus concentration 

provided an acceptable R
2
 and ENS from which a reliable level of loading have been 

estimated.  

Table 3.5 Phosphorus Concentration: Final values 

Sub 

watershed   

Jul-

02 

Oct-

02 

High 

Flow 

May-

03 

May-

03 

July-

03 

High 

Flow 

Sept.-

03 

Oct-

03 

Apr-

04 R
2
 ENS 

BC-3 

M 0.029 0.017 0.120 0.080 0.047 0.110 0.047 ND 

0.73 0.68 S 0.067 0.039 0.097 0.073 0.038 0.089 0.041 0.006 

BC-4 

M 0.026 0.014 0.120 0.090 0.047 0.120 0.046 0.007 

0.96 0.91 S 0.043 0.012 0.104 0.078 0.041 0.104 0.061 0.005 

BC-5 

M 0.015 0.010 0.100 0.070 0.048 0.096 0.044 0.014 

0.87 0.81 S 0.026 0.043 0.086 0.069 0.042 0.083 0.052 0.015 

BC-6 

M 0.016 0.012 0.090 0.080 0.054 0.085 0.039 0.012 

0.75 0.69 S 0.041 0.041 0.073 0.073 0.044 0.069 0.057 0.010 

BC-7 

M 0.012 0.010 0.080 0.080 0.034 0.082 0.034 0.009 

0.76 0.74 S 0.022 0.029 0.065 0.073 0.028 0.066 0.065 0.008 

BC-8 

M 0.010 0.010 0.100 0.080 0.025 0.057 0.039 ND 

0.77 0.68 S 0.041 0.041 0.081 0.073 0.020 0.057 0.041 0.007 

 

It has been observed that phosphorus loading also followed the same trend as that 

of the concentration as the loading was tied to the concentration of phosphorus in the 

streams. Table 3.6 provides the final values of phosphorus loading in the different sub-

watersheds.  
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Table 3.6 Phosphorus Loading: Final Values 

 

 

From the Table 3.6, it has been noticed that there was considerable difference 

between the measured value and simulated value in the upland sub-watershed, BC-7 

which had a 13% difference. All other sub-watersheds have a difference averaging to 

4.5%. Since measured data were not available for BC-8 to perform a reliable estimation 

of phosphorus loading, it has been excluded from further analysis. It has been inferred 

that the lack of detailed parameters related to initial soil chemical composition and 

agricultural management practices might have induced a comparatively higher deviation 

of loading values between the measured and simulated data in the upland sub-watersheds.  

3.3 Results and Discussion 

 

 The results and discussion cover the hypothesizing and testing of various criteria 

which included different combinations of land use, management practices, best 

management practices and point source pollutions on the loading and concentration of 
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BC-3 59.76 7564.1 7856.1 3.9 

BC-4 55.54 6424.6 6112.3 -4.9 

BC-5 49.3 4817.1 5047.8 4.8 

BC-6 40.2 3838.9 4015.1 4.6 

BC-7 12.7 1065.9 1205.1 13.1 

BC-8 10.1 ND 1001.0 ND 



 

 

70 

phosphorus in the Buck Creek watershed. This section analyses the impact of land use 

combinations and BMPs on the phosphorus loading the Buck Creek watershed.   

3.3.1 Modeling Criteria Combinations, BMP and Results 

 

The modeling approach was devised to answer the "what if" situation that might 

help in conservation planning. As a part of this effort and to satisfy the objectives set for 

the present study, two scenarios, which combined a different set of parameters, were 

identified and modeled in this study. These scenarios took into account the nature of 

agricultural practices, influence of land uses on water and sediment loading and effects of 

point source pollutants and BMP like buffer strips. 

3.3.1.1 Scenario 1. Reclassified Land Uses, Average Agricultural Management and 

Point Source Pollutants 

 

To effectively predict the impact of changes in land use, agricultural management 

and point sources in the phosphorus loading to the basin, it was needed to recreate a 

scenario which simulates all these aspects of land use intensity, agricultural management 

and point source pollutants in the model. The underlying reasons for creating and testing 

such a scenario included the lack of available data to understand the types and intensity 

of agricultural management practices like manure application, tillage, starter corn 

fertilization and hay cutting as well as the lack of available data on the total animal mass 

and cropping intensity and diversity. This section deals with testing of such a scenario 

which reclassifies the land use so as to reflect the manure application and other 

agricultural management practices which may possibly be done in the basin area.  
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To reclassify the land uses for the inclusion of the agricultural management 

practices, the pastures and green spaces were reclassified into moderate agricultural 

management areas by assigning the initial phosphorus concentration values 

(SOL_ORGP) of 250 parts per million (ppm) and 200 ppm respectively (Table: 3.7). The 

initial mineral phosphorus concentration (SOL_MINP) was set to give representation of 

all the pastures and croplands with values of 5 ppm and 20 ppm respectively. The 

initialization of mineral phosphorus with these base values will help to get a more 

realistic ground truth of increased mineralization of soils in these land use categories as 

against using the default values of the soil types in these land uses. Several studies (Wong 

et al., 1998; King et al, 2008;) done in different suburban watersheds pointed out the fact 

that golf course turf are the most intensely managed system in an urban landscape which 

transports nutrients especially phosphorus into the surface water. Since the data on 

manure application in golf courses within the watershed area was not available, the value 

of moderate to light manure application of 200 ppm was assigned for golf courses within 

the pastures. Apart from the above discussed non-point sources of phosphorus pollution, 

it has been noted from the previous studies done in the Buck Creek (Brown, 2003; 

Goward 2004; Wright, 2005) that the point sources like leaking sewer tanks are also a 

major source of phosphorus loading to the streams. Since the quantification of the actual 

leaking of sewers has not been done for the watershed, it has to be somehow simulated in 

the model. To obtain a reasonable representation of the point sources, all the sub-

watersheds with a non-sewer residential structure density (Table 2.10) of greater than or 

equal to 0.3, which included BC-4, BC-6, BC-7 and BC-8, were assigned an additional 

Organic P concentration of 250 ppm. These values were adjusted by the input of the point 
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source phosphorus loading values through SOL_ORGP concentration table. In addition to 

modifications in point and non-point sources, the existing buffer strips need to be 

adjusted for flow at the HRU level. The surface runoff lag coefficient (SURLAG) has 

been reduced to 1.0 so that some portion of runoff in the upstream watersheds including 

BC-6, BC-7 and BC-8, but not limited to those three sub-watersheds and the BMP areas 

were lagged one day before reaching the channel.  

Table 3.7 Scenario 1: Model Parameter Modifications 

Sensitivity 

Parameters 
Description Final value used 

SOL_ORGP 
Initial organic phosphorus concentration in 

upper soil layer for a particular land use 

Manure area: 250 ppm 

Pastures: 5 ppm 

Golf Courses: 200 ppm 

Cropland: 20 ppm 

SOL_MINP 
Initial mineral phosphorus concentration in 

upper soil layer for a particular land use 

BMP area 3-351 ppm 

Pasture: 5 ppm 

Cropland 20 ppm 

SURLAG Surface runoff lag coefficient 1.0 

 

The parametric modifications resulted in an increase in the phosphorus loading in all the 

sub-watersheds with a notable increase in the upland sub-watersheds. The change in the 

levels of phosphorus loading is shown in Figure 3.3 and the actual percentage of change 

under scenario 1 has been listed in Table 3.6. The increase of phosphorus loading in BC-

6 and BC-7 at a level of 29% and 39% was due to the intense agricultural management 

and manure application in the agricultural centered land use pattern in both these sub-
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watersheds. The downstream sub-watersheds BC-3 and BC-4 received more phosphorus 

from the cumulative effect of phosphorus loads which are drained out from the upland 

streams. 

Table 3.8 Phosphorus Loadings based on Model Scenarios 
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BC-3 59.76 7564.1 9698.9 28.2 7856.1 -19 

BC-4 55.54 6424.6 7067.1 10.0 6005.2 -15.1 

BC-5 49.3 4817.1 5836.3 21.2 5047.8 -13.5 

BC-6 40.2 3838.9 4956.9 29.1 3955.3 -20.2 

BC-7 12.7 1065.9 1487.8 39.6 1305.1 12.3 

BC-8 10.1 ND 1235.8 ND 1001.0 ND 
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Figure 3.3 Buck Creek: Phosphorus loading based on model scenarios 
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The overall noticeable increase in the phosphorus loading also pointed out the fact 

that land use has a pronounced effect on the phosphorus loading in the channels 

3.3.1.2 Scenario 2. Implementation of Buffer Strips 

 

The scenario 1 was simulated to represent the conditions of the watershed when 

most of the possible reasons for phosphorus loading can be recreated which included the 

agricultural management practices, land use intensity and point source pollution 

influences. From Table 3.8, it has been noted that there was considerable increase in the 

amount of phosphorus draining into the stream. To understand how the implementation 

of the buffer strips impact on phosphorus loading to the basin, it is necessary to simulate 

the entire model after incorporating additional buffer strips to the watershed.  All the 

conditions set in the Scenario 1 were unchanged so as to get a better understanding of   

the changes that took place when any best management practices were implemented.  

In this scenario 2, 100 acres of vegetated buffer strips, out of which 70% of it are 

wooded and 30% of it are grassed, were implemented equally along all agricultural HRUs 

in the watershed. In addition to the 100 acres, 3 acres of grassed buffer strips which are 

19 meters wide were implemented along the streams except the area in BC-3 sub-

watershed. BC-3 was excluded from the implementation of stream buffer as it was the 

lowest lying sub-watershed in the study area. The model was rerun and simulations were 

done. The results of the phosphorus load estimations under scenario-2 are given in     

Table 3.8.  
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It has been observed from the simulation results (Table 3.8) that the parametric 

modifications for buffer strip implementation resulted in a drastic decrease in the 

phosphorus loading in all the watersheds. The change in the levels of phosphorus loading 

is shown in Figure 3.3. It has been noted from the table that there was at least 15% 

reduction in the loading of the phosphorus into the channel when additional BMPs were 

implemented. A 20% reduction was noticed in BC-6 which was attributed by the more 

areal coverage of buffer strips along the stream as well as the agricultural HRUs. From 

this simulation, it can be inferred that BMPs like buffer strips can considerably reduce the 

amount of phosphorus draining into the stream.  

3.4 Modeling Summary and Future Improvements 

 

Through this modeling, it has been observed that we could calculate the trap 

efficiency of sediments and nutrients and thereby quantify the changes in loading of 

sediments and nutrients which are induced by any parametric changes including the best 

management practices. Even though, the modeling was done after performing a series of 

calibrations and validations, the modeling could have been improved at various stages. 

Due to the constraints in time and data availability on the BMP designs and field studies 

in the Buck Creek watershed, buffer strips were implemented uniformly along the 

agricultural HRUs. It would have been improved by identifying the high impact basins in 

a simulation based on topography, flow concentration and a number of other channel 

related parameters and there by implementing the buffer strips based on the stream 

impact ranking on various locations. The fewer number of sampling data per year 

restricted the efficiency of comparison between measured and simulated values. Since the 
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modeling effort was undertaken in the post UWRWP project scenario, all the modeling 

has been done with the available data from the project (Brown, 2003). In most of the 

modeling efforts referred in the previous studies reviewed in this thesis, they had the 

luxury of sampling and data collection pertaining to the model parameters that were 

dependent on the phosphorus loading data. Many of those modeling exercises done to test 

the impact of BMPs involved the implementation of BMPs over a pilot area which helped 

the model calibration and validation relatively accurate. Such validations done at the 

tested sites made the model predictions about the future loadings of nutrients and 

sediments more synchronized to ground truths. These kinds of field verifications are 

highly required to predict and analyze the pre-BMP and post-BMP scenarios. 
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APPENDIX A: Modeling Data: Phosphorus Concentration 

Table A.1 Measured OrthoP Concentrations 
S

u
n

-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Measured OrthoP Concentration (Mg/L) 

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 0.029 0.017 0.120 0.080 0.047 0.110 0.047 592.5 

BC-4 381.6 0.026 0.014 0.120 0.090 0.047 0.120 0.046 381.6 

BC-5 1151.8 0.015 0.010 0.100 0.070 0.048 0.096 0.044 1151.8 

BC-6 1181.9 0.016 0.012 0.090 0.080 0.054 0.085 0.039 1181.9 

BC-7 1378.2 0.012 0.010 0.080 0.080 0.034 0.082 0.034 1378.2 

BC-8 1438.2 0.010 0.010 0.100 0.080 0.025 0.057 0.039 1438.2 

 

Table A.2 Simulated OrthoP Concentrations 

S
u

n
-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Simulated Orthophosphate Concentration (mg/L)  

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 
592.5 0.005 0.006 0.020 0.020 0.007 0.090 0.007 0.007 

BC-4 
381.6 0.007 0.003 0.020 0.030 0.007 0.090 0.007 0.007 

BC-5 
1151.8 0.006 0.006 0.020 0.020 0.007 0.045 0.006 0.009 

BC-6 
1181.9 0.005 0.004 0.020 0.010 0.009 0.037 0.005 0.009 

BC-7 
1378.2 0.001 0.003 0.020 0.010 0.007 0.041 0.005 0.009 

BC-8 
1438.2 0.001 0.006 0.030 0.010 0.005 0.022 0.005 0.008 
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Table A.3 Model generated OrthoP Concentrations for Scenario 1 

S
u

n
-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Simulated Orthophosphate Concentration (mg/L) : Scenario-1 

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 0.100 0.060 0.120 0.090 0.047 0.110 0.050 0.007 

BC-4 381.6 0.050 0.014 0.120 0.090 0.047 0.120 0.070 0.006 

BC-5 1151.8 0.030 0.050 0.100 0.080 0.048 0.096 0.060 0.017 

BC-6 1181.9 0.050 0.050 0.090 0.090 0.054 0.085 0.070 0.012 

BC-7 1378.2 0.040 0.060 0.080 0.090 0.034 0.082 0.080 0.010 

BC-8 1438.2 0.050 0.050 0.100 0.090 0.025 0.070 0.050 0.009 

 

Table A.4 Model generated OrthoP Concentrations for Scenario 2 

S
u

n
-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Simulated Orthophosphate Concentration (mg/L) : Scenario-2 

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 0.081 0.049 0.097 0.073 0.038 0.089 0.041 0.006 

BC-4 381.6 0.043 0.012 0.104 0.078 0.041 0.104 0.061 0.005 

BC-5 1151.8 0.026 0.043 0.086 0.069 0.042 0.083 0.052 0.015 

BC-6 1181.9 0.041 0.041 0.073 0.073 0.044 0.069 0.057 0.010 

BC-7 1378.2 0.032 0.049 0.065 0.073 0.028 0.066 0.065 0.008 

BC-8 1438.2 0.041 0.041 0.081 0.073 0.020 0.057 0.041 0.007 
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APPENDIX B : Modeling Data: Phosphorus Concentration 

Table B.1 Measured OrthoP Loading 
S

u
n

-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Measured Daily OrthoP loads (lbs/day) 

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 9.3 5.5 38.7 25.8 15.2 35.5 15.2 0.0 

BC-4 381.6 7.8 4.2 36.0 27.0 14.1 36.0 13.8 2.1 

BC-5 1151.8 4.0 2.7 26.6 18.6 12.8 25.5 11.7 3.7 

BC-6 1181.9 3.5 2.6 19.5 17.3 11.7 18.4 8.5 2.6 

BC-7 1378.2 0.8 0.7 5.5 5.5 2.3 5.6 2.3 0.6 

BC-8 1438.2 0.5 0.5 5.4 4.4 1.4 3.1 2.1 0.0 

 

Table B.2 Simulated OrthoP Loading 

S
u

n
-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Simulated Daily OrthoP loads (lbs/day)  

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 1.6 1.9 6.4 6.4 2.3 29.0 2.3 2.3 

BC-4 381.6 2.1 0.9 6.0 9.0 2.1 27.0 2.1 2.1 

BC-5 1151.8 1.6 1.6 5.3 5.3 1.9 12.0 1.6 2.4 

BC-6 1181.9 1.1 0.9 4.3 2.2 2.0 8.0 1.1 2.0 

BC-7 1378.2 0.1 0.2 1.4 0.7 0.5 2.8 0.3 0.6 

BC-8 1438.2 0.1 0.3 1.6 0.5 0.3 1.2 0.3 0.4 
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Table B.3 Model generated OrthoP Loading for Scenario-1 

S
u

n
-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Simulated Daily OrthoP loads (lbs/day) Scenario-1 

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 32.2 19.3 38.7 29.0 15.2 35.5 16.1 2.3 

BC-4 381.6 15.0 4.2 36.0 27.0 14.1 36.0 21.0 1.8 

BC-5 1151.8 8.0 13.3 26.6 21.3 12.8 25.5 16.0 4.5 

BC-6 1181.9 10.8 10.8 19.5 19.5 11.7 18.4 15.2 2.6 

BC-7 1378.2 2.7 4.1 5.5 6.2 2.3 5.6 5.5 0.7 

BC-8 1438.2 2.7 2.7 5.4 4.9 1.4 3.8 2.7 0.5 

 

Table B.4 Model generated OrthoP Loading for Scenario-2 

S
u

n
-

w
a

te
r
sh

ed
s 

D
ra

in
a

g
e 

A
re

a
 

(H
a

) 

Simulated Daily OrthoP loads (lbs/day) Scenario-2 

July 

2002 

October 

2002 

High 

Flow 

May 

2003 

May 

2003 

July 

2003 

High Flow 

September 

2003 

October 

2003 

April 

2004 

BC-3 592.5 26.1 15.7 31.3 23.5 12.3 28.7 13.1 1.9 

BC-4 381.6 13.0 3.6 31.1 23.3 12.2 31.1 18.1 1.6 

BC-5 1151.8 6.9 11.5 23.0 18.4 11.0 22.1 13.8 3.9 

BC-6 1181.9 8.8 8.8 15.8 15.8 9.5 14.9 12.3 2.1 

BC-7 1378.2 2.2 3.3 4.4 5.0 1.9 4.6 4.4 0.6 

BC-8 1438.2 2.2 2.2 4.4 4.0 1.1 3.1 2.2 0.4 
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APPENDIX C: Measured Data: Stream related Measurements 

Table C.1 Stream Discharge (Q) Measurements 

 

Location Year Month Day Q (ft
3
/second) 

Q 

(m
3
/second) 

BC-3 2002.00 7.00 10.00 50.07 1.40 

BC-3 2002.00 7.00 22.00 31.73 0.89 

BC-3 2002.00 8.00 18.00 22.14 0.62 

BC-3 2002.00 11.00 2.00 18.00 0.50 

BC-3 2002.00 11.00 9.00 20.51 0.57 

BC-3 2003.00 4.00 19.00 36.71 1.03 

BC-3 2003.00 5.00 13.00 124.97 3.50 

BC-3 2003.00 5.00 15.00 173.44 4.86 

BC-3 2003.00 5.00 25.00 51.11 1.43 

BC-3 2003.00 5.00 30.00 34.76 0.97 

BC-3 2003.00 7.00 16.00 92.17 2.58 

BC-3 2003.00 8.00 17.00 52.66 1.47 

BC-3 2003.00 9.00 4.00 173.73 4.86 

BC-3 2003.00 9.00 13.00 54.27 1.52 

BC-3 2003.00 9.00 28.00 157.30 4.40 

BC-3 2003.00 10.00 16.00 75.39 2.11 

BC-3 2004.00 2.00 28.00 55.78 1.56 

BC-3 2004.00 3.00 6.00 101.54 2.84 

BC-3 2004.00 3.00 13.00 59.91 1.68 

BC-3 2004.00 3.00 19.00 72.51 2.03 

BC-3 2004.00 4.00 18.00 40.05 1.12 

BC-3 2004.00 4.00 25.00 48.96 1.37 

BC-3 2004.00 4.00 29.00 36.19 1.01 

BC-6 2002.00 9.00 7.00 14.36 0.40 

BC-6 2002.00 9.00 21.00 16.61 0.47 

BC-6 2002.00 10.00 5.00 18.87 0.53 

BC-6 2002.00 10.00 12.00 17.06 0.48 

BC-6 2002.00 10.00 19.00 17.74 0.50 

BC-6 2002.00 11.00 9.00 15.90 0.45 

BC-6 2003.00 5.00 13.00 60.62 1.70 

BC-6 2003.00 7.00 16.00 53.76 1.51 

Source: UWRWP (Brown, 2003) 
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Table C.1 Stream Discharge (Q) Measurements 

 
Sub-

watershed Jul-02 

Oct-

02 

High Flow 

May-03 

May-

03 July-03 

High Flow 

Sept.-03 Oct-03 Apr-04 

BC-3 20 9 14 14 18 19 12 14 

BC-4 19 9 13 15 18 19 12 14 

BC-5 19 9 13 15 18 19 12 13 

BC-6 18 9 13 15 17 18 12 13 

BC-7 17 9 14 15 18 18 12 13 

BC-8 16 9 14 15 16 17 12 12 

Source: UWRWP (Brown, 2003) 

 


