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CHAPTER 1 
 

INTRODUCTION 

Background 

Surfactants are used by consumers in a wide array of products, mainly as 

detergents to clean household items, such as dishes, appliances, floors, surfaces, and 

clothing.  Some of the most used consumer surfactants are linear alkylbenzene 

sulfonate (LAS), alkyl ethoxysulfate (AES), and alcohol ethoxylate (AE) (Figure 1-1).  

The usefulness of surfactants stems from their amphipathic nature to bind both lipophilic 

and hydrophilic chemicals.  LAS and AES contain a nonpolar (i.e., alkyl) component in 

the chemical structure, as well as a polar (i.e., sulfonate, sulfate, and ethoxylate) 

component in the chemical structure.  AEs have two polar components (i.e., alcohol and 

ethoxylates) that make the chemical nonionic.  The length of the alkyl chains in 

surfactants often vary due to the commercial synthesis procedure, as well as the 

country in which it’s manufactured, so most products contain an average carbon chain 

length product (i.e., C12 [12 carbon lengths long] may be an average of C10-C14) 

(HERA, 2004).  The same is true with ethoxylate chains in AES.  The lipophilicity of the 

nonpolar segments of these chemicals allows these surfactants to partition into lipophilic 

materials, such as oils, grease, and fats, yet keep them in polar solvents (i.e., water).   

According to values reported in 2002, U.S. consumption of surfactants in 

consumer products was 3.312 billion lbs (1.656 million tons), an estimated value of 

$2.73 billion (CAHA, 2002).  LAS, AES, AE, alcohol sulfate (AS), and soap together 

account for over 72% of the total surfactants consumed in consumer products (CAHA, 
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2002).  This puts the chemicals in the EPA’s classification of high production volume 

(HPV) chemicals, and as such warrants attention to their proper usage and disposal 

(USEPA, 2006).   

These surfactants were designed to rapidly degrade after use.  The most 

common route of degradation of these surfactants is by aerobic biodegradation.  Much 

of this happens in wastewater treatment plants (WWTPs) where residential and 

industrial sewage terminates.  WWTPs in developed countries are generally able to 

remove approximately 86% surfactants from sewage using the trickling filter treatment 

method and 99% of surfactants from sewage using the activated sludge treatment 

method (McAvoy et al., 1998; Matthijs et al., 1999).  Thus, 1-14% of total surfactants are 

discharged in treated effluent to its next use, whether as discharge into streams and 

rivers, use as gray water, or further treated for use and consumption.  The degradation 

processes that occur in the urban water cycle can also occur in nature.   

Despite the high rate of surfactant biodegradation, the volume of surfactants 

entering the environment through WWTP effluent discharge, in addition to the high 

organic carbon-water partition coefficients (Koc) (e.g., average log Koc = 4.83 for 

C12LAS) and sorption coefficients between soil/sediment and water (Kd) (e.g., 2-300 

l/kg), mean that these surfactants have the potential to partition into areas with high 

organic carbon content, a potential concern for the flora and fauna in the environment 

(HERA, 2004).  Therefore, studies have been performed to determine the effects of 

surfactants in the environment.  Numerous studies in laboratories and mesocosms have 

demonstrated that LAS, AES, and AS show little impact on aquatic systems and 

macroinvertebrate communities (HERA, 2004; Belanger et al., 2002; Belanger et al., 
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2006; Sanderson et al., 2006a).  In order to evaluate the effects of LAS and AES on 

real-world aquatic systems, a study was preformed to measure surfactant 

concentrations in U.S. Midwest streams upstream and downstream of WWTPs  

(Sanderson et al., 2006b).  The authors concluded that because the comparative 

sediment contamination analyses and the EPA rapid bioassessment did not reveal 

significant correlations between the surfactant concentrations and ecological status at 

the sampling sites, then LAS and AES were low aquatic risks.   

 This study was somewhat useful for gauging ecological risk of surfactants in the 

environment downstream of small and mid-sized WWTPs that service small and 

medium sized towns.  However, it is uncertain how much of an ecological risk these 

consumer-based surfactants are in a major urban setting.  This brings up additional 

factors that go into a river system with increased urbanization, such as increased 

impermeable surfaces, additional industrial discharges, additional residential load and 

nonpoint sources, and stormwater runoff.   

The upper segment of the Trinity River in north central Texas is an ideal river 

system to study the effects of surfactants on the ecosystem in a heavily urbanized river.  

The Trinity River consists of three main branches—the West Fork, the Elm Fork, and 

the East Fork—that converge either in or downstream of the Dallas-Ft. Worth metroplex 

(DFW).  Flow in the upper Trinity River during the summer months is ephemeral due to 

low rainfall levels from June to September (NWS, 2005b).  The sources of most of the 

Trinity River flow during the summer months are effluent discharges from local WWTPs.  

In fact, WWTP effluents contribute approximately 95% of the Trinity River flow during 

the summer months (Trinity River Authority, personal communication).  DFW has 4 
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major WWTPs located on the Trinity River with, resulting in a cumulative effluent 

discharge of 638 MGD.  DFW has experienced significant growth within the past twenty 

years.  In 1980, the total population of all the DFW cities was approximately 3 million 

people.  In 2000, the total population was approximately 5.5 million people, an 80% 

increase in 20 years (TWDB, 2006).  Thus, the Trinity River is heavily influenced and 

impacted by the vast urbanization surrounding it.  The heavy urbanization, ephemeral 

summer flow, and heavy chemical load into the environment due to WWTP effluent 

discharge, therefore, create a unique opportunity to study surfactant concentrations and 

their effects on benthic biota communities in an environmental “worst case scenario” 

river in the U.S.     

 While determining measured concentrations of surfactants in the environment is 

important for generating an accurate risk assessment, it is also of interest to see 

whether environmental surfactant concentrations can be predicted in a highly urbanized 

watershed.  This is especially important because the size of affected watersheds, the 

number of samples along watersheds, and the cost of analyses prohibit detailed 

characterization along affected stretches of rivers.  Surfactant concentration predictions, 

then, can be accomplished by generating mathematical models that use readily 

available information.  Such models can be generated using general in-stream water 

quality measurements.  A model generated with in-stream data would indicate which 

parameters are most useful for predicting surfactant concentrations, thus limiting the 

number of analyses needed on environmental matrices at sampling sites and lowering 

cost.   
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In addition, models can be generated using geospatial parameters obtained 

using geographic information systems (GIS).  GIS is an electronic method of generating 

maps of numerous natural and man-made factors, such as topography and population 

density, respectively.  Much GIS information is free and readily available from federal 

and local government agencies.  The electronic maps can then be processed according 

to study designs and the resultant information can be used for mathematical modeling.  

Information processing takes more up-front time and effort to custom design maps of 

specific study areas, but once generated they can be easily altered in numerous ways 

and reused for additional projects.  Thus, both methods will be used to generate 

mathematical models to predict surfactant concentrations in the upper Trinity River 

watershed (UTRW).   

Nutrient loading into water bodies is a big concern for water management 

agencies.  Excess input, such as nitrogen and phosphorus, from point and non-point 

sources can decrease water quality and, thus, productivity of healthy aquatic and 

benthic communities.  Water management agencies around the world, including the 

Trinity River Authority in Texas, USA, try to monitor nutrient input into water bodies.  

However, much like surfactants, it would be time and cost prohibitive to generate a 

detailed characterization of nutrient loading into the upper Trinity River.  Therefore, both 

geospatial parameters and in-stream water quality parameters will be used to generate 

mathematical models to predict nutrient loading into the UTRW.         

Thesis Goal/Hypothesis 

 The goal of this project was to determine whether or not consumer surfactants 

concentrations could be predicted in environmental media along the upper Trinity River 
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in Texas.  Specifically, the goal was to investigate whether geospatial factors, such as 

land use, and in-stream water quality measurements could be used to predict surfactant 

concentrations, expressed as toxic units, in surface waters and pore waters along the 

UTRW.  It was also of interest to see whether these same parameters could be used to 

predict nutrient loading (nitrogen, phosphorus, and total organic carbon) in the UTRW.  

Multiple regression analyses were used to generate mathematical models to predict 

surfactant toxic units.  Geospatial parameters and in-stream water quality parameters 

were analyzed independently, as well as combined to generate the best available 

mathematical models, based on the magnitude of the coefficient of determination (R2). 

 The null hypothesis (Ho) was that neither geospatial nor in-stream water quality 

parameters could generate multiple regression models for surfactant surface water and 

pore water toxic units, as well as in-stream nutrients, with sufficiently high R2 values 

(e.g., R2 > 0.75).  The alternative hypothesis (Ha) was that geospatial and in-stream 

water quality parameters could generate multiple regression models for surfactant 

surface water and pore water toxic units, as well as in-stream nutrients, with high R2 

values.  
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Figure 1-1.  Chemical structures of major consumer surfactants. 
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CHAPTER 2 
 

IN-STREAM WATER QUALITY ANALYSES OF THE UPPER TRINITY RIVER 

WATERSHED, TX 

 

Overall Study Design 

 On August 14-15, 2005, the Soap and Detergent Association (SDA) and 

University of North Texas researchers designed a research study of the Trinity River 

that looked at the general surface water and pore water chemistry and characteristics, 

general sediment chemistry and characteristics, and concentrations of consumer 

surfactants (i.e., linear alkylbenzene sulfonate [LAS], alkyl ethoxysulfate [AES], and 

alcohol ethoxylate [AE]) in surface water, pore water, and sediment.  Ten sample sites 

were chosen along the Trinity River that were upstream, through, and downstream of 

the Dallas-Ft. Worth Metroplex (DFW).  In addition, one site was chosen on Clear Creek 

as a potential anthropogenically-undisturbed sample site.  These sites are described in 

Figure 2-1 and Table 2-1, and site coordinates are located in the EA and UNT final field 

report  (EA and UNT, 2005).  The sites span most of the upper Trinity River basin, with 

particular emphasis on the region within DFW.  The final sampling site was by 

Palestine, TX, approximately 100 miles downstream of DFW.  All sampling sites were 

downstream of effluent mixing zones, ensuring complete mixing of wastewater 

treatment plant (WWTP) effluent and Trinity River water, even during low flow (i.e., low 

dilution) conditions.   
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In-Stream Sample Collection and Analysis 

Environmental media samples for chemical analysis (i.e., water, pore water, 

sediment, and surfactant chemistries) were collected between September 30 and 

October 4, 2005.  In-stream water quality measurements and sample collection 

methodologies are described in the final field report generated by EA Engineering, 

Science, & Technology and the Institute of Applied Science at the University of North 

Texas (UNT) (EA and UNT, 2005).  Additional samples were taken at Sample Sites 2, 5, 

and 8 for laboratory quality assurance (matrix spiking and duplicate matrix spiking of 

surfactants).  Once collected, environmental media samples were stored on ice until the 

research teams returned to UNT.  Samples were then stored in a 4º C walk-in 

refrigerator room until shipped to Accu-Test (Dayton, NJ) for general in-stream 

chemistry analyses or to Shell Laboratories (Manchester, UK) for surfactant analyses.  

The in-stream parameters analyzed are listed in Table 2-2.   

Surfactant concentrations were converted to toxic units (TU).  A toxic unit is the 

ratio of the measured environmental concentration (MEC) divided by the chronic no 

observed effect level (NOEL) for an individual chemical.  These data were generated for 

the each of the chemical homologues according to Belanger et al. (2006).  This 

normalization approach allows for the comparison of relative toxicity of chemicals and 

breakdown products found in the environment.  TU values for LAS, AES, and AE in the 

UTRW were generated by members of the SDA’s Surfactants in Sediment Task Force, 

based on chronic toxicity data available in the literature.  
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Figure 2-1.  Sample sites along the upper Trinity River watershed, TX.  Main map 
scaled at 1:1,800,000; left insert scaled at 1:445,000; right insert scaled at 1:89,000. 
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Table 2-1.  Descriptions of sampling sites in the upper Trinity River watershed, TX.

Sample Sites Sample Site Description

1 Headwaters of Clear Creek

2 Elm Fork downstream of Lake Lewisville dam

3 West Fork downstream of Lake Worth

4 West Fork upstream of Village Creek WWTP

5 Village Creek WWTP effluent discharge site

6

7 Trinity River Authority (TRA) Central WWTP

8

9 Dallas Central WWTP effluent discharge site

10

11 Dallas Southside WWTP effluent discharge site

12

13

14

15 Trinity River Main Stem near Palestine, TX

Trinity River Main Stem downstream of Dallas Southside WWTP 
& upstream of confluence with the East Fork

Trinity River Main Stem downstream of the confluence with the 
East Fork

West Fork downstream of Village Creek WWTP/Upstream of 
Trinity River Authority (TRA) Central WWTP

Trinity River Main Stem downstream of TRA Central WWTP/ 
Upstream of Dallas Central WWTP

Trinity River Main Stem downstream of Dallas Central WWTP/ 
Upstream of Dallas Southside WWTP

East Fork upstream of the confluence with the Trinity River Main 
Stem
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Table 2-2.  In-stream water quality parameters analyzed at sample sites in the upper 
Trinity River watershed. 

Surface Water Flow
Surface Water Turbidity
Surface Water Temperature
Surface Water Dissolved Oxygen (DO)
Surface Water Hardness
Surface Water pH
Surface Water Chloride
Surface Water Specific Conductance
Surface Water Oxidation-Reduction Potential
Surface Water Total Suspended Solids (TSS)
Surface Water Total Dissolved Solids (TDS)
Surface Water Total Organic Carbon (TOC)
Surface Water Chemical Oxygen Demand (COD)

Pore Water Hardness
Pore Water Total Suspended Solids (TSS)
Pore Water Total Dissolved Solids (TDS)
Pore Water Total Organic Carbon (TOC)

Sediment Sand Content
Sediment Gravel Content
Sediment Fines Content
Sediment Moisture Content
Sediment Cation Exchange Capacity 
Sediment Total Kjeldahl Nitrogen
Sediment Total Phosphorus
Sediment Sulfide
Sediment Total Organic Carbon (TOC)
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Results and Discussion 

 The results from the environmental sample collection are listed in Table 2-3.  In 

general, there were two patterns seen with in-stream results.  One pattern consisted of 

in-stream parameter distribution being influenced by area WWTPs.  For example, total 

dissolved solids (TDS) were low at sample sites outside DFW, however, TDS rapidly 

increased downstream of WWTPs as the river flowed through DFW.  Once the Trinity 

River flowed out of DFW, TDS levels returned to levels seen upstream of DFW.  In 

contrast, the other pattern consisted of in-stream parameter distribution not being 

influenced by area WWTPs.  For example, surface water hardness was relatively 

consistent throughout the study area.  WWTP effluent did not appear to affect Trinity 

River surface water hardness through the upper watershed. 

Surfactant Concentrations in Surface Waters 

 Results of surfactant concentrations in surface water and pore water are shown 

in Tables 2-4, 2-5, and 2-6 and Figures 2-2 and 2-3, respectively.  Surfactant 

concentrations were expressed as toxic units (TU), that is, the ratio of the 

environmentally measured concentration and the laboratory-derived chronic no 

observed effect level (NOEL) for each individual surfactant homologue.  This way, 

surfactant concentrations were normalized relative to their toxicity so all surfactants 

could be directly compared and analyzed.   

Surfactant surface water TU (SWTU) were very low (Table 2-4, upper panel), 

therefore, SWTU were combined for all LAS, AES, and AS surfactants to create a total 

combined surfactant SWTU.  Still, total combined surfactant SWTU only ranged from 

approximately 0.07 to 0.14.  Surfactant SWTU did not appear to be affected by WWTP 
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effluent discharge (Figure 2-2).  In fact, DFW WWTP effluents were lower than most of 

the upstream surface water samples.  Furthermore, addition of WWTP effluent into the 

Trinity River did not result in increased SWTU.  Figure 2-2 (upper panel) shows that 

most sites downstream of WWTPs actually had a decrease in SWTU.  This trend was 

counter to what we had anticipated of surfactants increasing downstream WWTP 

effluent discharge and a gradual increase in SWTU as the Trinity River flowed through 

DFW.  Of interest was the fact that SWTU were actually higher upstream and 

downstream of DFW.  The highest SWTU were located at Sample Sites 1 (total SWTU 

= 0.1174), 12 (total SWTU = 0.1136), and 15 (total SWTU = 0.1394).   

Sample site 1 was located near the headwaters of Clear Creek in a very rural 

region of the watershed.  Very few residences were located near this sample site.  

However, most homes in this region used septic sewer systems.  It is possible that there 

were direct and indirect discharges of septic waste into upstream waters from Sample 

Site 1.  In addition, there was a local quarry located approximately 1 mile upstream of 

Sample Site 1 (Figure 2-4).  It was possible that there was some sort of point source 

industrial discharge of surfactants used in quarry operations.  It was also possible that 

the quarry used a septic sewer system that seeped into the nearby upstream waters.   

Sample Site 12 was located on the east side of DFW, which is still very rural, 

primarily agricultural, region of the state (see Chapter 3 below).  It was possible that 

agricultural products used on crops, such as fertilizers or pesticides, resulted in non-

point source discharge of surfactants into the streams and rivers.  In addition, the 

increase in agriculture land being converted to residential land use meant that local 

WWTPs might have received more surfactants than in the past.  Thus, it was possible 
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that the smaller, less efficient WWTPs may be receiving more surfactant than they can 

adequately handle so more surfactants may be discharged into the East Fork of the 

Trinity River.   

Sample Site 15 was located at the bottom of the watershed near Palestine, TX.  

As seen in Figure 2-5, there were 4 WWTPs located within 10 miles upstream of 

Sample Site 15.  Three of those WWTPs were run by the Texas Department of Criminal 

Justice as laundry facilities for local prisons.  The fourth WWTP was the municipal 

WWTP for the City of Palestine.  It was likely that all four of these local WWTPs, 

discharging a total of 9.04 MGD into the Trinity River in close proximity to Sample Site 

15, were the source of the higher SWTU. 

When SWTU were divided into TU from the respective consumer surfactant, 

general trends were seen (Figure 2-2, lower panel).  First, LAS TU (blue bars) was 

remarkably consistent (TU ~ 0.048) throughout the watershed, regardless of location.  

Second, the majority of the fluctuation seen with SWTU was due to the amount of AES 

SWTU, which ranged from 0.028 to 0.057.  In fact, the pattern seen with the total SWTU 

was likely attributed to AES SWTU, because they showed the exact same patterns in 

surface waters and WWTP effluents.  Similar to total SWTU, Sample Sites 1, 12, and 15 

also had the highest AES SWTU, suggesting either an agricultural-based non-point 

source input of AES SWTU or the septic system/less-efficient local WWTP effluent 

discharge.  Third, AE SWTU was very low through most of the watershed (less than 

0.01 TU), much lower than the other consumer surfactants.  However, there was a 

significant spike at Sample Site 15 to approximately the same levels as LAS (Sample 

Site 15 AE SWTU = 0.049) and approximately five times higher than the rest of the 
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sample sites within the watershed.  Assuming consumer purchase patterns did not differ 

between DFW and Palestine, the spike in AE SWTU was likely due to the 4 local 

WWTPs, and specifically the three run by the Texas Department of Criminal Justice.  

There were two likely reasons for the results.  First, it was possible that the prison 

system used detergents with high levels of AE.  Second, it was possible that the three 

prison system WWTPs were either less efficient at removing surfactants from sewage 

influent compared to tertiary treatment systems used at the major WWTPs in DFW, or 

the prison WWTPs were overloaded with AE-containing detergents and could not 

effectively remove them all.  Sample Site 13 also had elevated levels of AE SWTU.  The 

reason for this elevation was not known, but may be due to the either the WWTP 

approximately 6 miles upstream of the sample site or it may be due to industrial 

discharge of contaminants into the river due to the gravel quarry activity in the close 

proximity. 

Surfactant Concentrations in Pore Waters 

Surfactant toxic units in pore water were also low, so they too were combined 

under total pore water toxic units (PWTU).  PWTU were higher than SWTU at sample 

sites throughout the watershed, ranging from approximately 1.25 to 3-fold higher.  

PWTU ranged from 0.1117 at Sample Sites 10 to 0.3140 at Sample Site 15.  Like 

SWTU, PWTU did not appear to be influenced by WWTP effluent because there were 

no demonstrated increases in PWTU downstream of WWTP effluent discharges (Figure 

2-3).  When analyzed by individual surfactant, distinct patterns emerged once again.  

First, LAS PWTU were consistent throughout the UTRW at approximately 0.05.  This 

was about the same LAS TU level detected in surface waters.  Second, AES PWTU 
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ranged from 0.025 to 0.26.  Because of this ten-fold difference in PWTU, AES PWTU 

was the main reason for the total PWTU distribution pattern.  AES had a higher affinity 

for pore water than surface water, as shown by the fact that AES PWTU was higher 

than AES SWTU by a factor of 2.5-5.  The highest levels of AES were seen at Sample 

Sites 4 and 15.  While there was no obvious reason for the high AES PWTU at Sample 

Site 4, the high AES PWTU at Sample Site 15 may be due to the 4 WWTPs in close 

proximity.  Third, AE levels were once again low, only above detection limits at 4 sample 

sites.  AE PWTU were approximately the same as AE SWTU, but no spikes in PWTU 

were seen at Sample Sites 13 and 15 as was detected for SWTU, suggesting either 

environmental degradation, sampling from a “hot spot” in the river, or the samples were 

collected when a surge of AE was in the surface water (i.e., shortly after the prison 

WWTPs treated laundry water).     
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Table 2-3.  In-stream water quality results for surface water of the Trinity River, TX, on 
September 30-October 4, 2005.   

Subwatersheds Flow Temp Conductivity DO pH Redox 
(ft3/sec) deg C mS/cmc mg/l Potential

1 0.0164 23.46 0.498 7.94 7.84 68.5
2 308 26.5 0.274 9.34 8.15 36.1
3 1.32 28.67 0.316 9.77 8.28 23.7
4 3.61 25.35 0.392 5.5 7.71 58.1
6 223 25.47 0.701 7.44 7.88 134.6
8 423 25.15 0.648 7.11 7.76 56

10 663 26.45 0.606 7.31 7.32 75.4
12 62.1 27.98 0.694 8.91 7.95 387
13 27.16 0.593 7.72 7.84 52.6
14 788 27.72 0.578 7.97 7.84 48.3
15 1300 26.68 0.637 7.73 7.7 55.4

Subwatersheds Turbidity TSS COD Hardness TDS TOC Chloride
(NTU) mg/l mg/l mgCaCO3/l mg/l mg/l mg/l

1 2.9 <20 276 344 1.8 52.2
2 4.4 23 122 191 5.8 29.7
3 4.6 23 176 235 10 33
4 39.5 37.5 25.6 159 248 4.8 29.4
6 36.8 27.0 23 176 471 7.9 99.1
8 14.1 28.7 <20 165 487 8.2 86.4
10 14.7 26.9 <20 178 460 6.9 76.4
12 32.9 31.8 25.6 188 440 8.1 115
13 21 30.2 28.2 165 370 6.7 85.9
14 61.5 78.8 25.6 155 20 5.7 69.7
15 68 95.4 30.7 255 472 5.3 89.3
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Table 2-4.  In-stream water quality results for pore water of the Trinity River, TX, on 
September 30-October 4, 2005.  

Subwatersheds TSS Hardness TDS TOC
mg/l mgCaCO3/l mg/l mg/l

1
2 204 339 15.7
3
4 30 186 555 9.1
6 15 196 473 8.2
8 26.5 192 439 8.5

10 39
12 37.5 216 517 6.2
13 19.5 192 406 1200
14 34.5 167 436 5.1
15 28 108 544 9.6
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Table 2-5.  In-stream water quality results for sediment of the Trinity River, TX, on 
September 30-October 4, 2005. 

Subwatersheds Cation Ex. Cap. TKN Phosphorus, Total Sulfide
mg/kg mg/kg mg/kg mg/kg

1 1490 300 90.4 7.2
2 1230 247 106 <4.5 
3 780 368 70.7 <4.5 
4 1940 151 122 <4.6 
6 1400 223 162 <4.4 
8 1070 138 219 <4.5 

10 6450 918 425 <6.7 
12 10300 390 906 <5.9 
13 3580 328 119 <4.8 
14 6570 281 460 <5.4 
15 2780 135 147 <5.5 

 

Subwatersheds TOC Gravel Sand Fines Moisture
mg/kg % % % %

1 3410 11.7 72.6 15.6 30.6
2 2680 1.4 93.5 5 14.8
3 3800 5.1 90.4 4.5 15.4
4 2470 2.4 83.2 14.5 17.1
6 2970 4.1 85.8 10.1 10.2
8 1770 9.6 79.9 10.5 17

10 8450 0 35.5 64.5 75.4
12 3220 1.2 22 76.9 48.5
13 1770 4.6 67.3 28.1 26.4
14 <1300 6.1 34.8 59.1 30.9
15 1820 0 63.3 36.7 31.9
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Table 2-6.  Surfactant toxic units in the surface waters and pore waters of the upper 
Trinity River watershed.

Subwatersheds Surface water sums LAS AES AE
TU TU TU TU

1 0.1174 0.0479 0.0412
2 0.0989 0.0479 0.0255
3 0.0926 0.0479 0.0326
4 0.0950 0.0481 0.0351 0.011768
5 0.0691 0.0481 0.0171 0.003848
6 0.0883 0.0481 0.0337 0.006504
7 0.0688 0.0478 0.0109 0.010055
8 0.0814 0.0479 0.0255 0.008133
9 0.0839 0.0478 0.0304 0.005632

10 0.0742 0.0479 0.0208 0.005503
11 0.0608 0.0478 0.0086 0.004336
12 0.1136 0.0480 0.0569 0.008716
13 0.1063 0.0479 0.0301 0.028307
14 0.0871 0.0479 0.0325 0.006738
15 0.1394 0.0480 0.0421 0.049387

Subwatersheds Pore water sums LAS AES AE
TU TU TU TU

1
2 0.2555 0.0578 0.1874 0.010364
3 0.2368 0.0507 0.1629
4 0.3137 0.0517 0.2620
6 0.2443 0.0512 0.1778 0.015241
8 0.2331 0.0501 0.1702 0.012691

10 0.1117 0.0480 0.0282
12 0.2259 0.0503 0.1649
13 0.2606 0.0504 0.1870
14 0.1711 0.0482 0.1092
15 0.3140 0.0508 0.2551 0.008124
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Figure 2-2.  Surfactant Toxic Units (TU) in the surface water of the Trinity River, TX.  
The upper panel describes the combined surfactant TU in the surface water at each 
sample site.  Blue bars indicate surface water samples from the Trinity River and red 
bars indicate effluent from major DFW WWTPs that discharge directly into the Trinity 
River.  Sites are arranged according to their location on the upper Trinity River:  1, Clear
Creek; 2, Elm Fork; 12, East Fork; 3-8, West Fork; 8-15, Trinity River main stem.  The 
lower panel describes the TU for the individual surfactants in the surface water at each 
sample site.  Arrows indicate effluent from major DFW WWTPs that discharge directly 
into the Trinity River.  S

 

ee appendix A for the exact location of these WWTPs in relation 
to the sampling sites.  
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Figure 2-3.  Surfactant Toxic Units (TU) in the pore water of the Trinity River, TX.  The 
upper panel describes the combined surfactant TU in the pore water at each Sample 
Site, and the lower panel describes the TU for the individual surfactants in the pore 
water at each Sample Site.  Sample Sites are arranged according to their location on 
the upper Trinity River:  1, Clear Creek; 2, Elm Fork; 12, East Fork; 3-8, West Fork; 8-
15, Trinity River main stem.   
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Figure 2-4.  High-resolution aerial image of the area around Sample Site 1 in north 
central Texas.  Circle represents Sample Site 1 on Clear Creek.  Image at 1:5000 scale 
(Source:  http://www.texasview.org).   
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Figure 2-5.  High-resolution aerial image of the area around Sample Site 15 near 
Palestine, TX.  Triangles represent WWTPs that discharge into streams that flow 
downstream to Sample Site 15 (circle) on the Trinity River.  Image at 1:5000 scale.  
(Source:  http://www.texasview.org). 

 25 
 

http://www.texasview.org/


Chapter 2 Summary 

• In general, in-stream parameters concentrations were either affected by area 

WWTPs, such as surface water TDS, or unaffected by area WWTPs, such as 

surface water hardness. 

• Surfactant surface water TU (SWTU) were very low, so all surfactant SWTU were 

combined as a total combined surfactant SWTU.  Still, total combined surfactant 

SWTU only ranged from approximately 0.07 to 0.14.  Surfactant SWTU did not 

appear to be affected by WWTP effluent discharge.  Of interest was the fact that 

SWTU were actually higher upstream and downstream of DFW in rural 

subwatersheds (Sample Sites 1, 12, and 15).   

• Surfactant toxic units in pore water (PWTU) were also low, so they too were 

combined as a total combined surfactant PWTU.  Combined PWTU ranged from 

0.11 to 0.31.  PWTU were generally 1.25- to 3-fold higher than SWTU at sample 

sites throughout the watershed.  PWTU did not appear to be influenced by 

WWTP effluent discharge. 

• Total SWTU had a different distribution pattern throughout the UTRW than total 

PWTU. 
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CHAPTER 3 
 

GEOSPATIAL ANALYSIS OF THE UPPER TRINITY RIVER WATERSHED, TX 

Introduction 

Several physical, chemical, and anthropogenic variables are likely factors 

involved in the accumulation of surfactants in the Trinity River.  In order to analyze 

these variables on a large geospatial scale, Geographic Information System (GIS) 

analyses were performed.  Geospatial parameter data, in the form of shapefiles or 

raster images, were obtained from several government agencies (Table 3-1).  The 

upper Trinity River watershed (UTRW) spans several mapping projection systems (e.g., 

UTM, state plane, etc.), so the current data were reprojected in a Texas-specific 

projection system called Texas Centric Mapping System/Albers Equal Area (TX Albers) 

(Table 3-2).  As its name implies, this projection system is based on the Albers Equal 

Area projection and is optimized for mapping the entire state within a single dataset.  

The available variables were analyzed by near-field (i.e., individual) subwatersheds 

within the UTRW, based on the land and water located between an upstream and a 

downstream sampling site.  Furthermore, data were also analyzed by far-field (i.e. 

cumulative) subwatersheds, that is, all the land and water located upstream from the 

sampling site of interest.  Data derived from the GIS analyses were used for multiple 

regression analyses to predict surfactant toxic units in the environment as well as in-

stream parameters that may be useful predictors for surfactant toxic units. 
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Table 3-1.  Sources of geographic information system (GIS) maps and databases.  

Parameters Source

Slope

2002 Land Use

Population Density

Rainfall

U.S. Census Bureau website 
(http://www.census.gov/)

GIS Data from Texas General Land Office 
website (http://www.glo.state.tx.us/ 
gisdata/gisdata.html)

Soil Erodibility Factor 
and Average Organic 
Matter Content

Soil Data Mart of the Natural Resources 
Conservation Service (NRCS) division of the 
U.S. Department of Agriculture (USDA) 
website (http://soildatamart.nrcs.usda.gov/)

Satellite imagery from TexasView Remote 
Sensing Consortium for Texas 
(http://www.texasview.org)

GIS data for the Atlas of Texas Surface 
Waters at the Texas Commission on 
Environmental Quality (TCEQ) website 
(http://www.tceq.state.tx.us/implementation/
water/tmdl/atlas.html)

Trinity River Basin 
Rivers and Lakes

National Elevation Dataset (NED) of the U.S. 
Geological Survey (USGS) website 
(http://www.ned.usgs.gov)
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Table 3-2.  Texas centric mapping system/Albers equal area  (TCMS/AEA) projection 
used for GIS analysis of the geospatial factors in the upper Trinity River watershed.  

Projection Albers Equal Area Conic
Spheroid GRS80
Datum North American Datum of 1983 (NAD83)
Longitude of Origin 100 degrees west (-100)
Latitude of Origin 18 degrees north (18)
1st Standard Parallel 27 degrees, 30 minutes north (27.5)
2nd Standard Parallel 35 degrees, 0 minutes north (35)
False Easting 1,500,000 meters
False Northing 6,000,000 meters
Units meters

Texas Centric Mapping System/Albers Equal Area
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2002 Land Use Analysis 

Purpose 

Satellite images covering north central Texas were used to classify land use 

patterns within the UTRW as well as the 11 sample site-defined subwatersheds.  

Methods 

Satellite images (30 m x 30 m resolution) from LandSat7 ETM+ were obtained 

from the TexasView Remote Sensing Consortium for Texas (Table 3-1).  Four satellite 

images (p26/r38, p26/r37, p27/r37, and p27/r38) from November 2002 and one satellite 

image (p28/r37) from February 2002 were clipped into smaller images and processed 

for land use classification.  Smaller images were imported into Definiens Professional 

Earth software (version 5; Definiens AG, Munchen, Germany).  Multiresolution 

segmentation was used to divide the image into smaller land segments (i.e., polygons), 

which were then classified.  Polygons were classified according to a semi-supervised 

classification method.  Classification hierarchy consisted of agriculture, forest, 

residential, urban, water, and unclassified.  Classification hierarchy was defined by 

known land segments, as determined by ground truthing, to generate the overall spectra 

ranges for each classification.  Each image was then classified according to the 

classification hierarchy.  Images were then manually inspected and, if needed, 

reclassified according to visual observations, spectral image layer mixing, and fuzzy 

logic analysis.  Images were then exported to ArcMap (version 9; ESRI, Inc., Redlands, 

CA), clipped into their respective subwatersheds, and merged.  All overlapping image 

segments were erased from the final subwatershed images.  Area coverage was 

calculated using the geodatabase feature.    
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Results 

The UTRW encompasses approximately 13,000 square miles.  The watershed 

was divided into 11 subwatersheds, as defined by (1) either the area between the 

headwaters of the Trinity River Forks and sample sites, or by (2) the area between 

upstream and downstream sample sites.  Land uses in the UTRW are shown in Table 

3-3, Figures 3-1 and 3-2, and subwatershed sizes are shown in Figure 3-3.  More 

detailed descriptions of subwatershed land uses are found in Appendix B.   

Agriculture was overall the predominant land use in the UTRW.  High levels of 

agriculture were found in Subwatershed 2 (in the upper central region of the watershed) 

and in Subwatershed 14 (south of the Dallas-Ft. Worth Metroplex [DFW] and the 

confluence of the Trinity River main stem and the East Fork) (Figure 3-4).  Agriculture 

levels began to decrease as the West and Elm Forks entered the central DFW area.  

Lowest agriculture levels were seen Subwatersheds 6 (containing east Ft. Worth, 

Burleson, Arlington, North Richland Hills, Hurst, Bedford, and northern Grand Prairie), 

10 (containing Dallas, Richardson, and west Plano), and 13 (containing south Dallas 

and north Lancaster), all within the central DFW area.  However, as the Trinity River left 

DFW, agriculture land dramatically increased again and remained high land use through 

the rest of the UTRW.  Similarly, cumulative agriculture land use along the Trinity River 

decreased as the river flowed through DFW (Figure 3-4), with lowest cumulative 

agriculture land use in Subwatershed 6.  Cumulative agriculture land also increased as 

the Trinity River flowed out of DFW and remained high throughout the rest of the 

watershed.        
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High levels of forest land use (Figure 3-5) were found in Subwatersheds 3 (the 

West Fork headwaters subwatershed) and 15 (downstream of DFW).  Moderate levels 

of forest were found in the upper, central, and eastern subwatersheds.  The lowest level 

of forest was in Subwatershed 10, a highly urbanized area of Dallas.  When estimated 

cumulatively, forest land use along the West Fork started high, but then began to 

decrease as it flowed in to DFW.  Both the upper Elm Fork and East Fork had low forest 

land use.  Forest land use increased along the Elm Fork as it flowed downstream of 

Lake Lewisville.  Moderate forest land use continued downstream of the confluence of 

the West and Elm Forks, even through downtown Dallas.  Forest land use decreased at 

the confluence of the Trinity River main stem and the East Fork in Subwatershed 14, 

probably due to the high agriculture land use in this subwatershed.  However, high 

forest land use in Subwatershed 15 raised the cumulative forest land use to a moderate 

level.   

Residential land use was low in the largest three Subwatersheds (2, 3, and 15) 

due to their size and abundance of agriculture and forest (Figure 3-6).  As expected, 

residential land quickly increased as the West and Elm Forks flowed into DFW.  The 

East Fork, however, had moderate residential land use due to heavy growth of 

suburban communities in eastern DFW.  Residential land peaked in Subwatersheds 6 

(containing east Ft. Worth, Burleson, Arlington, North Richland Hills, Hurst, Bedford, 

and northern Grand Prairie), 10 (containing Dallas, Richardson, and west Plano), and 

13 (containing south Dallas and north Lancaster), the reverse pattern seen with 

agriculture.  Cumulative residential land use was mostly at moderate to high levels with 

much of the entire watershed.  Residential land use increased from moderate to high as 
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the river flowed through DFW.  Interestingly, the highest cumulative values were seen in 

Subwatersheds 10, 12, 13, and 14, all in the northeast and central regions of the 

watershed.  Residential land use decreased as the Trinity River flowed into 

Subwatershed 15, but despite its size it only reduced cumulative residential land use to 

a moderate level. 

  Urban land use (Figure 3-7) followed a very similar pattern as residential land 

use.  Little urban land use was seen in Subwatersheds 2, 3, and 15, yet moderate urban 

land use was seen in Subwatershed 12 due to the suburban communities in eastern 

DFW.  Urbanization was moderate-high in Subwatersheds 6, 8, and 13 in the center of 

DFW, and highest in Subwatershed 10 in Dallas.  Cumulatively, urban land use was low 

along the West and upper Elm Forks, but rapidly increased as the rivers flowed into 

DFW.  After the confluence of the West and Elm Forks, cumulative urban land use was 

highest in Subwatersheds 10, 12, 13, and 14, similar to the pattern seen in cumulative 

residential land use.  However, urban land use rapidly decreased to a low level from 

Subwatersheds 14 to 15 due to the lack of highly urbanized communities. 

Since Texas only has one natural lake, water land use is a function of elevation 

and topology that makes it possible for the creation of dammed lakes and reservoirs.  

Highest water land use was seen in Subwatersheds 2 (containing Lakes Ray Roberts 

and Lewisville) and 12 (containing Lakes Lavon and Ray Hubbard), moderate-high in 

Subwatershed 15 (containing Cedar Creek and Richland-Chambers Reservoirs), and 

moderate in Subwatersheds 3 (Bridgeport Lake, Amon G. Carter Lake, Eagle Mountain 

Lake, and Lake Worth), 6 (Lake Arlington), 8 (Lake Grapevine, Joe Pool Lake, Mountain 

Creek Lake, and North Lake), and 13 (Figure 3-8).  Cumulatively, water land use was 
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low along the West Fork (Subwatersheds 3, 4, and 6) until it entered the mid-cities 

region of DFW.  Water land use along the Elm Fork was high (Subwatershed 2) prior to 

entering northern DFW, where it decreased to a moderate level after converging with 

the West Fork (Subwatershed 8) and remained moderate through the rest of DFW 

(Subwatersheds 10 and 13).  Water land use along the East Fork (Subwatershed 12) 

was high, and decreased to moderate-high after convergence with the Trinity River 

main stem in Subwatershed 14.  Water land use remained moderate-high in 

Subwatershed 15. 
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Table 3-3.  2002 land use in the upper Trinity River watershed according to individual 
subwatershed (near-field) and cumulative subwatershed (far-field) analyses. 

Subwatersheds
Near Far Near Far Near Far Near Far Near Far
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

1 47.80 47.80 46.50 46.50 1.25 1.25 3.37 3.37 1.07 1.07
2 61.98 61.94 23.93 24.00 5.74 5.73 2.50 2.51 5.80 5.79
3 48.96 48.96 41.52 41.52 5.57 5.57 1.78 1.78 2.12 2.12
4 51.43 49.59 19.44 35.85 20.14 9.31 7.32 3.20 1.64 2.00
6 25.82 47.41 23.05 34.67 36.88 11.84 11.81 3.99 2.40 2.04
8 45.52 50.91 22.65 29.02 19.92 12.04 9.13 4.77 2.75 3.21

10 13.30 50.02 9.39 28.56 56.34 13.08 18.97 5.11 1.96 3.19
12 51.69 51.69 23.95 23.95 13.33 13.33 5.12 5.12 5.89 5.89
13 28.06 49.65 26.63 28.52 33.55 13.43 9.25 5.18 2.47 3.17
14 69.84 51.64 19.07 27.05 6.07 12.81 3.20 5.00 1.81 3.47
15 55.40 52.96 36.94 30.54 2.56 9.19 0.95 3.57 4.14 3.70

WaterAgriculture Forest Residential Urban
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Figure 3-1.  Land use in the upper Trinity River watershed.  Scale 1:1,700,000. 
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Figure 3-2.  Land uses by subwatershed and land use classification in the upper Trinity 
River watershed. 
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Figure 3-3.  Near-field (Individual) and far-field (cumulative) subwatershed areas in the 
upper Trinity River watershed. 
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Figure 3-4.  Agriculture land use of near-field (individual) and far-field (cumulative) 
subwatersheds in the upper Trinity River watershed.   
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Figure 3-5.  Forest land use of near-field (individual) and far-field (cumulative) 
subwatersheds in the upper Trinity River watershed.   
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Figure 3-6.  Residential land use of near-field (individual) and far-field (cumulative) 
subwatersheds in the upper Trinity River watershed.   
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Figure 3-7.  Urban land use of near-field (individual) and far-field (cumulative) 
subwatersheds in the upper Trinity River watershed.   
 

 

 

 42 
 



 

Figure 3-8.  Water use of near-field (individual) and far-field (cumulative) subwatersheds 
in the upper Trinity River watershed.   
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2000 Population Density Analysis 

Purpose 

Population density may be an important variable for surfactant loading into the 

Trinity River.  It can also represent non-point source loading, i.e., surfactants from car 

washing that run off to storm drains.     

Methods 

The 2000 census data from 26 counties involved in the UTRW were obtained 

from the U.S. Census Bureau website (Table 3-1).  Population per census block was 

divided by the area (in square kilometers) of the census block to calculate the 

population density.  County shapefiles were merged, clipped to the shape of the UTRW, 

and further clipped by subwatersheds.  Average population density was then calculated 

by individual subwatershed (near-field) and by cumulative subwatersheds (far-field).  

Categorization of population densities was done by natural breaks in the data. 

Results 

Population densities of census tracts for the UTRW and the individual 

subwatersheds are displayed in Figure 3-9.  Population densities for near-field (i.e., 

individual) and far-field (i.e., cumulative) subwatersheds are displayed in Figure 3-10 

and Table 3-4.  Average subwatershed population densities fell into three categories: 

low (<125 individuals/km2), medium (125>x>393 individuals/km2), and high (>393 

individuals/km2).  All of the subwatersheds with low population densities were rural and 

used primarily for agricultural purposes (Subwatersheds 1, 2, 3, 14, and 15).  

Subwatersheds with moderate population densities were found around DFW and had a 

mix of agriculture and urban/residential land use (Subwatersheds 4, 8, and 12).  The 
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subwatersheds with high population density were Subwatersheds 6, 10, and 13.  

Subwatershed 6 contained high residential tracts in several mid-cities; Subwatershed 10 

was located in east Dallas and contains many census tracts that were heavily 

residential; and Subwatershed 13 contained high residential tracts in south Dallas.  

When analyzed cumulatively, population density started low for the West and Elm 

Forks, and increased as the river flowed through DFW.  The subwatersheds in Dallas, 

the East Fork, and immediately downstream of Dallas had high cumulative population 

densities.  Cumulative population density dropped to moderate levels by Subwatershed 

15. 
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Figure 3-9.  Population densities of census tracts in the upper Trinity River watershed.  
Scale 1:7,000,000 scale.
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Table 3-4.  Population densities of near-field (individual) and far-field (cumulative) 
subwatersheds in the upper Trinity River watershed. 

Subwatersheds
Near-Field Far-Field

(ind/square km) (ind/square km)

1 4.85 4.85
2 63.28 63.10
3 23.87 23.87
4 343.40 106.02
6 747.26 164.80
8 392.95 189.73

10 1668.26 224.49
12 257.63 257.63
13 815.49 234.64
14 124.81 228.97
15 24.68 156.87

Population Density
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Figure 3-10.  Population densities of near-field (individual) and far-field (cumulative) 
subwatersheds in the upper Trinity River watershed.   
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Organic Matter Analysis 

Purpose 

The organic matter content of soils is an important parameter to consider when 

evaluating the fate of organic chemicals.  Both animal and plant-derived organic matter 

can sequester organic chemicals due to adsorption.  Adsorption occurs on land soils as 

well as in river sediments.  The surfactants in this study are likely to adsorb to sediment 

with high organic content so it is of value to examine the soil organic matter content in 

the UTRW.  Analysis of organic matter by subwatershed may (1) help predict organic 

matter content measured in environmental media at each sample site, (2) may be an 

important variable in predicting surfactant TU at sample sites, and (3) help future 

predictions of organic chemical sequestration sites within the UTRW.  

Methods 

Soil data were provided by the Soil Data Mart of the Natural Resources 

Conservation Service (NRCS) division of the U.S. Department of Agriculture (USDA) 

website (Table 3-1).  Representative organic matter (OMR)—the average value for 

organic matter content of the soil layer, or horizon, expressed in percent by weight—

was extracted for the 26 counties that are part of the UTRW.  The county OMR 

shapefiles were corrected for overlaps, merged together, and clipped to the shape of 

the UTRW.  New OMR shapefiles were generated for each of the subwatersheds.  The 

partial areas were calculated for each organic matter value within the subwatersheds.  

The representative (i.e., average) organic matter per subwatershed was then 

calculated.  One caveat to the data was that Subwatersheds 3 and 4 had artificially low 
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average organic matter values due to what appeared to be incomplete soil data for 

Archer and Parker Counties.   

Results 

OMR in the UTRW is shown in Figure 3-11, and the average organic matter in 

each subwatershed is shown in Table 3-5 and Figures 3-12.  OMR content of the 

UTRW ranged from 0-6.5%.  In general, OMR content fell along ecoregion boundaries 

(Appendix B).  The Grand Prairie and Blackland Prairie ecoregions had higher OMR 

content than the Eastern and Western Cross Timbers and the Post Oak Savannah 

ecoregions.  However, because of the size of the subwatersheds and their tendencies 

to span several ecoregions, OMR for several subwatersheds were averages between 

low and high organic matter levels. For example, Subwatershed 2 encompassed 

portions of rich-soiled Grand Prairie and Blackland Prairie ecoregions and poorer-soiled 

Eastern and Western Cross Timbers.  However, Subwatersheds 10, 12, 13, and 14 

were primarily within the Blackland Prairie ecoregion and had high OMR values (2.29, 

2.28, 1.96, and 2.14%, respectively).  In addition, if soil data for Parker County were 

more accurate, it is likely that Subwatershed 4 would have had a higher OMR due to a 

large portion of the subwatershed within the Grand Prairie ecoregion.  

OMR in the subwatersheds was compared to total organic carbon content 

measured at each of the sample sites.  OMR per subwatershed is shown in Figure 3-12, 

and total organic carbon per environmental media (i.e., surface water, pore water, and 

sediment) is shown in Table 2-3 and Figure 3-13.  TOC was chosen as the approximate 

equivalent of OMR.  OMR was relatively stable (ranging from 1.25-1.69%) for sample 

sites 1-8 and 15, but sample sites 10-14 (i.e., sample sites located in the Blackland 
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Prairie ecoregion) were elevated (>1.95%).  TOC for surface water, pore water, and 

sediment at sample sites did not follow the same geospatial distribution as the 

representative OMR for the subwatersheds.  TOC in surface water increased 

downstream of the Village Creek WWTP and remained elevated through DFW.  Surface 

water TOC then decreased downstream of the Trinity River main stem-East Fork 

confluence and remained lower to Sample Site 15.  Pore water TOC seemed to 

decrease at sample sites in DFW, whereas upstream and downstream sample sites had 

higher TOC values.  However, these data need to be interpreted with caution because 

of (1) the inability to collect pore water at all sample sites due to sediment types and (2) 

extra centrifugation needed to remove fines from pore water.  Sediment TOC was 

generally constant between samples sites, but there seemed to be a decreasing trend 

as the river flowed downstream (i.e., Sample Sites 1-3 had higher TOC than Sample 

Sites 14-15).  Sample site 10 (downstream of Dallas-Central WWTP) had the highest 

TOC, but this should be read with caution since this may be a sampling artifact due to 

the nature of the heavy clay sediment.  
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Figure 3-11.  Representative organic matter for the upper Trinity River watershed.  The 
map is displayed at 1:2,000,000 scale.
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Table 3-5.  Average representative organic matter (%) for subwatersheds in the upper 
Trinity River watershed.   

Subwatersheds Representative Soil
Organic Matter Content

%

1 1.5975
2 1.5500
3 1.2527
4 1.4282
6 1.2864
8 1.6907

10 2.2899
12 2.2811
13 1.9590
14 2.1389
15 1.6175
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Figure 3-12.  Average representative organic matter (%) by subwatershed in the upper 
Trinity River watershed. 
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Figure 3-13.  Total organic carbon content measured in surface water (top), pore water 
(middle), and sediment (bottom) at each sample site in the upper Trinity River 
watershed.  
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Soil Erodibility Factor (K Factor) Analysis 

Purpose 

The soil erodibility factor (K Factor) is a variable in the universal soil loss 

equation that represents soil loss due to both detachment (erosion) and water 

movement (runoff rate).  Soils with low K Factor values (< 0.25, such as clays) are less 

likely to detach and runoff, whereas soils with high K Factors (> 0.4, such as silts) are 

more likely to detach and runoff (RUSLE, 2002).  Important soil components that 

determine K Factor are organic matter content (reduces detachment), soil structure, and 

permeability. 

 Due to the presence of nine distinct ecoregions within the study area, it was of 

interest to examine the K Factor in the UTRW.  Some subwatersheds may be more 

susceptible to erosion, resulting in different types of soils entering streams and rivers 

and potentially sequestering surfactants in the sediments.  It is possible that K Factor 

played an important role in predicting surfactant toxic units (TU).   

Methods 

Soil data were provided by the Soil Data Mart of the Natural Resources 

Conservation Service (NRCS) division of the U.S. Department of Agriculture (USDA) 

website (Table 3-1).  K Factor was extracted for the 26 counties that are part of the 

UTRW.  The county K Factor shapefiles were corrected for overlaps, then merged 

together and clipped to the shape of the UTRW.  New K Factor shapefiles were 

generated for each of the subwatersheds.  The partial areas were calculated for each K 

Factor value within the subwatersheds.  The normalized K Factor was then calculated 

for each subwatershed. 
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Results 

The K Factor for the UTRW is shown in Figure 3-14.  Though there were wide 

distributions of soils with different K Factor values in the UTRW, there were distinct 

patterns along defined ecoregion boundaries.  The Western and Eastern Cross Timbers 

tended to have soils with higher K Factor values, perhaps due to the sandy and sandy 

loam substrates and topology slopes.  The Grand Prairie and Blackland Prairie 

ecoregions, on the other hand, had consistently moderate K Factor values representing 

fertile soil (fine-textured, clayey soils) that were moderately susceptible to detachment.  

In the Post Oak Savannah, south of the Blackland Prairie, K Factor values increased in 

the higher elevations (sandy and sandy loams) yet remained moderate in the low-lying 

areas (clay and clay loams). 

Similar to the soil organic matter values, the size of the subwatersheds tended to 

moderate the high and low K Factors within the subwatersheds.  Averaged K Factor 

values for subwatersheds ranged from 0.26 to 0.34 (Table 3-6 and Figure 3-15).  The 

lowest value was seen in Subwatershed 4 and the highest value was seen in 

Subwatershed 1.  Also similar to the organic matter values was the fact that 

Subwatersheds 3 and 4 had artificially low average organic matter values due to what 

appears to be incomplete soil data for Archer and Parker Counties.  If Parker County 

soil values were more accurate, Subwatershed 4 might have had a higher average K 

Factor value due to a significant amount of subwatershed residing in the Western Cross 

Timbers ecoregion.   
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Figure 3-14.  Soil erodibility factor (K Factor) in the upper Trinity River watershed.  The 
map is displayed at 1:2,000,000 scale. 
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Table 3-6.  Average soil erodibility factor (K Factor) for subwatersheds in the upper 
Trinity River Watershed. 

Subwatersheds Average Soil
Erodibility Factor

(K Factor)

1 0.3372
2 0.3127
3 0.3084
4 0.2610
6 0.3083
8 0.3202

10 0.3006
12 0.3036
13 0.3130
14 0.3246
15 0.3203
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Figure 3-15.  Average soil erodibility factor (K Factor) for subwatersheds in the upper 
Trinity River Watershed.   
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Average Annual Rainfall Analysis 

Purpose 

Rainfall in north central Texas varies by region and season.  The annual rainfall 

dictates the amount of flow in the Trinity River and its tributaries.  The higher the rainfall, 

such as during spring, the more likely the sediment on the river bottom will be scoured.  

In contrast, the lower the rainfall, such as during summer, the less scouring occurs.  

Less scouring results in more accumulation of sediments and adsorption of surfactants.  

Thus, rainfall in the UTRW was calculated for each subwatershed. 

Methods 

A shapefile with the rainfall of Texas was obtained from the Texas General Land 

Office website (Table 3-1).  Rainfall was clipped and analyzed according to 

subwatersheds.  Since subwatersheds generally spanned several rainfall zones, rainfall 

was calculated as a weighed average according to the area encompassed by individual 

rainfall values.   

Results 

Average annual rainfall in the UTRW ranged from 29 inches in the western 

sections of the West Fork to 43 inches in the eastern section of the UTRW (Figure 3-

16).  Rainfall by subwatersheds is shown in Table 3-7 and Figure 3-17.  The 

subwatershed with the least annual rainfall was Subwatershed 3 (32.27 inches), located 

in the northwestern corner of the UTRW.  Annual rainfall got progressively larger the 

further east the subwatersheds were located.  The subwatershed with the most annual 

rainfall was subwatershed 12, located in the northeastern corner of the UTRW (39.70 

inches).     
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Figure 3-16.  Average annual rainfall in the upper Trinity River watershed.  Map at 
1:1,700,000 scale.   
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Table 3-7.  Average annual rainfall by subwatersheds in the upper Trinity River 
watershed. 
 

Subwatersheds Average Annual
Rainfall
(inches)

1 35.00
2 37.53
3 32.27
4 33.38
6 34.61
8 35.30

10 37.71
12 39.70
13 37.00
14 37.19
15 38.47
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Figure 3-17.  Average annual rainfall by subwatersheds in the upper Trinity River 
watershed. 
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Slope Analysis 

Purpose 

Slope of the landscape dictates water runoff, soil erosion, and sedimentation in 

streams and rivers.  Hence, average slope of a subwatershed may assist in the 

prediction of surfactants concentrations at the sample sites. 

Methods 

Seamless elevation raster data files (30x30 m resolution) were obtained from the 

National Elevation Dataset (NED) website (Table 3-1).  Due to the large size of the 

watershed, several elevation raster data files were mosiaced together and then clipped 

to the shape of the UTRW.  The UTRW raster file was then clipped to the shapes of the 

individual subwatersheds.  Slope, expressed as a percentage, was determined using 

the ArcMap spatial analysis toolbar.  This value was then divided by the number of 

pixels within each subwatershed’s raster image to generate the average slope (%).  

Results 

The average slope of the UTRW is shown in Figures 3-18.  The highest 

elevations were in the western region of the UTRW, especially Subwatersheds 1, 3, 4, 

and part of 8.  This was reflected in the average slope in each of these subwatersheds 

(7.87, 4.18, 4.05, and 3.23%, respectively) (Table 3-8 and Figure 3-19).  The slope for 

Subwatershed 1 was especially high because of its small size and its elevation near the 

headwaters of Clear Creek (Figure 3-19).  The topologies of the other subwatersheds 

were relatively flat, resulting in average slope values between 2-3%.    
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Figure 3-18.  Average slope in the upper Trinity River watershed.  Slope values are 
expressed as a percentage (%).  Map at 1:2,000,000 scale.
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Table 3-8.  Average slope of subwatersheds in the upper Trinity River watershed.  
  

Subwatersheds Avg Slope per Cell
(%)

1 7.87
2 3.03
3 4.18
4 4.05
6 2.75
8 3.23

10 2.39
12 2.76
13 2.54
14 2.17
15 2.61
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Figure 3-19.  Average slope of subwatersheds in the upper Trinity River watershed. 
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Chapter 3 Summary 

• Land use:  Agriculture was overall the predominant land use in the UTRW with 

high levels in the northwest, northeast, and southeast regions of the watershed. 

Residential land use showed the reverse pattern of agriculture with 

predominance in the middle of the watershed.  Urban land use followed a very 

similar pattern as residential land use.   

• Population density:  All the subwatersheds with low population densities were 

rural and used primarily for agricultural purposes.  All subwatersheds with 

medium or high population densities were located within DFW (6, 10, and 13).   

• Soil organic matter content:  Organic matter content fell along ecoregion 

boundaries.  However, because of the size of the subwatersheds and their 

tendencies to span several ecoregions, organic matter content for several 

subwatersheds were averages between low and high organic matter levels.  In-

stream measurements of surface water, pore water, and sediment total organic 

carbon, an approximate equivalent of organic matter, did not follow the same 

geospatial distribution as the soil organic matter content for the subwatersheds.  

Incomplete data for Archer and Parker counties may have reduced the accuracy 

of soil organic matter analysis for their respective subwatersheds. 

• Soil erodibility factor:  Soil erodibility factor fell along ecoregion boundaries, and 

like soil organic matter content, subwatershed values consisted of averages 

between high and low areas.  Incomplete data from Archer and Parker counties 

may have reduced the accuracy of soil erodibility factor analysis for their 

respective subwatersheds. 
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• Rainfall:  Average annual rainfall in the UTRW ranged from 29 inches in the 

western sections of the West Fork to 43 inches in the southeastern section of the 

UTRW.  Rainfall increased as the Trinity River flowed to the southeast. 

• Slope:  Average slope was highest in the northwestern-most subwatersheds 

(approximately 3-8%).  Slope of the other subwatersheds were relatively flat, 

resulting in average slope values between 2-3%. 
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CHAPTER 4 
 

PREDICTION OF SURFACTANT SURFACE WATER AND PORE WATER TOXIC 

UNITS USING IN-STREAM AND GEOSPATIAL PARAMETERS  

Introduction 

 The analysis of consumer surfactants in surface waters, pore waters, and 

sediments is a time- and resource-intensive endeavor.  Environmental media extraction 

is difficult due to biodegradation between collection and analysis, as well as potential 

contamination from glassware cleaning and samplers.  Analytical method development 

and analysis of surfactant homologues, isoforms, and breakdown products, numbering 

in the hundreds of individual chemicals, takes lots of time and money.  Thus, it is of 

interest to see if geospatial and/or in-stream water quality parameters can be used to 

predict real-world in-stream surfactant concentrations, expressed as toxic units.  

Statistical analyses were performed to select the most appropriate parameters for 

predicting surfactant SWTU and PWTU in the UTRW.  Furthermore, geospatial and in-

stream water quality parameters that make up the best SWTU and PWTU prediction 

models were combined to make a best overall prediction model.  

Methods 

Eighteen different geospatial parameters from 11 sample sites were available to 

predict surfactant surface water toxic units (SWTU) and pore water toxic units (PWTU) 

in the UTRW.  However, statistical limitations prevent the use of all 18 parameters in 

order to generate the most appropriate model for SWTU and PWTU.  Therefore, steps 

were taken to reduce the number of parameters used for analysis.   
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First, geospatial parameters were divided into near-field (i.e., individual) and far-

field (i.e., cumulative) watershed analyses.  Second, Pearson’s correlation analyses 

were performed using SAS statistical software (version 9, Cary, North Carolina) on all 

parameters to determine which parameters had the highest correlation with SWTU and 

PWTU, and were ranked in order of absolute highest to absolute lowest.  Pearson’s 

correlation values also showed covariation between parameters.  Parameters with high 

levels of covariance, in this case r2 ≥ 0.5 and p ≤ 0.001 (also called correlation 

redundancy), were reduced from the equation, leaving only the parameter with the 

higher correlation value and removing the parameter(s) with the lower correlation 

value(s) (gray highlights in Tables 4-1, 4-2, 4-4, 4-5, and 4-7).   

Third, the number of parameters used was further reduced (blue-green 

highlights) based on statistical limitations (i.e., degrees of freedom).  The number of 

parameters to use for prediction models was determined using the Mallow’s C(p) 

statistical analysis on the SAS statistical software.  Mallow’s analysis calculated the 

amount of variance (p and C(p)) in a multiple regression model with each additional 

independent parameter added to the equation.  The resultant R2 value for the models 

with each additional parameter was also determined.  The point where the variance 

value first approached the parameter (p) line was the number of parameters predicted 

to produce the best model with the lowest variance. 

 Finally, multiple regression analyses were performed using the Maximum R-

Square Improvement method (SAS statistical software) to verify Mallow’s C(p)  

statistical analyses of the best parameters to model surfactant SWTU and PWTU.  

Near-field and far-field geospatial parameters and in-stream water quality parameters 
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were the independent variables and the surfactant SWTU and PWTU were the resultant 

dependent variables.  Partial R2 values were calculated for each regression model 

parameter.  Finally, measured and predicted SWTU and PWTU for each sample site in 

the UTRW were graphed to visualize the accuracy of the multiple regression prediction 

models.  

Results 

Geospatial Parameters 

Table 4-1 shows the results of the Pearson’s correlation analysis between near-

field geospatial parameters and surfactant TU, and Table 4-2 shows the results of the 

Pearson’s correlation analysis between far-field geospatial parameters and surfactant 

TU.  For near-field geospatial parameters, the largest correlation for SWTU was seen 

with forest land use (r = 0.64565), and the largest correlation for PWTU was seen with 

average soil organic matter (r = -0.63376).  For far-field geospatial parameters, the 

largest correlation for SWTU was average annual rainfall (r = 0.3473), and the largest 

correlation for PWTU was seen with average soil organic matter (r = -0.63376).  

Pearson’s correlation values also showed which parameters covaried with each 

other.  Only parameters with high levels of covariance, in this case r2 ≥ 0.5 and p ≤ 

0.001, were reduced from being used for modeling surfactant TU, indicated by the gray 

highlights in Tables 4-1 and 4-2.  For near-field analysis of SWTU, urban land use was 

used in place of residential land use and population density, whereas for near-field 

analysis of PWTU, population density was used in place of residential and urban land 

uses.  For far-field analysis of SWTU and PWTU, residential land use was used in place 

of population density.  
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The number of parameters used for SWTU and PWTU prediction was further 

reduced based on statistical limitations (i.e., degrees of freedom).  The number of 

parameters used for prediction models were determined using the Mallow’s C(p) 

statistical analysis.  Basically, if Mallow’s C(p) statistical analysis could not be 

performed by the SAS statistical software, too many parameters were added to the 

model.  Thus, parameters with the lowest Pearson’s correlation values were removed 

one-by-one from the SWTU and PWTU model equations (as indicated by blue-green 

highlights in Tables 4-1 and 4-2) until Mallow’s C(p) statistical analysis was performed.  

In the end, 9 near-field and far-field parameters were used to generate a prediction 

model for SWTU, and 8 near-field and far-field parameters were used to generate a 

prediction model for PWTU.       

Near-field and far-field geospatial parameters were first compared to see which 

was the better predictor of surfactant TU.  For SWTU, Mallow’s C(p) and the Maximum 

R-Square Improvement statistical analyses suggested using a 3 near-field geospatial 

parameter model that was highly statistically significant (p = 0.0009, R2 = 0.8936; Figure 

4-1) and consisting of forest land use, average annual rainfall, and average soil 

erodibility factor, whereas Mallow’s C(p) and the Maximum R-Square Improvement 

statistical analyses suggested using an 8 far-field geospatial parameter model (p = 

0.3959, R2 = 0.8816; Figure 4-2) consisting of average annual rainfall, average soil 

erodibility factor, slope, area, urban land use, water land use, agriculture land use, and 

forest land use.  Thus, Mallow’s C(p) and the Maximum R-Square Improvement 

statistical analyses suggested that near-field geospatial parameters were better at 

modeling surfactant SWTU than far-field geospatial parameters.   
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For PWTU, Mallow’s C(p) and the Maximum R-Square Improvement statistical 

analyses suggested using a 6 near-field geospatial parameter model (p = 0.2551, R2 = 

0.8283; Figure 4-3) consisting of average soil organic matter content, population 

density, area, slope, agriculture land use, and soil erodibility factor, whereas Mallow’s 

C(p) and the Maximum R-Square Improvement statistical analyses suggested using a 7 

far-field geospatial parameter model (p = 0.4248, R2 = 0.8538; Figure 4-4) consisting of 

urban land use, slope, residential land use, forest land use, soil erodibility factor, 

average annual rainfall, and agriculture land use.  Though neither model was 

statistically significant, C(p) and statistical analyses indicate that near-field geospatial 

parameters were better at predicting PWTU.  

Overall, Mallow’s C(p) and the Maximum R-Square Improvement statistical 

analyses suggested that near-field geospatial parameters were better at modeling both 

SWTU and PWTU than far-field geospatial parameters.  Therefore, only near-field 

geospatial parameters were considered for modeling surfactant TU. 

The models generated by Maximum R-Square Improvement statistical analyses 

to predict surfactant SWTU and PWTU using geospatial parameters are as followed:  

 

SWTU =  -0.05058 + (0.00196) * Near-Field Forest Land Use (%) + (0.00683) * 

Average Annual Rainfall (inches/yr) - (0.48170) * Average Soil Erodibility 

Factor (p = 0.0009) 

 

PWTU =  1.52426 - (0.04330) * Soil Organic Matter Content (%) - (0.00020322) * 

Near-Field Population Density (individuals/km2) + (0.00000378) * Near-
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Field Area (km2) - (0.05707) * Average Slope - (0.00386) * Near-Field 

Agriculture Land Use (%) - (2.56995) * Average Soil Erodibility Factor (p = 

0.2511) 

 

The significance of the model and the individual contributing factors, as well as 

the partial R2 values are shown in Table 4-3.  Also, Figures 4-5 and 4-6 compare the 

measured TU versus the predicted TU for surface water and pore water, respectively.  

The SWTU regression model generated a graph with a R2 = 0.8936 between measured 

and predicted SWTU, and the PWTU regression model generated a graphs with a R2 = 

0.8286 between measured and predicted PWTU.  
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Table 4-1.  Pearson’s correlation analysis of near-field geospatial parameters and 
surfactant SWTU and PWTU.  Parameters listed in descending order of absolute value.  
Grey highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  

Correlation Correlation
Near-Field with Near-Field with
Parameter SWTU Parameter PWTU

Forest Land Use 0.64565 Avg Soil Organic Matter -0.63376
Urban Land Use -0.62613 Population Density -0.59366
Area 0.57575 Forest Land Use 0.58001
Residential Land Use -0.57049 Urban Land Use -0.55234
Population Density -0.5376 Area 0.50005
Water Land Use 0.36239 Residential Land Use -0.49555
Avg Annual Rainfall 0.3473 Slope 0.45697
Agriculture Land Use 0.34666 Agriculture Land Use 0.34796
Soil Erodibility Factor 0.26322 Soil Erodibility Factor -0.26808
Slope 0.25574 Avg Annual Rainfall -0.23314
Avg Soil Organic Matter -0.09023 Water Land Use 0.22467
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Table 4-2.  Pearson’s correlation analysis of far-field geospatial parameters and 
surfactant SWTU and PWTU.  Parameters listed in descending order of absolute value.  
Grey highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  

Correlation Correlation
Far-Field with Far-Field with

Parameter SWTU Parameter PWTU

Avg Annual Rainfall 0.3473 Avg Soil Organic Matter -0.63376
Residential Land Use -0.33622 Urban Land Use -0.47212
Soil Erodibility Factor 0.26322 Slope 0.45697
Slope 0.25574 Residential Land Use -0.43176
Area 0.20038 Population Density -0.4246
Urban Land Use -0.17855 Forest Land Use 0.27388
Population Density -0.1728 Soil Erodibility Factor -0.26808
Water Land Use 0.14439 Avg Annual Rainfall -0.23314
Agriculture Land Use 0.1277 Agriculture Land Use 0.12048
Forest Land Use 0.11887 Water Land Use -0.07912
Avg Soil Organic Matter -0.09023 Area 0.026
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Figure 4-1.  Mallow’s C(p) statistical analysis of near-field geospatial parameters to 
model surfactant SWTU. 
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Figure 4-2.  Mallow’s C(p) statistical analysis of far-field geospatial parameters to model 
surfactant SWTU. 
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Figure 4-3.  Mallow’s C(p) statistical analysis of near-field geospatial parameters to 
model surfactant PWTU. 
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Figure 4-4.  Mallow’s C(p) statistical analysis of far-field geospatial parameters to model 
surfactant PWTU. 
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Table 4-3.  Near-field geospatial parameters used to generate a model for surfactant 
surface water toxic units (SWTU) and surfactant pore water toxic units (PWTU). 

Partial R2 F Value P value

0.4169 48.71 0.0002
0.3312 31.17 0.0008
0.1455 9.56 0.0175
0.8936 19.59 0.0009

Partial R2 F Value P value

0.4017 0.48 0.5388
0.133 3.18 0.1726

0.0257 0.45 0.5508
0.1135 1.83 0.2691
0.0862 1.98 0.2543
0.0682 4.15 0.1343
0.8283 2.41 0.2511

PWTU Model

SWTU Model

Average Annual Rainfall
Average Soil Erodibility Factor

Near-Field Geospatial Parameters

Average Soil Erodibility Factor
Model

Model

Near-Field Geospatial Parameters

Soil Organic Matter Content
Near-Field Population Density

Near-Field Area
Average Slope

Near-Field Agriculture Land Use

Near-Field Forest Land Use
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Figure 4-5.  Measured versus predicted surfactant SWTU using near-field geospatial 
parameters (R2 = 0.8936). 
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Figure 4-6.  Measured versus predicted PWTU using near-field geospatial parameters 
(R2 = 0.8286). 
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In-Stream Water Quality Parameters 

Twenty-six in-stream water quality parameters were used to predict surfactant 

SWTU and PWTU in the UTRW.  Pearson’s correlations and Mallow’s C(p) analysis 

were also performed on the in-stream water quality parameters in order to limit the 

number of parameters used for the multiple regression analyses.  Tables 4-4 and 4-5 

show the results for the Pearson’s correlations for SWTU and PWTU, respectively.  For 

SWTU analyses, correlation redundancies were found between sediment fines content 

and sediment sand content and sediment exchange capacity, as well as between 

surface water chloride and surface water specific conductance.  In this case, sediment 

fines content and surface water chloride had the higher Pearson’s correlation value and, 

thus, were used in lieu of these other correlates.  For PWTU analyses, correlation 

redundancies were found between sediment sand content and sediment fines content 

and sediment cation exchange capacity, as well as between surface water specific 

conductance and surface water chloride.  In this case, sediment sand content and 

surface water specific conductance were used in lieu of these other correlates.  In 

addition to correlation redundancies, sediment moisture content was eliminated from 

PWTU modeling because of potential errors in its collection in the field and field 

centrifugation.  The degrees of freedom limiting the number of parameters for multiple 

regression analyses resulted in the top 5 parameters being used for SWTU analysis and 

the remaining top 6 parameters being used for PWTU analysis.       

Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses 

generated a statistically significant 2 parameter model for SWTU (p = 0.0044; R2 = 

0.9336).  The model consisted of surface water hardness and surface water chemical 
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oxygen demand (COD).  For PWTU, Mallow’s C(p) and the Maximum R-Square 

Improvement statistical analyses generated a 5 parameter model (p = 0.1628, R2 = 

0.9314), consisting of sediment total Kjeldahl nitrogen (TKN), sediment total organic 

carbon (TOC), surface water COD, sediment sulfide content, and pore water total 

suspended solids (TSS).   

The models generated by Maximum R-Square Improvement statistical analyses 

to predict surfactant SWTU and PWTU using in-stream water quality parameters are as 

follows:  

 

SWTU =  -0.02740 + (0.00035370) * Surface Water Hardness (mg CaCO3/ml) + 

(0.00257) * Surface Water COD (mg/l) (p = 0.0044) 

 

PWTU =  0.14798 - (0.00030617) * Sediment Total Kjeldahl Nitrogen (mg/kg) + 

(0.00003476) * Sediment TOC + (0.0123) * Surface Water COD - 

(0.05228) * Sediment Sulfide + (0.00163) * Pore Water TSS (p = 0.1628) 

 

The significance of the model and the individual contributing factors, as well as the 

partial R2 values are shown in Table 4-7.  Also, Figures 4-9 and 4-10 compare the 

measured TU versus the predicted TU for surface water and pore water, respectively.  

The SWTU regression model generated a graph with a R2 = 0.7755 between measured 

and predicted SWTU, and the PWTU regression model generated a graphs with a R2 = 

0.9314 between measured and predicted PWTU.  
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Table 4-4.  Pearson’s correlation analysis of in-stream water quality parameters and 
surfactant SWTU.  Parameters listed in descending order of absolute value.  Grey 
highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  

Correlation
In-Stream with
Parameter SWTU

Surface Water Hardness 0.67163
Surface Water COD 0.61089
Pore Water Hardness -0.5972
Surface Water TSS 0.57946
Surface Water TOC -0.42105
Pore Water TDS 0.40671
Sediment TKN -0.40508
Sediment TOC -0.39014
Turbidity 0.32445
Sediment Sulfide 0.24827
Surface Water Flow 0.24605
Surface Water Redox Potential 0.19951
Surface Water TDS 0.17808
Surface Water Dissolved Oxygen 0.17251
pH 0.16175
Surface Water Chloride 0.15864
Sediment Gravel Content -0.11719
Pore Water TOC 0.11014
Pore Water TSS -0.0896
Surface Water Conductivity 0.07611
Sediment Moisture Content -0.06019
Sediment Fines Content 0.05371
Sediment phosphorus -0.04663
Sediment Sand Content -0.03863
Surface Water Temperature -0.03453
Sediment Cation Exchange Capacity 0.02386
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Table 4-5.  Pearson’s correlation analysis of in-stream water quality parameters and 
surfactant PWTU.  Parameters listed in descending order of absolute value.  Grey 
highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  Orange highlight indicates parameter was not used for analysis because of 
concern of potential artifact of field collection. 

Correlation
In-Stream with
Parameter PWTU

Sediment TKN -0.80984
Sediment Moisture Content -0.66855
Sediment TOC -0.65638
Surface Water COD 0.61522
Sediment Sulfide -0.61319
Sediment Sand Content 0.57241
Sediment Fines Content -0.54404
Pore Water TSS -0.50554
Sediment Cation Exchange Capacity -0.50364
Sediment Phosphate -0.47421
Pore Water TDS 0.45209
Pore Water Hardness -0.38016
pH 0.34692
Surface Water TOC -0.27553
Surface Water Hardness 0.24817
Surface Water TSS 0.23917
Surface Water Turbidity 0.23901
Surface Water Temperature -0.23476
Surface Water Conductivity -0.22479
Surface Water Chloride -0.18719
Surface Water Dissolved Oxygen -0.1754
Surface Water Redox Potential -0.08928
Surface Water Flow -0.08351
Pore Water TOC 0.07517
Surface Water TDS 0.07428
Sediment Gravel Content -0.05663
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Figure 4-7.  Mallow’s C(p) statistical analysis of in-stream water quality parameters and 
surfactant SWTU. 
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Figure 4-8.  Mallow’s C(p) statistical analysis of in-stream water quality parameters and 
surfactant PWTU. 
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Table 4-6.  In-stream water quality parameters used to generate a model for surfactant 
surface water toxic units (SWTU) and surfactant pore water toxic units (PWTU). 

Partial R2 F Value P value

0.7867 14.67 0.0186
0.1469 8.86 0.0409
0.9336 28.14 0.0044

Partial R2 F Value P value

0.3357 3.39 0.2069
0.1446 4.71 0.1622
0.4157 5.36 0.1467
0.0269 0.81 0.4634
0.0085 0.25 0.6684
0.9314 5.43 0.1628

SWTU Model

PWTU Model

Sediment TKN
Sediment TOC

Surface Water COD

In-Stream Water Quality Parameters

In-Stream Water Quality Parameters

Surface Water Hardness
Surface Water COD

Sediment Sulfides
Pore Water TSS

Model

Model
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Figure 4-9.  Measured versus predicted SWTU using in-stream water quality 
parameters (R2 = 0.7755). 
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Figure 4-10.  Measured versus predicted PWTU using near-field geospatial parameters 
(R2 = 0.9314). 
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Combined Parameters 

The above near-field geospatial and in-stream water quality prediction model 

parameters were combined and used to generate a best overall parameter model for 

SWTU and PWTU.  For SWTU, 5 total parameters (3 near-field geospatial parameters 

and 2 in-stream water quality parameters) were used for analysis (Table 4-7).  For 

PWTU, 11 total parameters (6 near-field geospatial parameters and 5 in-stream water 

quality parameters) were used for analysis, but statistical limitations reduced the 

parameter list to 6 (Table 4-7). 

Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses 

generated a highly statistically significant 3 parameter model for SWTU (p = 0.0009; R2 

= 0.8936).  The model consisted of near-field forest land use, average annual rainfall, 

and soil erodibility factor (Figure 4-11).  For PWTU, Mallow’s C(p) and the Maximum R-

Square Improvement statistical analyses generated a statistically significant 3 

parameter model (p = 0.0028, R2 = 0.8904), consisting of sediment TKN, sediment 

TOC, and surface water COD (Figure 4-12).   

The models generated by Maximum R-Square Improvement statistical analyses 

to predict surfactant SWTU and PWTU using the combined parameters are as followed:  

 

SWTU =  -0.5073 + (0.00197) * near-field forest land use (%) + (0.00683) * average 

annual rainfall (inches) – (0.48153) * soil erodibility factor (p = 0.0009) 
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PWTU =  0.06334 – (0.00042101) * sediment TKN (mg/kg) + (0.00003267) * 

sediment TOC (mg/kg) + (0.00858) * surface water COD (mg/l) (p = 

0.0028) 

 

The significance of the model and the individual contributing factors, as well as 

the partial R2 values are shown in Table 4-8.  Also, Figures 4-13 and 4-14 compare the 

measured TU versus the predicted TU for surface water and pore water, respectively.  

The SWTU regression model generated a graph with a R2 = 0.8932 between measured 

and predicted SWTU, and the PWTU regression model generated a graphs with a R2 = 

0.8904 between measured and predicted PWTU.  

 97 
 



Table 4-7.  Pearson’s correlation analysis between SWTU, PWTU, and the parameters 
that make up the best near-field geospatial and in-stream water quality regression 
models for SWTU and PWTU.  Parameters listed in descending order of absolute value.  
Blue-green highlight indicates parameters not used for analysis in order to not violate 
statistical limitations.   

Correlation
Combined with

Parameters SWTU

Surface Water Hardness 0.67163
Near-Field Forest Land Use 0.64565

Surface Water COD 0.61089
Average Annual Rainfall 0.3473

Soil Erodibility Factor 0.26322

Correlation
Combined with 

Parameters PWTU

Sediment TKN -0.80984
Sediment TOC -0.65638

Soil Organic Matter Content -0.63376
Surface Water COD 0.61522

Sediment Sulfide 0.61319
Near-Field Population Density -0.59366

Pore Water TSS -0.50554
Near-Field Area 0.50005

Slope 0.45697
Near-Field Agriculture Land Use 0.34796

Soil Erodibility Factor -0.26808
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Figure 4-11.  Mallow’s C(p) statistical analysis of combined geospatial and in-stream 
water quality parameters and surfactant SWTU. 
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Figure 4-12.  Mallow’s C(p) statistical analysis of combined geospatial and in-stream 
water quality parameters and surfactant PWTU. 
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Table 4-8.  Best near-field geospatial and in-stream water quality parameters used to 
generate a model for surfactant surface water toxic units (SWTU) and surfactant pore 
water toxic units (PWTU). 

Partial R2 F Value P value

0.4169 48.69 0.0002
0.3312 31.17 0.0008
0.1455 9.57 0.0175
0.8936 19.59 0.0009

Partial R2 F Value P value

0.6558 20.18 0.0041
0.1523 8.34 0.0278
0.0823 9.9 0.0199
0.8904 16.25 0.0028Model

PWTU Parameters

Sediment TKN
Sediment TOC

Surface Water COD

Model

SWTU Parameters

Near-Field Forest Land Use
Average Annual Rainfall

Soil Erodibility Factor
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Figure 4-13.  Measured versus predicted SWTU using combined near-field geospatial 
and in-stream water quality parameters (R2 = 0.8932). 
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Figure 4-14.  Measured versus predicted PWTU using combined near-field geospatial 
and in-stream water quality parameters (R2 = 0.8904). 
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Discussion 

Geospatial Parameters 

Total surfactant SWTU was predicted with a 3 near-field geospatial parameter 

model.  All three individual parameters were statistically significant in predicting SWTU, 

and the 3-parameter model was highly statistically significant (p = 0.0009).  Based on 

this model, near-field forest land use and average annual rainfall contributed the most to 

the surfactant SWTU model (combined partial R2 = 0.75).  Interestingly, near-field forest 

land use had the highest Pearson’s correlation value with surfactant SWTU (r = 

0.64565) and was the largest contributor to the SWTU model (partial R2 = 0.42).   

Total surfactant PWTU was predicted with a 6 near-field geospatial parameter 

model.  Soil organic matter content and near-field population density contributed the 

most to the model (partial R2 = 0.53).  Interestingly, these two parameters had the 

highest absolute Pearson’s correlation values with PWTU (r = -0.63376 and r = -

0.59366, respectively).   

 There was an interesting trend in the parameters chosen for the SWTU and 

PWTU models.  For SWTU, of the nine parameters available, only three were chosen:  

near-field forest, rainfall, and soil erodibility.  However, for PWTU, six of the eight 

available parameters were chosen, but the two excluded from the equation were near-

field forest and rainfall.  It is interesting that for surface water, near-field forest land use, 

and rainfall were most important for predicting SWTU, but least important for predicting 

PWTU in pore water.  Average soil erodibility (k factor) was the only common parameter 

for both equations, but it was not a big contributor to either equation (partial R2 = 0.15 

and 0.07 for SWTU and PWTU, respectively).  The link between the two is not 
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understood.  It should also be reemphasized that Subwatersheds 3 and 4 had artificially 

low soil erodibility factor values due to what appeared to be incomplete soil data for 

Archer and Parker counties.  More up-to-date soil data should be investigated and used 

for future analyses.    

In-Stream Water Quality Parameters 

SWTU was predicted by a statistically significant 2 in-stream parameter model (p 

= 0.0044, R2 = 0.93).  Both surface water hardness and surface water COD were 

positively correlated with surfactant SWTU.  Both surface water hardness and surface 

water COD also had the highest Pearson’s correlation with SWTU.  Surface water 

hardness contributed the most to the model (partial R2 = 0.79).  PWTU was predicted by 

a 5 in-stream parameter model (p = 0.1628, R2 = 0.93).  TKN contributed the most to 

the model with a partial R2 = 0.66 and had the highest Pearson’s correlation value (r = -

0.809843).  Surface water COD is the only in-stream water quality parameter used in 

both SWTU and PWTU predictive models.   

Combined Parameters 

The 3 near-field geospatial parameters and 2 in-stream water quality parameters 

used to generate the SWTU prediction models were combined to generate a prediction 

models with the best overall parameters.  The result was that the same 3 near-field 

geospatial parameters (near-field forest land use, average annual rainfall, and soil 

erodibility factor) were chosen to best predict total surfactant SWTU at high statistical 

significance (p = 0.0009).  These were the exact same results as seen above with near-

field geospatial parameters alone.  These parameters were a bit surprising because the 
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two in-stream water quality parameters excluded from the model actually had the 

highest and third highest overall absolute correlation with SWTU.    

The 6 near-field geospatial parameters and 5 in-stream water quality parameters 

used to generate the PWTU prediction models were also combined to generate a 

prediction model with the best overall parameters.  The 3 best overall parameter 

regression model included the first 3 parameters in the in-stream model, sediment TKN, 

sediment TOCs, and CODsw.  These three parameters had the same correlation values 

in the best overall model as in the in-stream parameter model only, as well as three of 

the top four correlation values to PWTU for the combined parameters.   

An interesting observation for these best overall parameter models is that they 

are not a mix of near-field geospatial and in-stream water quality parameters.  Rather, 

they consist of only near-field geospatial parameters for surfactant SWTU and only in-

stream water quality parameters for surfactant PWTU.  Both models were statistically 

significant and had high R-Square values (p = 0.0028 and R2 = 0.8936 for SWTU, and p 

= 0.0009 and R2 = 0.8904 for PWTU).  This may be an indication that near-field 

geospatial parameters are good for predicting surface water surfactant concentrations, 

and that in-stream water quality parameters are best for predicting pore water surfactant 

concentrations.  This knowledge could be helpful in reducing field research costs by 

improving study design and analyses performed.   
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Chapter 4 Summary 

• Near-field geospatial parameters were better at predicting surfactant SWTU and 

PWTU. 

• Both near-field geospatial parameters and in-stream water quality parameters 

predicted surfactant SWTU with statistically significant models (p = 0.0009 and p 

= 0.0044, respectively).   

• Both models used a minimal number of parameters to predict surfactant SWTU, 

too (3 near-field geospatial parameters and 2 in-stream water quality 

parameters).  This made deciding on the better model difficult.  The in-stream 

model used fewer parameters and generated less variance, but requires 

environmental sample collection and laboratory analysis.  The near-field 

geospatial model used more parameters and generated more variance, but it can 

be quickly generated and analyzed.  Thus, choosing the better model to predict 

surfactant SWTU may be a subjective choice of the user based on their comfort 

and ability to do either geospatial or in-stream analyses. 

• When the near-field geospatial parameters and in-stream water quality 

parameters were combined to generate a best overall SWTU regression model, 

the result was the exact same as the near-field geospatial parameters alone.  

Therefore, a highly statistically significant 3 near-field geospatial parameter 

model (near-field forest land use, average annual rainfall, and soil erodibility 

factor) is best at predicting surfactant SWTU in the UTRW (p = 0.0009). 

• When the near-field geospatial parameters and in-stream water quality 

parameters were combined to generate a best overall PWTU regression model, 
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• Regression model results from the combined parameters analyses indicate that 

near-field geospatial parameters are good for predicting surface water surfactant 

concentrations, and that in-stream water quality parameters are best at predicting 

pore water surfactant concentrations.  This knowledge could be helpful in 

reducing field research costs by improving study design and analyses performed.   
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CHAPTER 5 
 

PREDICTION OF NUTRIENT LOADING IN THE UPPER TRINITY RIVER 

WATERSHED USING IN-STREAM AND GEOSPATIAL PARAMETERS AS 

SURROGATES 

Introduction 

Nutrient loading into water bodies is an important issue monitored by water 

management organizations around the world.  Excess loading of nutrients into streams, 

rivers, and lakes upset the natural balances between nutrients and aquatic 

communities.  For example, excess nitrogen from natural and anthropogenic sources 

(i.e., animal manure and sewage treatment discharges, respectively) can cause 

overgrowth of blue-green algae, resulting in reductions of natural algae and 

macrophytes, fish die-offs, distasteful drinking water, and increased resources devoted 

to removal by water management agencies.  Therefore, it was of interest to examine 

whether geospatial parameters and in-stream water quality parameters could be used to 

predict nutrient loading (i.e., nitrogen (TKN), phosphorus, and organic carbon (TOC)) in 

the UTRW.  Based on peer-reviewed literature searches, this endeavor would be the 

first for water management in the upper Trinity River watershed.  

Methods 

Statistical methods used in Chapter 4 (Pearson’s correlation, Mallow’s C(p) 

statistics, statistical limitations, and Maximum R-Square Improvement method of 

multiple regression analyses) were also used for sediment TKN, sediment total 

phosphorus, surface water TOC, pore water TOC, and sediment TOC analyses. 
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Results 

Sediment TKN 

Analyses started with the same 18 geospatial parameters and 26 in-stream water 

quality parameters as the analyses in Chapter 4 (Table 5-1).  Pearson’s correlation 

analysis of near-field geospatial parameters to TKN showed that population density, 

urban land use, and residential land use were highly correlated.  Therefore, near-field 

population density was used as the correlative surrogate because it had the higher 

correlation value (r = 0.7464).  Thus, 9 near-field geospatial parameters were used for 

model predictions.  Pearson’s correlation analysis of far-field geospatial parameters 

showed that urban land use and population density were highly correlated.  Therefore, 

far-field urban land use was used as the correlative surrogate because it had the higher 

correlation value (r = 0.312).  Statistical limitations resulted in 9 far-field geospatial 

parameters used for model predictions.  Pearson’s correlation analysis of in-stream 

water quality parameters showed that surface water chloride and surface water specific 

conductance were highly correlated, and that sediment fines content was highly 

correlated with sediment sand content and sediment cation exchange capacity.  

Therefore, surface water chloride and sediment fines content were used as the 

correlative surrogates.  In addition, statistical limitations resulted in 5 in-stream water 

quality parameters used for model predictions.  Of note was that sediment moisture 

content was eliminated as a possible modeling parameter because of potential errors in 

its collection in the field and field centrifugation.  The remaining 5 parameters were used 

for model predictions.      
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Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses 

indicated that TKN can be predicted with 8 near-field geospatial parameters (p = 

0.2485, R2 = 0.9311), consisting of population density, agriculture land use, forest land 

use, soil organic matter content, area, average annual rainfall, average slope, and water 

land use (Figure 5-1).  Five far-field geospatial parameters (p = 0.1414, R2 = 0.7369) 

(Figures 5-2), consisting of soil organic matter content, average slope, agriculture land 

use, forest land use, and area, can be used to predict TKN.  In-stream water quality 

parameters generated a statistically significant 3 parameter model (p = 0.0169, R2 = 

0.9533), comprised of sediment fines content, pore water hardness, and pore water 

TSS (Figure 5-3).   

 The full models generated by Maximum R-Square Improvement statistical 

analyses to predict TKN are as followed: 

 

(near-field geospatial parameters) 

TKN =  -611.36422 + (1.74031) * near-field population density (individuals/km2) 

+ (31.07991) * near-field agriculture land use (%) + (269.81424) * average  

soil organic matter (%) + (32.24166) * near-field forest land use (%) –  

(0.00706) * near-field area (km2) – (79.13267) * average annual rainfall  

(inches) + (17.12452) * slope + (105.95559) * near-field water land use  

(%) (p = 0.2485)  

 

(far-field geospatial parameters) 

TKN =  -4726.24876 + (856.63836) * average soil organic matter (%) –  
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(217.75306) * slope (%) + (41.50696) * far-field agriculture land use (%) +  

(72.64509) * far-field forest land use (%) – (0.01136) * far-field area (km2)  

(p = 0.1414) 

 

(in-stream water quality parameters) 

TKN =  49.75961 + (4.60558) * sediment fines content (%) + (1.40554) * pore  

water hardness (mg CaCO3/ml) – (8.14416) * pore water TSS (mg/l) (p =  

0.0169) 

 

The significant of the models and the individual contributing factors, as well as 

the partial R2 values, are shown on Table 5-2 for near-field geospatial parameters, far-

field geospatial parameters, and in-stream water quality parameters.  Also, Figures 5-4, 

5-5, and 5-6 compare the measured sediment TKN versus the predicted sediment TKN 

for near-field geospatial parameters, far-field geospatial parameters, and in-stream 

water quality parameters, respectively.  The near-field geospatial parameter-TKN 

regression model generated a graph with a R2 = 0.9316 between measured and 

predicted sediment TKN; the far-field geospatial parameter-TKN regression model 

generated a graph with a R2 = 0.7387 between measured and predicted sediment TKN; 

and in-stream water quality parameter-TKN regression model generated a graph with a 

R2 = 0.9533 between measured and predicted sediment TKN. 
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Table 5-1.  Pearson’s correlation analysis of near-field geospatial parameters, far-field 
geospatial parameters, in-stream water quality parameters, and sediment TKN.  
Parameters listed in descending order of absolute value.  Grey highlight indicates 
parameters omitted due to correlation redundancy.  Blue-green highlight indicates 
parameters not used for analysis in order to not violate statistical limitations.  Orange 
highlight indicates parameter was not used for analysis because of concern of potential 
artifact of field collection. 

Correlation Correlation
Near-Field with Far-Field with
Parameter TKN Parameter TKN

Population Density 0.74636 Avg Soil Organic Matter 0.57698
Urban Land Use 0.64074 Urban Land Use 0.312
Residential Land Use 0.63158 Population Density 0.25973
Agriculture Land Use -0.60179 Avg Annual Rainfall 0.24841
Avg Soil Organic Matter 0.57698 Residential Land Use 0.224
Forest Land Use -0.39355 Slope -0.14268
Area -0.37253 Agriculture Land Use -0.13431
Avg Annual Rainfall 0.24841 Forest Land Use -0.11582
Slope -0.14268 Soil Erodibility Factor -0.06513
Water Land Use -0.13002 Area -0.06412
Soil Erodibility Factor -0.06513 Water Land Use 0.05947
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Table 5-1 (continued).  Pearson’s correlation analysis of near-field geospatial 
parameters, far-field geospatial parameters, in-stream water quality parameters, and 
sediment TKN.  Parameters listed in descending order of absolute value.  Grey highlight 
indicates parameters omitted due to correlation redundancy.  Blue-green highlight 
indicates parameters not used for analysis in order to not violate statistical limitations.  
Orange highlight indicates parameter was not used for analysis because of concern of 
potential artifact of field collection. 

Correlation
In-Stream with
Parameter TKN

Sediment TOC 0.91825
Sediment Moisture Content 0.84303
Sediment Sulfide 0.53756
Sediment Fines Content 0.53598
Pore Water Hardness 0.53545
Pore Water TSS 0.53153
Sediment Sand Content -0.51621
Sediment Cation Exchange Capacity 0.48268
pH -0.45366
Surface Water COD -0.3922
Pore Water TOC 0.39183
Sediment Phosphate 0.36595
Surface Water TSS -0.33951
Surface Water Turbidity -0.31539
Sediment Gravel Content -0.31056
Pore Water TDS -0.27496
Surface Water Temperature 0.21478
Surface Water TOC 0.1598
Surface Water TDS 0.14901
Surface Water Dissolved Oxygen 0.12654
Surface Water Redox Potential 0.12636
Surface Water Chloride 0.09442
Surface Water Conductivity 0.09323
Surface Water Hardness -0.04884
Surface Water Flow 0.02974
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Figure 5-1.  Mallow’s C(p) statistical analysis of near-field geospatial parameters and 
sediment TKN. 
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Figure 5-2.  Mallow’s C(p) statistical analysis of far-field geospatial parameters and 
sediment TKN. 
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Figure 5-3.  Mallow’s C(p) statistical analysis of in-stream water quality parameters and 
sediment TKN. 
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Table 5-2.  Near-field geospatial parameters, far-field geospatial parameters, and in-
stream water quality parameters used to generate a model for sediment TKN. 

Model 0.9533 20.41 0.0169
Pore Water TSS 0.1743 11.2 0.0442

Pore Water Hardness 0.2711 14.79 0.031
Sediment Fines Content 0.5079 38.21 0.0085

F Value P value

0.0671
0.1436

In-Stream Water Quality Parameters Partial R2

0.5571
0.0786
0.0815

6.81
4.13

Partial R2

0.0147

0.2485

0.7892
0.2604
0.7676
0.1815

F Value P value

0.0184
0.0633
0.1595

Soil Organic Matter Content
Average Slope

Far-Field Agriculture Land Use

0.3329 11.86
5.66
2.73

Model 0.7369 2.8 0.1414

0.0565
Far-Field Area 0.1075 2.98 0.1446

Far-Field Forest Land Use 0.0858 6.1

P valuePartial R2Far-Field Geospatial Parameters F Value

0.1751

0.1208
0.1793
0.4501

0.11
4.06
3.38

4.26
0.09
2.41

0.87
0.0635
0.0032
0.1109

0.0216
0.9311

Near-Field Population Density

Average Slope
Near-Field Water Land Use

Model

Near-Field Agriculture Land Use
Soil Organic Matter Content

Near-Field Geospatial Parameters

Near-Field Forest Land Use
Near-Field Area

Average Annual Rainfall
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Figure 5-4.  Measured versus predicted TKN using near-field geospatial parameters (R2 
= 0.9316). 

 119 
 



 

Figure 5-5.  Measured versus predicted TKN using far-field geospatial parameters (R2 = 
0.7387). 
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Figure 5-6.  Measured versus predicted TKN using in-stream water quality parameters 
(R2 = 0.9533). 
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Sediment Total Phosphorus 

Analyses started with the same 18 geospatial parameters and 26 in-stream water 

quality parameters as the analyses in Chapter 4 (Table 5-1).  Statistical limitations 

resulted in 9 near-field and far-field geospatial parameters used for model predictions.  

Pearson’s correlation analysis of in-stream water quality parameters showed that 

sediment cation exchange was correlated with sediment sand content, sediment fines 

content, surface water redox potential, and pore water TSS.  Therefore, sediment cation 

exchange capacity was used as the correlative surrogate.  In addition, statistical 

limitations resulted in 6 in-stream water quality parameters used for model predictions.  

Of note was that sediment moisture content and surface water temperature were 

eliminated as a possible modeling parameters because of potential errors in its field 

collection.  The remaining 6 parameters were used for model predictions.      

Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses 

indicated that sediment total phosphorus can be predicted with 7 near-field geospatial 

parameters (p = 0.3147, R2 = 0.8194), consisting of soil organic matter content, average 

annual rainfall, water land use, population density, urban land use, residential land use, 

and area (Figure 5-7).  Five far-field geospatial parameters (p = 0.0251, R2 = 0.8770) 

(Figures 5-8), consisting of soil organic matter content, water land use, residential land 

use, forest land use, and slope.  In-stream water quality parameters generated a highly 

statistically significant 2 parameter model (p = 0.0017, R2 = 0.9212), comprised of 

sediment sulfide and pore water hardness (Figure 5-9).   

 The full models generated by Maximum R-Square Improvement statistical 

analyses to predict sediment total phosphorus are as followed: 
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(near-field geospatial parameters) 

PHOSs =  180.14129 + (888.54227) * soil organic matter content (%) – (50.03140) * 

average annual rainfall (inches) + (62.85044) * near-field water land use  

(%) – (0.99326) * near-field population density (individuals/km2) +  

(35.87288) * near-field urban land use (%) + (16.01334) * near-field  

residential land use (%) + (0.01101) * near-field area (km2) (p = 0.3147) 

 

(far-field geospatial parameters) 

PHOSs = -3687.09946 + (306.39825) * soil organic matter content (%) +  

(250.98104) * far-field water land use (%) + (69.76509) * far-field  

residential land use (%) + (55.34941) * far-field forest land use (%) +  

(45.24778) * slope (p = 0.0251) 

 

(in-stream water quality parameters) 

PHOS = -2895.83681 + (466.25304) * sediment sulfide (mg/kg) + (5.00827) * pore  

water hardness (mg CaCO3/l) (p = 0.9212) 

 

The significant of the models and the individual contributing factors, as well as 

the partial R2 values, are shown on Table 5-4 for near-field geospatial parameters, far-

field geospatial parameters, and in-stream water quality parameters.  Also, Figures 5-

10, 5-11, and 5-12 compare the measured sediment total phosphorus versus the 

predicted sediment total phosphorus for near-field geospatial parameters, far-field 
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geospatial parameters, and in-stream water quality parameters, respectively.  The near-

field geospatial parameter-total phosphorus regression model generated a graph with a 

R2 = 0.8196 between measured and predicted sediment total phosphorus; the far-field 

geospatial parameter-total phosphorus regression model generated a graph with a R2 = 

0.8755 between measured and predicted sediment total phosphorus; and in-stream 

water quality parameter-total phosphorus regression model generated a graph with a R2 

= 0.9212 between measured and predicted sediment total phosphorus. 
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Table 5-3.  Pearson’s correlation analysis of near-field geospatial parameters, far-field 
geospatial parameters, in-stream water quality parameters, and sediment total 
phosphorus.  Parameters listed in descending order of absolute value.  Grey highlight 
indicates parameters omitted due to correlation redundancy.  Blue-green highlight 
indicates parameters not used for analysis in order to not violate statistical limitations.  
Orange highlight indicates parameter was not used for analysis because of concern of 
potential artifact of field collection. 

Correlation Correlation
Near-Field with Far-Field with
Parameter PHOSs Parameter PHOSs

Avg Soil Organic Matter 0.77781 Avg Soil Organic Matter 0.77781
Avg Annual Rainfall 0.64179 Population Density 0.66905
Forest Land Use -0.422 Avg Annual Rainfall 0.64179
Water Land Use 0.41543 Urban Land Use 0.61521
Slope -0.36541 Water Land Use 0.57465
Population Density 0.16519 Residential Land Use 0.55374
Urban Land Use 0.15094 Forest Land Use -0.54427
Residential Land Use 0.12107 Slope -0.36541
Area -0.10407 Soil Erodibility Factor -0.05255
Agriculture Land Use 0.05752 Area -0.02821
Soil Erodibility Factor -0.05255 Agriculture Land Use 0.01804

 125 
 



Table 5-3 (continued).  Pearson’s correlation analysis of near-field geospatial 
parameters, far-field geospatial parameters, in-stream water quality parameters, and 
sediment total phosphorus.  Parameters listed in descending order of absolute value.  
Grey highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  Orange highlight indicates parameter was not used for analysis because of 
concern of potential artifact of field collection. 

Correlation
In-Stream with
Parameter PHOSs

Sediment Cation Exchange Capacity 0.94185
Sediment Fines Content 0.87285
Sediment Sand Content -0.87222
Sediment Redox Potential 0.83822
Pore Water TSS 0.69478
Sediment Moisture Content 0.61072
Surface Water Chloride 0.58866
Surface Water Conductivity 0.50422
Surface Water Temperature 0.39781
Sediment TKN 0.36595
Sediment Sulfide 0.33549
Pore Water Hardness 0.31038
Sediment Gravel Content -0.29202
Surface Water Turbidity 0.25554
Pore Water TDS 0.24197
Surface Water TOC 0.23976
Pore Water TOC -0.23859
Sediment TOC 0.19572
pH -0.17978
Surface Water Dissolved Oxygen 0.14942
Surface Water TDS 0.09829
Surface Water TSS -0.09132
Surface Water Hardness -0.08134
Surface Water COD 0.04601
Surface Water Flow 0.03178
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Figure 5-7.  Mallow’s C(p) statistical analysis of near-field geospatial parameters and 
sediment total phosphorus. 
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Figure 5-8.  Mallow’s C(p) statistical analysis of far-field geospatial parameters and 
sediment total phosphorus. 
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Figure 5-9.  Mallow’s C(p) statistical analysis of in-stream water quality parameters and 
sediment total phosphorus.
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Table 5-4.  Near-field geospatial parameters, far-field geospatial parameters, and in-
stream water quality parameters used to generate a model for sediment total 
phosphorus. 

Partial R2 F Value P value

0.605 4.96 0.1122
0.0573 0.42 0.5613
0.0767 0.78 0.4427
0.0087 1.11 0.3693
0.0475 0.35 0.5795

0.02 0.33 0.6051
0.0042 0.15 0.7215
0.8194 1.94 0.3147

Partial R2 F Value P value

0.605 3.08 0.1396
0.0523 9.99 0.0251
0.182 6.44 0.052

0.0277 5.36 0.0685
0.01 0.41 0.5514
0.877 7.13 0.0251

Partial R2 F Value P value

0.5949 52.37 0.0008
0.3263 20.72 0.0061
0.9212 29.24 0.0017Model

In-Stream Water Quality Parameters

Sediment Sulfide
Pore Water Hardness

Model

Far-Field Water Land Use
Residential Land Use

Far-Field Forest Land Use
Average Slope

Model

Far-Field Geospatial Parameters

Soil Organic Matter Content

Near-Field Geospatial Parameters

Soil Organic Matter Content
Average Annual Rainfall

Near-Field Area

Near-Field Water Land Use
Near-Field Population Density
Near-Field Urban Land Use

Near-Field Residential Land Use
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Figure 5-10.  Measured versus predicted surface water sediment total phosphorus using 
near-field geospatial parameters (R2 = 0.8196). 
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Figure 5-11.  Measured versus predicted sediment total phosphorus using far-field 
geospatial parameters (R2 = 0.8755). 
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Figure 5-12.  Measured versus predicted sediment total phosphorus using in-stream 
water quality parameters (R2 = 0.9212). 
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Surface Water TOC 

The same geospatial and in-stream water quality parameters from Chapter 4 

were used to predict total organic carbon in surface water (TOCsw) in the UTRW.  

Table 5-3 shows the results of Pearson’s correlations, correlation redundancy, Mallow’s 

C(p), and statistical limitations analyses.  Pearson’s correlation analysis showed that 

slope had the highest absolute correlation with TOCsw (r = -0.57039) for both the near-

field and far-field geospatial parameters.  Surface water temperature had the highest 

absolute correlation with TOCsw (r = 0.65813) but this parameter was not used for 

analysis because of concern of being a potential artifact of field collection.  The next 

highest absolute correlation with TOCsw was surface water TSS (r = -0.63618).   

Pearson’s correlation analyses to TOCsw were performed to reduce 

redundancies in correlating parameters.  Of the near-field geospatial parameters, 

residential land use, population density, and urban land use were highly correlated.  

Near-field residential land use was used as the correlative surrogate because it had the 

higher correlation value.  For far-field geospatial parameters, residential land use and 

population density were highly correlated, so residential land use was used as the 

correlative surrogate because of its higher correlation value.  For the in-stream water 

quality parameters, surface water chloride was used as the correlative surrogate for 

surface water specific conductance, and sediment cation exchange capacity was used 

as the correlative surrogate for sediment fines content and sediment sand content.  

Statistical limitations (i.e., degrees of freedom) determined that 9 near-field geospatial 

parameters, 9 far-field geospatial parameters, and 5 in-stream water quality parameters 

should be used to generate prediction models for TKN.  
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 Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses 

indicated that near-field geospatial parameters predicted TOCsw using a statistically 

significant 6 parameter model (p = 0.0149, R2 = 0.9483; Figure 5-7), consisting of 

average slope, residential land use, forest land use, agriculture land use, average 

annual rainfall, and soil organic matter content.   Mallow’s C(p) and the Maximum R-

Square Improvement statistical analyses indicated that far-field geospatial parameters 

predicted TOCsw with a statistically significant 4 parameter model (p = 0.0260, R2 = 

0.8031; Figure 5-8), consisting of average slope, water land use, average annual 

rainfall, and agriculture land use.  Using Mallow’s C(p) and the Maximum R-Square 

Improvement statistical analyses, in-stream water quality parameters predicted TOCsw 

with an almost statistically significant 2 parameter model (p = 0.0512, R2 = 0.7738; 

Figure 5-9), consisting of surface water TSS and surface water dissolved oxygen.   

The full models generated by Maximum R-Square Improvement statistical 

analyses to predict surface water TOC are as followed: 

 

(near-field geospatial parameters) 

TOCsw= 162.10592 – (2.23572) * slope (%) – (1.39328) * near-field residential land  

  use (%) – (0.85300) * near-field forest land use (%) – (1.12629) * near- 

field agriculture land use (%) – (1.58891) * average annual rainfall (inches)  

+ (5.07778) * soil organic matter content (%) (p = 0.0149) 

 

(far-field geospatial parameters) 

TOCsw =  61.67113 – (0.68965) * slope (%) + (2.02383) * far-field water land use 
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  (%) – (1.00532) * average annual rainfall (inches) – (0.44996) * far-field 

  agriculture land use (%) (p = 0.0260) 

 

(in-stream water quality parameters) 

TOCsw =  2.21076 - (0.03790) * surface water TSS (mg/l) + (0.83447) * surface 

water dissolved oxygen (mg/l) (p = 0.0512) 

 

The significant of the models and the individual contributing factors, as well as 

the partial R2 values, are shown on Table 5-4 for near-field geospatial parameters, far-

field geospatial parameters, and in-stream water quality parameters.  Also, Figures 5-

10, 5-11, and 5-12 compare the measured sediment TOCsw versus the predicted 

sediment TOCsw for near-field geospatial parameters, far-field geospatial parameters, 

and in-stream water quality parameters, respectively.  The near-field geospatial 

parameter-TOCsw regression model generated a graph with a R2 = 0.9478 between 

measured and predicted sediment TOCsw; the far-field geospatial parameter-TOCsw 

regression model generated a graph with a R2 = 0.8042 between measured and 

predicted sediment TOCsw; and in-stream water quality parameter-TOCsw regression 

model generated a graph with a R2 = 0.7640 between measured and predicted 

sediment TOCsw. 

 

 

 

 136 
 



Table 5-5.  Pearson’s correlation analysis of near-field geospatial parameters, far-field 
geospatial parameters, in-stream water quality parameters, and surface water TOC.  
Parameters listed in descending order of absolute value.  Grey highlight indicates 
parameters omitted due to correlation redundancy.  Blue-green highlight indicates 
parameters not used for analysis in order to not violate statistical limitations.  Orange 
highlight indicates parameter was not used for analysis because of concern of potential 
artifact of field collection. 

Correlation Correlation
Near-Field with Far-Field with
Parameter TOCsw Parameter TOCsw

Slope -0.57039 Slope -0.57039
Residential Land Use 0.28604 Residential Land Use 0.47503
Water Land Use 0.24443 Population Density 0.31671
Forest Land Use -0.23947 Forest Land Use -0.29815
Agriculture Land Use -0.23595 Water Land Use 0.25407
Population Density 0.21654 Soil Erodibility Factor -0.17522
Urban Land Use 0.2062 Avg Annual Rainfall -0.10471
Soil Erodibility Factor -0.17522 Agriculture Land Use -0.05716
Area 0.1417 Urban Land Use 0.04164
Avg Annual Rainfall -0.10471 Avg Soil Organic Matter -0.01654
Avg Soil Organic Matter -0.01654 Area 0.01299
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Table 5-5 (continued).  Pearson’s correlation analysis of near-field geospatial 
parameters, far-field geospatial parameters, in-stream water quality parameters, and 
surface water TOC.  Parameters listed in descending order of absolute value.  Grey 
highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  Orange highlight indicates parameter was not used for analysis because of 
concern of potential artifact of field collection. 

Correlation
In-Stream with
Parameter TOCsw

Surface Water Temperature 0.65813
Surface Water TSS -0.63618
Sediment Sulfide -0.5546
Pore Water Hardness 0.54218
Surface Water Hardness -0.49664
Surface Water Dissolved Oxygen 0.3517
pH 0.2961
Surface Water Chloride 0.27108
Sediment Gravel Content -0.25202
Sediment Phosphate 0.23976
Surface Water Redox potential 0.22559
Surface Water TDS 0.18936
Pore Water TSS -0.16214
Sediment TKN 0.1598
Pore Water TDS -0.13916
Surface Water Conductivity 0.12177
Sediment TOC 0.1162
Sediment Cation Exchange Capacity 0.1131
Surface Water Turbidity -0.10603
Surface Water Flox -0.09299
Sediment Moisture Content -0.06664
Sediment Fines content 0.03225
Pore Water TOC 0.03874
Sediment Sand Content 0.00587
Surface Water COD 0.00116
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Figure 5-13.  Mallow’s C(p) statistical analysis of near-field geospatial parameters and 
surface water TOC. 
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Figure 5-14.  Mallow’s C(p) statistical analysis of far-field geospatial parameters and 
surface water TOC. 
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Figure 5-15.  Mallow’s C(p) statistical analysis of in-stream water quality parameters 
and surface water TOC. 
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Table 5-6.  Near-field geospatial parameters, far-field geospatial parameters, and in-
stream water quality parameters used to generate a model for surface water TOC. 

Partial R2 F Value P value

0.3252 63.12 0.0014
0.1166 24.97 0.0075
0.1355 18.81 0.0123
0.0141 25.93 0.007
0.1766 35.28 0.004
0.1803 13.97 0.0202
0.9483 12.24 0.0149

Partial R2 F Value P value

0.3252 4.98 0.0671
0.0815 8.94 0.0243
0.1766 12.05 0.0133
0.2198 6.7 0.0413
0.8031 6.12 0.026

Partial R2 F Value P value

0.415 9.5 0.0368
0.3588 6.34 0.0654
0.7738 6.84 0.0512Model

In-Stream Water Quality Parameters

Surface Water TSS
Surface Water DO

Near-Field Geospatial Parameters

Slope
Near-field Residential Land Use

Near-field Forest Land Use
Near-field Agriculture Land Use

Avg Annual Rainfall
Soil Organic Matter Content

Model

Far-field Agriculture Land Use
Model

Far-Field Geospatial Parameters

Slope
Far-field Water Land Use

Avg Annual Rainfall
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Figure 5-16.  Measured versus predicted surface water TOC using near-field geospatial 
parameters (R2 = 0.9478). 
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Figure 5-17.  Measured versus predicted surface water TOC using far-field geospatial 
parameters (R2 = 0.8042). 
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Figure 5-18.  Measured versus predicted surface water TOC using in-stream water 
quality parameters (R2 = 0.7640). 
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Pore Water TOC 

 The same geospatial and in-stream water quality parameters from Chapter 4 

were used to predict total organic carbon in pore water (TOCpw) in the UTRW.  Table 5-

5 shows the results of Pearson’s correlations, correlation redundancy, Mallow’s C(p), 

and statistical limitation analyses.  Pearson’s correlation analysis showed that soil 

organic matter content had the highest absolute correlation with TOCpw of the near-

field geospatial parameters (r = -0.54699), whereas residential land use had the highest 

absolute correlation with TOCpw of the far-field geospatial parameters (r = -0.94236).  

For in-stream water quality parameters, pore water TSS had the highest absolute 

correlation with TOCpw (r = -0.43514). 

 Pearson’s correlation analyses to TOCpw were performed to reduce 

redundancies in correlating parameters.  Of the near-field geospatial parameters, 

population density, urban land use, and residential land uses were highly correlated.  

Population density was used as the correlative surrogate because it had the higher 

correlation value.  For far-field geospatial parameters, residential land use was used as 

the correlative surrogate because it had a higher correlation value that urban land use 

and population density, the two parameters with which residential land use was highly 

correlated with.  For the in-stream water quality parameters, surface water chloride was 

highly correlated with surface water specific conductance, and sediment fines content 

was highly correlated with sediment sand content and sediment cation exchange 

capacity.  Thus, surface chloride and sediment fines content were used as the 

correlative surrogates.  Statistical limitations (i.e., degrees of freedom) determined that 
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5 near-field geospatial parameters, 6 far-field geospatial parameters, and 4 in-stream 

water quality parameters should be used to generate prediction models for TOCpw. 

 Mallow’s C(p) and Maximum R-Square Improvement statistical analyses 

indicated that near-field geospatial parameters predicted TOCpw using a 4 parameter 

model (p = 0.0728, R2 = 0.9629; Figure 5-13) consisting of soil organic matter content, 

water land use, population density, and area.  Mallow’s C(p) and Maximum R-Square 

Improvement statistical analyses indicated that far-field geospatial parameters predicted 

TOCpw with a highly statistically significant 2 parameter model (p = 0.0008, R2 = 

0.9713; Figure 5-14) consisting of agriculture land use and soil organic matter content.  

Using Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses, in-

stream water quality parameters predicted TOCpw with an almost statistically significant 

2 parameter model (p = 0.05310, R2 = 0.8589; Figure 5-15) consisting of sediment TKN 

and pore water TDS.     

The full models generated by Maximum R-Square Improvement statistical 

analyses to predict pore water TOC are as followed: 

 

(near-field geospatial parameters) 

TOCpw =  26.37209 – (10.01840) * soil organic matter content (%) + 1.21260) * near- 

field water land use (%) – (0.01021) * near-field population density  

(individuals/km2) – (0.00042987) * near-field area (km2) (p = 0.0728) 

 

(far-field geospatial parameters) 

TOCpw =  -13.23954 + (0.60523) * far-field agriculture land use (%) – (5.54683) * soil 
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organic matter content (p = 0.0008) 

 

(in-stream water quality parameters) 

TOCpw =  3.66160 – (0.01332) * sediment TKN (mg/kg) + (0.01427) * pore water 

TDS (mg/l) (p = 0.0530) 

 

The significant of the models and the individual contributing factors, as well as 

the partial R2 values, are shown on Table 5-6 for near-field geospatial parameters, far-

field geospatial parameters, and in-stream water quality parameters.  Also, Figures 5-

16, 5-17, and 5-18 compare the measured sediment TOCpw versus the predicted 

sediment TOCpw for near-field geospatial parameters, far-field geospatial parameters, 

and in-stream water quality parameters, respectively.  The near-field geospatial 

parameter-TOCpw regression model generated a graph with a R2 = 0.9629 between 

measured and predicted sediment TOCpw; the far-field geospatial parameter-TOCpw 

regression model generated a graph with a R2 = 0.9713 between measured and 

predicted sediment TOCpw; and in-stream water quality parameter-TOCpw regression 

model generated a graph with a R2 = 0.0136 between measured and predicted 

sediment TOCpw. 
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Table 5-7.  Pearson’s correlation analysis of near-field geospatial parameters, far-field 
geospatial parameters, in-stream water quality parameters, and pore water TOC.  
Parameters listed in descending order of absolute value.  Grey highlight indicates 
parameters omitted due to correlation redundancy.  Blue-green highlight indicates 
parameters not used for analysis in order to not violate statistical limitations.  Orange 
highlight indicates parameter was not used for analysis because of concern of potential 
artifact of field collection. 

Correlation Correlation
Near-Field with Far-Field with
Parameter TOCpw Parameter TOCpw

Avg Soil Organic Matter -0.54699 Residential Land Use -0.94236
Water Land Use 0.45632 Population Density -0.88499
Slope 0.33501 Urban Land Use -0.87815
Population Density -0.26856 Agriculture Land Use 0.78433
Area 0.26327 Avg Soil Organic Matter -0.54699
Urban Land Use -0.24374 Slope 0.33501
Forest Land Use 0.22735 Water Land Use 0.31532
Residential Land Use -0.20382 Area -0.22346
Agriculture Land Use 0.08532 Forest Land Use -0.15014
Soil Erodibility Factor -0.05704 Soil Erodibility Factor -0.05704
Avg Annual Rainfall -0.03733 Avg Annual Rainfall -0.03733
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Table 5-7 (continued).  Pearson’s correlation analysis of near-field geospatial 
parameters, far-field geospatial parameters, in-stream water quality parameters, and 
pore water TOC.  Parameters listed in descending order of absolute value.  Grey 
highlight indicates parameters omitted due to correlation redundancy.  Blue-green 
highlight indicates parameters not used for analysis in order to not violate statistical 
limitations.  Orange highlight indicates parameter was not used for analysis because of 
concern of potential artifact of field collection. 

Correlation
In-Stream with
Parameter TOCpw

Pore Water TSS -0.43514
Sediment TKN 0.39183
Surface Water COD 0.35428
Pore Water TDS -0.31987
Sediment TOC -0.28321
Surface Water TSS -0.2659
Surface Water Turbidity -0.25719
Surface Water Temperature 0.24135
Sediment Phosphate -0.23859
Surface Water Redox Potential -0.17676
Surface Water Chloride 0.12957
Sediment Gravel Content 0.11697
Pore Water Hardness 0.11435
Sediment Sulfide -0.11052
Surface Water Hardness -0.08831
Surface Water TDS 0.07768
Surface Water Conductivity 0.06965
Surface Water Flow -0.05645
Sediment Moisture Content 0.05465
Surface Water TOC 0.03874
Sediment Fines Content -0.03627
pH -0.0339
Sediment Sand Content 0.02243
Surface Water Dissolved Oxygen 0.00373
Sediment Cation Exchange Capacity -0.00815
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Figure 5-19.  Mallow’s C(p) statistical analysis of near-field geospatial parameters and 
pore water TOC. 
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Figure 5-20.  Mallow’s C(p) statistical analysis of far-field geospatial parameters and 
pore water TOC. 
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Figure 5-21.  Mallow’s C(p) statistical analysis of in-stream water quality geospatial 
parameters and pore water TOC. 
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Table 5-8.  Near-field geospatial parameters, far-field geospatial parameters, and in-
stream water quality parameters used to generate a model for pore water TOC. 

Partial R2 F Value P value

0.2992 40.17 0.024
0.4309 16.64 0.0552
0.1276 12.54 0.0713
0.1052 5.68 0.1401
0.9629 12.98 0.0728

Partial R2 F Value P value

0.6152 93.6 0.0006
0.3561 49.59 0.0021
0.9713 67.63 0.0008

Partial R2 F Value P value

0.6832 12.31 0.0392
0.1757 3.74 0.1487
0.8589 9.13 0.053Model

In-Stream Water Quality Parameters

Sediment TKN
Pore Water TDS

Near-Field Geospatial Parameters

Soil Organic Matter Content
Near-Field Water Land Use

Near-Field Population Density
Near-Field Area

Model

Model

Far-Field Geospatial Parameters

Far-Field Agriculture Land Use
Soil Organic Matter Content
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Figure 5-22.  Measured versus predicted pore water TOC using near-field geospatial 
parameters (R2 = 0.9629). 
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Figure 5-23.  Measured versus predicted pore water TOC using far-field geospatial 
parameters (R2 = 0.9713). 
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Figure 5-24.  Measured versus predicted pore water TOC using in-stream water quality 
parameters (R2 = 0.0136). 
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Sediment TOC 

 The same geospatial and in-stream water parameters from Chapter 4 were used 

to predict total organic carbon in sediment (TOCs) in the UTRW.  Table 5-7 shows the 

results of Pearson’s correlations, correlation redundancy, Mallow’s C(p), and statistical 

limitation analyses.  Pearson’s correlation analysis showed that population density had 

the highest absolute correlation with TOCs of the near-field geospatial parameters (r = 

0.70368), whereas soil organic matter content had the highest absolute correlation with 

TOCs of the far-field geospatial parameters (r = 0.29463).  For in-stream water quality 

parameters, sediment TKN had the highest absolute correlation with TOCs (r = 

0.91825).   

Pearson’s correlation analyses to TOCs were performed to reduce redundancies 

in correlating parameters.  Of the near-field geospatial parameters, population density, 

urban land use, and residential land use were highly correlated, so population density 

was used as the correlative surrogate for the other two parameters.  Of the far-field 

geospatial parameters, urban land use and population density were highly correlated, 

so urban land use was used as the correlative surrogate.  For the in-stream water 

quality parameters, sediment fines content, sediment sand content, and sediment cation 

exchange capacity were highly correlated, and surface water chloride and surface water 

specific conductance were highly correlated.  Thus, sediment fines content and surface 

water chloride were used a s the correlative surrogates for the other parameters.  

Statistical limitations (i.e., degrees of freedom) determined that 9 near-field and far-field 

geospatial parameters, as well as 5 in-stream water quality parameters, should be used 

to generate TOCs models.  Of note is that sediment moisture content was eliminated 
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from the list of in-stream parameters because of concern of being a potential field 

collection artifact and, thus, was replaced with pore water TSS. 

Mallow’s C(p) and Maximum R-Square Improvement statistical analyses 

indicated that near-field geospatial parameters predicted TOCs using an 8 parameter 

model (p = 0.4007, R2 = 0.8799; Figure 5-19) consisting of population density, 

agriculture land use, forest land use, soil organic matter content, area, water land use, 

average annual rainfall, and average slope.  Mallow’s C(p) and Maximum R-Square 

Improvement statistical analyses indicated that far-field geospatial parameters predicted 

TOCs with a 4 parameter model (p = 0.5360, R2 = 0.3652) consisting of soil organic 

matter content, soil erodibility factor, water land use, and urban land use.  Using 

Mallow’s C(p) and the Maximum R-Square Improvement statistical analyses, in-stream 

water quality parameters predicted TOCs with 4 parameter model (p = 0.4893, R2 = 

0.7146) consisting of sediment TKN, pore water hardness, sediment sulfides, and pore 

water TSS.    

The full models generated by Maximum R-Square Improvement statistical 

analyses to predict TOCs are as followed: 

 

(near-field geospatial parameters) 

TOCs = -748.67519 + (14.36394) * near-field population density (individuals/km2) +  

(231.45428) * near-field agriculture land use (%) + (182.92057) * near-field  

forest land use (%) + (1228.77531) * soil organic matter content (%) +  

(0.13823) * near-field area (km2) + (1007.72528) * near-field water land  

use (%) – (705.42129) * average annual rainfall (inches) + (770.51539) *  
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slope (%) (p = 0.4007)  

 

(far-field geospatial parameters) 

TOCs = 6912.30250 - (5877.26836) * soil organic matter content (%) – (23709) *  

soil erodibility factor – (601.98672) * far-field water land use (%) –  

(1199.11613) * far-field urban land use (%) (p = 0.5360) 

 

(in-stream water quality parameters) 

TOCs = -12935 – (11.43992) * sediment TKN (mg/kg) + (39.55414) * pore water  

hardness (mg CaCO3/l) + (2843.38098) * sediment sulfides (mg/kg) – 

(119.58301) * pore water TSS (mg/l) (p = 0.4893) 

 

The significant of the models and the individual contributing factors, as well as 

the partial R2 values, are shown on Table 5-8 for near-field and far-field geospatial 

parameters and in-stream water quality parameters.  Also, Figures 5-22, 5-23, and 5-24 

compare the measured sediment TOCs versus the predicted sediment TOCs for near-

field geospatial parameters, far-field geospatial parameters, and in-stream water quality 

parameters, respectively.  The near-field geospatial parameter-TOCs regression model 

generated a graph with a R2 = 0.8806 between measured and predicted sediment 

TOCs; the far-field geospatial parameter-TOCs regression model generated a graph 

with a R2 = 0.3675 between measured and predicted sediment TOCs; and in-stream 

water quality parameter-TOCs regression model generated a graph with a R2 = 0.7146 

between measured and predicted sediment TOCs. 
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Table 5-9.  Pearson’s correlation analysis of near-field geospatial parameters, far-field 
geospatial parameters, in-stream water quality parameters, and sediment TOC.  
Parameters listed in descending order of absolute value.  Grey highlight indicates 
parameters omitted due to correlation redundancy.  Blue-green highlight indicates 
parameters not used for analysis in order to not violate statistical limitations.  Orange 
highlight indicates parameter was not used for analysis because of concern of potential 
artifact of field collection. 

Correlation Correlation
Near-Field with Far-Field with
Parameter TOCs Parameter TOCs

Population Density 0.70368 Avg Soil Organic Matter 0.29463
Urban Land Use 0.65252 Soil Erodibility Factor -0.18818
Agriculture Land Use -0.64373 Area -0.18588
Residential Land Use 0.61423 Agriculture Land Use -0.1618
Forest Land Use -0.303 Forest Land Use 0.08359
Avg Soil Organic Matter 0.29463 Water Land Use -0.08174
Area -0.28687 Urban Land Use 0.06937
Soil Erodibility Factor -0.18818 Avg Annual Rainfall 0.05068
Water Land Use -0.15544 Slope 0.02814
Avg Annual Rainfall 0.05068 Residential Land Use 0.02101
Slope 0.02814 Population Density 0.01394
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Table 5-9 (continued).  Pearson’s correlation analysis of near-field geospatial 
parameters, far-field geospatial parameters, in-stream water quality parameters, and 
sediment TOC.  Parameters listed in descending order of absolute value.  Grey highlight 
indicates parameters omitted due to correlation redundancy.  Blue-green highlight 
indicates parameters not used for analysis in order to not violate statistical limitations.  
Orange highlight indicates parameter was not used for analysis because of concern of 
potential artifact of field collection. 

Correlation
In-Stream with
Parameter TOCs

Sediment TKN 0.91825
Sediment Moisture Content 0.72918
Pore Water Hardness 0.56701
Surface Water COD -0.52906
Sediment Sulfide 0.50551
Pore Water TSS 0.46114
pH -0.45887
Surface Water TSS -0.40507
Surface Water Turbidity -0.40132
Sediment Gravel Content -0.31278
Sediment Fines Content 0.31042
Surface Water TDS 0.29191
Pore Water TOC -0.28321
Sediment Sand Content -0.27857
Sediment Cation Exchange Capacity 0.2461
Sediment Phosphate 0.19572
Pore Water TDS 0.16025
Surface Water TOC 0.1162
Surface Water Redox Potential 0.07798
Surface Water Flow -0.07555
Surface Water Hardness 0.05261
Surface Water Chloride -0.03514
Surface Water Dissolved Oxygen 0.02756
Surface Water Conductivity -0.0072
Surface Water Temperature -0.00691
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Figure 5-25.  Mallow’s C(p) statistical analysis of near-field geospatial parameters and 
sediment TOC. 
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Figure 5-26.  Mallow’s C(p) statistical analysis of far-field geospatial parameters and 
sediment TOC. 
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Figure 5-27.  Mallow’s C(p) statistical analysis of in-stream water quality parameters 
and sediment TOC. 
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Table 5-10.  Near-field geospatial parameters, far-field geospatial parameters, and in-
stream water quality parameters used to generate a model for sediment TOC. 

Partial R2 F Value P value

0.4952 3.32 0.2098
0.052 1.64 0.3289

0.0809 0.98 0.4261
0.0078 0.13 0.754
0.0657 0.26 0.6632
0.0389 2.63 0.2463
0.0359 1.37 0.3617
0.1035 1.66 0.327
0.8799 1.83 0.4007

Partial R2 F Value P value

0.0868 2.94 0.1372
0.0536 0.51 0.5033
0.1398 1.39 0.2832
0.085 1.48 0.2688

0.3652 0.86 0.536

Partial R2 F Value P value

0.3396 2.38 0.2628
0.2876 4.31 0.1734
0.0304 2.99 0.2259
0.057 2.43 0.2594

0.7146 1.25 0.4893

Sediment Sulfides
Pore Water TSS

Model

In-Stream Water Quality Parameters

Sediment TKN
Pore Water Hardness

Near-Field Geospatial Parameters

Near-Field Area
Near-Field Water Land Use

Near-Field Population Density
Near-Field Agriculture Land Use

Near-Field Forest Land Use
Soil Organic Matter Content

Avg Annual Rainfall
Slope
Model

Far-Field Geospatial Parameters

Soil Organic Matter Content
Soil Erodibility Factor

Model

Far-Field Water Land Use
Far-Field Urban Land Use
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Figure 5-28.  Measured versus predicted sediment TOC using near-field geospatial 
parameters (R2 = 0.8806). 
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Figure 5-29.  Measured versus predicted sediment TOC using far-field geospatial 
parameters (R2 = 0.3675). 
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Figure 5-30.  Measured versus predicted sediment TOC using in-stream water quality 
parameters (R2 = 0.7146). 
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Discussion 

Sediment TKN 

Total Kjeldahl nitrogen (TKN) is considered a “catch all” for nitrogen loading into 

water bodies.  TKN represents the organic nitrogen content found in the environment 

from sources such as animal and human waste, decaying organic matter plus ammonia 

(NH3) and ammonium (NH4
+).  High levels of organic nitrogen in water and sediment 

may indicate excessive production of organic pollution within the watershed.  The Trinity 

River Authority monitors nutrient input along the Trinity River (Land et al., 1998), so this 

prediction modeling may be useful for future studies in predicting nitrogen “hot spots” 

based on geospatial and/or a limited number of in-stream water quality parameters. 

TKN was predicted with an 8 near-field geospatial parameter model (p = 0.2485, 

R2 = 0.9311).  Population density was the biggest contributor to the model (partial R2 = 

0.56) and it had the highest correlation with TKN (r = 0.74636).  TKN was predicted with 

a 5 far-field geospatial parameter model (p = 0.1414, R2 = 0.7369).  Organic matter 

content was the biggest contributor to the model (partial R2 = 0.3329) and was the only 

significant contributor to the model (p = 0.0184).  Organic matter content also had the 

largest Pearson’s correlation coefficient with TKN (r = 0.57698).  Of note is that Sample 

Site 10 appeared to have a very high TKN value that may have skewed the curve.  

However, this value was not higher than the “rule-of-thumb” of 3 times the standard 

deviation and, thus, was not eliminated from analysis.  However, it should be noted that 

this site did prove to be difficult for sample collection, did have a high clay content, and 

did have an abnormally high sediment TOC value, as well.   
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 In-stream water quality parameters generated a statistically significant 3 

parameter model (p = 0.0169, R2 = 0.9533).  All three parameters significantly 

contributed to the model (Table 5-2).  Sediment fines content was the largest contributor 

to the model (partial R2 = 0.51).   

The lower number of parameters and lower p value indicated that the far-field 

geospatial parameter model might be the better of the two geospatial parameter 

models, even though the near-field geospatial parameter model had the higher R-

square value.  However, in-stream water quality parameters would be chosen over 

geospatial parameters to predict TKN due to fewer parameters, ease of analysis, and a 

statistically significant model.   

Sediment Total Phosphorus 

 Much like TKN, total phosphorus is considered a “catch all” for phosphorus 

loading into water bodies.  Phosphorus is a more important nutrient than nitrogen in 

freshwater streams, rivers, and lakes because it is generally the rate-limiting nutrient for 

aquatic algae and macrophyte growth.  A small increase in phosphorus can result in 

dramatic changes in aquatic communities.  Such changes may be rapid in the UTRW 

because of the ephemeral summertime water flow and the increased point and non-

point source inputs (i.e., WWTP effluent discharge and residential fertilizers, 

respectively).  Therefore, it is very important to be able to predict potential phosphorus 

“hot spots” within the upper Trinity River watershed.   

Sediment total phosphorus was predicted with a 7 near-field geospatial model (p 

= 0.3147, R2 = 0.8194).  Soil organic matter content was the biggest contributor to the 

model (partial R2 = 0.61) and it had the highest correlation with sediment total 
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phosphorus (r = 0.78).  Sediment total phosphorus was predicted with a 5 far-field 

geospatial parameter model (p = 0.0251, R2 = 0.8770).  Again, soil organic matter 

content was the biggest contributor to the model (partial R2 = 0.61) and had the largest 

Pearson’s correlation coefficient with TKN (r = 0.78).  Of note is that Sample Site 12 

appeared to have a very high sediment total phosphorus value that may have skewed 

the curve.  However, much like TKN, this value was not higher than the “rule-of-thumb” 

of 3 times the standard deviation and, thus, was not eliminated from analysis.  This high 

level at Sample Site 12 may be due to the fact that Subwatershed 12 was highly 

agricultural and there may have been a lot of phosphorus input due to farming-related 

activities.  Residential land use was the second highest contributor to sediment total 

phosphorus (partial R2 = 0.18), which makes sense because of outdoor residential 

activities, such as lawn fertilizing and car washing. 

 In-stream water quality parameters generated a highly statistically significant 2 

parameter model (p = 0.0017, R2 = 0.9212).  Both parameters (sediment sulfides and 

pore water hardness) significantly contributed to the model (Table 5-4).  It is possible 

that the link between pore water hardness and sediment total phosphorus is due to 

calcium dihydrogen phosphate (Ca(H2PO4)2)-based fertilizers.  The link between 

sediment sulfide and sediment total phosphorus is harder to explain and should be 

considered with caution because of the low detect levels in almost all in-stream 

samples.     

The lower number of parameters and lower p value indicated that the far-field 

geospatial parameter model might be the better of the two geospatial parameter 

models, even though the near-field geospatial parameter model had the higher R-
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square value.  The in-stream water quality parameter model had lower p and R-square 

values than the far-field geospatial parameter model, however, the uncertainty of the 

validity of the chosen parameters leaves this model’s relevance as questionable.  

Therefore, the far-field geospatial parameter model would be chosen to predict 

sediment total phosphorus.  

Surface Water TOC 

TOC is all organic matter from abiotic and biotic sources, such as coal and 

detritus, respectively.  Similar to TKN, high levels of total organic matter in water bodies 

may indicate excessive organic pollution production within the watershed.  Surface 

water TOC (TOCsw) represents the fraction found in the water column of a water body.  

Thus, it was of interest to see whether it was possible to predict TOCsw in the UTRW 

using geospatial and in-stream water quality parameters.    

TOCsw was predicted with a statistically significant 6 near-field geospatial 

parameter model (p = 0.0149, R2 = 0.9483).  All parameters contributed significantly to 

the model.  Average slope was the biggest contributor to the model (partial R2 = 0.33) 

and it had the highest absolute correlation with TOCsw (r = -0.57).  TOCsw was 

predicted with a statistically significant 4 far-field geospatial parameter model (p = 

0.0260, R2 = 0.8031).  All parameters contributed significantly to the model.  Like above, 

average slope was the biggest contributor to the model (partial R2 = 0.33) and it had the 

highest absolute correlation with TOCsw (r = -0.57).  The second highest contributor to 

the model was agriculture land use (partial R2 = 0.22).   

 In-stream parameters generated an almost statistically significant 2 parameter 

model (p = 0.0512, R2 = 0.7738).  Only surface water TSS significantly contributed to 
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the model.  Both dissolved oxygen and surface water TSS contributed approximately 

equally to the model.   

Overall, near-field geospatial parameter modeling may be the better predictor of 

surface water TOC. Both near-field and far-field geospatial parameters generated 

statistically significant models to predict TOCsw.  However, the near-field geospatial 

parameter model had a lower p value, had all model parameters statistically significantly 

contribute to the model, and had a higher R-square value, and thus was chosen over 

the far-field geospatial parameter model as the more appropriate model to use.  And the 

near-field geospatial parameter is better than the in-stream water quality model because 

it is statistically significant and more cost-effective to generate. 

Pore Water TOC 

Near-field geospatial parameters generated a 4 parameter model (p = 0.0728, R2 

= 0.9629).  Soil organic matter content had the highest absolute correlation with TOCpw 

(r = -0.55) and contributed significantly to the model.  Far-field geospatial parameters 

generated a highly statistically significant 2 parameter model (p = 0.0008, R2 = 0.97).  

Both of these parameters contributed significantly to the model.  Soil organic matter 

content was the larger contributor to the TOCpw model (partial R2 = 0.62).  In-stream 

water quality parameters generated an almost statistically significant 2 parameter model 

(p = 0.053, R2 = 0.86).  Overall, far-field geospatial parameter analysis appeared to be 

the better predictor of pore water TOC. 

Sediment TOC 

Near-field geospatial parameters generated an 8 parameter model to predict 

TOCs (p = 0.40, R2 = 0.88).  Population density was the largest contributor to the TOCs 
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model (partial R2 = 0.4952), and was the parameter with the highest Pearson’s 

correlation value with TOCs (r = 0.70368).  The inclusion of 8 of 9 parameters in the 

TOCs model makes it difficult to tease out the importance of the various parameters.  

By looking at the partial R-square values, it is easy to see that population density was 

the most important contributor to the model, and the remaining 7 parameters provided 

small contributions to the model (partial R2 ≤ 0.1035).  Far-field geospatial parameters 

generated a 4 parameter model (p = 0.54, R2 = 0.37).  Water land use had the highest 

contribution to the model (R2 = 0.14).  In-stream water quality parameters generated a 4 

parameter model to predict TOCs (p = 0.4893, R2 = 0.71).  Sediment TKN was the 

largest contributor to the model (partial R2 = 0.3396), and had the highest Pearson’s 

correlation value with TOCs (r = 0.91825).   

 When comparing the two geospatial parameter models, neither was particularly 

good at predicting TOCs.  However, the near-field geospatial parameter model was 

considered better at predicting TOCs than the far-field geospatial parameter model 

because it generated a model with a lower p value and a higher R-Square value.  

Similarly, when comparing the near-field geospatial parameter model and the in-stream 

water quality parameter model, neither was particularly good statistically at predicting 

TOCs, but both models did have relatively high R-square values (0.88 and 0.71, 

respectively).  Therefore, if one model had to be chosen, the near-field geospatial 

parameter model appeared to be the better model at predicting TOCs.          
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Chapter 5 Summary 

Sediment TKN 

• TKN can be predicted with 8 near-field geospatial parameters (population 

density, agriculture land use, forest land use, soil organic matter, area, average 

annual rainfall, average slope and water land use; p = 0.2485, R2 = 0.9311), 5 

far-field geospatial parameters (soil organic matter, average slope, agriculture 

land use, forest land use, and area; p = 0.1414, R2 = 0.7369), and 3 in-stream 

water quality parameters (sediment fines content, pore water hardness, and pore 

water TSS; p = 0.0169, R2 = 0.9533). 

• The lower number of parameters and lower p value indicated that the far-field 

geospatial parameter model might be the better of the two geospatial parameter 

models, even though the near-field geospatial parameter model had the higher 

R-square value.  However, in-stream water quality parameters would be chosen 

over geospatial parameters to predict TKN due to fewer parameters, ease of 

analysis, and a statistically significant model.   

Sediment Total Phosphorus 

• Sediment total phosphorus can be predicted with a 7 near-field geospatial model 

(soil organic matter content, average annual rainfall, water land use, population 

density, urban land use, residential land use, and area; p = 0.3147, R2 = 0.8194), 

a 5 far-field geospatial parameter model (soil organic matter content, water land 

use, residential land use, forest land use, and slope; p = 0.0251, R2 = 0.8770); 

and a highly statistically significant 2 in-stream water quality parameter model 

(sediment sulfide and pore water hardness; p = 0.0017, R2 = 0.9212).     
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• The lower number of parameters and lower p value indicated that the far-field 

geospatial parameter model might be the better of the two geospatial parameter 

models, even though the near-field geospatial parameter model had the higher 

R-square value.  The in-stream water quality parameter model had lower p and 

R-square values than the far-field geospatial parameter model, however, the 

uncertainty of the validity of the chosen parameters leaves this model’s relevance 

as questionable.  Therefore, the far-field geospatial parameter model would be 

chosen to predict sediment total phosphorus.  

Surface Water TOC 

• TOCsw can be predicted with a statistically significant 6 near-field geospatial 

parameter model (slope, residential land use, forest land use, agriculture land 

use, average annual rainfall, and soil organic matter content; p = 0.0149, R2 = 

0.9483), a statistically significant 4 far-field geospatial parameter model (slope, 

water land use, average annual rainfall, and agriculture land use; p = 0.0260, R2 

= 0.8031), and an almost statistically significant 2 in-stream water quality 

parameter model (surface water TSS and surface water dissolved oxygen; p = 

0.0512, R2 = 0.7738.   

• Overall, near-field geospatial parameter modeling may be the better predictor of 

surface water TOC.  Both near-field and far-field geospatial parameters 

generated statistically significant models to predict TOCsw.  However, the near-

field geospatial parameter model had a lower p value, had all model parameters 

statistically significantly contribute to the model, and had a higher R-square 

value, and thus was chosen over the far-field geospatial parameter model as the 
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more appropriate model to use.  And the near-field geospatial parameter is better 

than the in-stream water quality model because it is statistically significant and 

more cost-effective to generate. 

Pore Water TOC 

• TOCpw can be predicted with a 4 near-field geospatial parameter model (soil 

organic matter content, water land use, population density, and area; p = 0.0728, 

R2 = 0.9629), a highly statistically significant 2 far-field geospatial parameter 

model (agriculture land use and soil organic matter content; p = 0.0008, R2 = 

0.9713), and an almost statistically significant 2 in-stream water quality 

parameter model (sediment TKN and pore water TDS; p = 0.05310, R2 = 

0.8589).     

• Overall, far-field geospatial parameter analysis appeared to be the better 

predictor of pore water TOC because of the highly statistically significant 2 

parameter model and the ease of analysis. 

Sediment TOC 

• TOCs can be predicted with an 8 near-field geospatial parameter model 

(population density, agriculture land use, forest land use, soil organic matter 

content, area, water land use, average annual rainfall, and slope; p = 0.4007, R2 

= 0.8799), a 4 far-field geospatial parameter model (soil organic matter content, 

soil erodibility factor, water land use, and urban land use; p = 0.5360, R2 = 

0.3652), and a 4 in-stream water quality parameter model (sediment TKN, pore 

water hardness, sediment sulfides, and pore water TSS; p = 0.4893, R2 = 

0.7146). 
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• The near-field geospatial parameter model might be the best overall model for 

predicting TOCs. 
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CHAPTER 6 
 

DISCUSSION AND CONCLUSION 

GIS and in-stream measurements have been used to predict organic chemical 

usage, pollution, and impact on surface waters around the world.  For example, GIS 

was able to use geospatial parameters to help predict concentrations of pesticides 

buthylazine and metolachlor in River Meolo in northeast Italy (Bonzini et al., 2006).  GIS 

modeling and remote sensing were used to generate an atrazine prediction model using 

land use, surface slope, and soil erodibility for the Lake Lewisville watershed in north 

central Texas (Atkinson, et al., 2001). 

Recently, GIS has also been applied to predicting commercial surfactants in 

water bodies.  The concept first arose in the late 1990s when the GREAT-ER (Geo-

referenced Regional Exposure Assessment Tool for European Rivers) system was 

developed to accurately predict environmental concentrations of wastewater chemicals.  

Previous modeling of surfactants was inaccurate at predicting surfactants because they 

used limited data without extended spatial resolution, such as population density and 

population discharge (Feijtel et al., 1997; Schulze et al., 1999).  However, marketing 

research shows that surfactant use, as well as other consumer chemicals and 

pharmaceuticals, are region specific.  GREAT-ER used GIS software to incorporate 

regional-specific data, such as river characteristics, WWTP discharge characteristics, 

and water quality measurements, to more accurately predict environmental chemical 

concentrations.  The usefulness of GREAT-ER was demonstrated for predicting LAS in 

the Itter Stream, a small tributary of the Rhine River in North Rhine-Westfalia, Germany 
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(Schulze et al., 1999).  For example, according to GREAT-ER, LAS elimination rates in 

the Itter Stream were dependent on TOC and ammonium (Schulze et al., 1999).   

Similar concepts were adopted by researchers in the U.S. when they developed 

GIS-ROUT, a software package that predicts chemical concentrations in perennial 

flowing rivers that receive WWTP discharge throughout the contiguous U.S. (Wang et 

al., 2005).  This software program is in use by the Procter & Gamble Company to 

predict regional loading of surfactants into rivers and streams (S.D. Dyer, personal 

communication).  However, current market information is difficult to obtain by the 

general public because it is either proprietary or because it must be purchased at a high 

price from marketing organizations (Wang et al., 2005).  Therefore, it would be of 

interest to see if there are geospatial and in-stream factors that are easy and 

inexpensive to analyze that will predict surfactant concentrations.     

The upper Trinity River watershed is a good location to perform a “worst case” 

environmental impact for major consumer surfactants.  Unlike previous studies that 

examined environmental surfactant concentrations in northern streams and rivers that 

had steadier year-round flows (Wang et al., 2005; de Zwart et al., 2006, Sanderson et 

al., 2006b), the upper Trinity River has a natural ephemeral flow during the summer 

months.  Most of the flow during these dry months comes from the 4 major WWTPs that 

discharge over 600 MGD effluent into the Trinity River.  This could, in theory, lead to 

increased surfactant concentrations in pore water and sediments.   

The goal of this Masters thesis was to determine whether consumer surfactant 

toxicity estimates could be predicted in environmental media along the UTRW using 

either geospatial or in-stream water quality parameters.  In-stream samples were 
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collected at 11 sampling sites along the UTRW; geospatial parameters were gathered 

and analyzed according to the 11 sampling sites’ respective subwatersheds.  This 

thesis finds that SWTU could be predicted with both near-field geospatial parameter 

models and in-stream water quality parameter models with high R-Square values (R2 > 

0.75) and statistical significance (p < 0.05).  PWTU could also be predicted with both 

near-field geospatial parameter models and in-stream water quality parameter models 

with high R-Square values, but neither model was statistically significant.  When the 

best near-field geospatial and in-stream water quality parameters were combined, both 

SWTU and PWTU were predicted by models with high R-Square values and statistical 

significance.  SWTU were predicted best by geospatial parameters while PWTU were 

predicted best by in-stream water quality parameters.  In addition, the same geospatial 

and in-stream parameters were used to predict nutrient loading (sediment TKN, 

sediment total phosphorus, surface water TOC, pore water TOC, and sediment TOC) in 

the UTRW.  TKN was best predicted with an in-stream water quality parameter model 

with a high R-Square value and statistical significance.  All other parameters were best 

predicted with geospatial parameter models with high R-Square values and statistical 

significance.  Sediment TOC, while having a high R-Square value, was the only model 

that was not statistically significant.  Therefore, based on these results, the null 

hypothesis is rejected and the alternative hypothesis is accepted, that geospatial and in-

stream water quality parameters could generate multiple regression models with high R-

Square values and statistical significance.  A caveat to this conclusion is that one must 

remember that the data for this study came from only 11 sampling sites in this large 

watershed.  To more fully develop these prediction models, future researchers must 
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take multiple samples from numerous sites along the upper Trinity River, in both small 

streams and large segments of the Trinity River forks.  Once the data set is sufficiently 

large can much confidence be placed in these regression models.  However, having 

said that, these prediction models are an excellent first step at predicting consumer 

surfactants in a semi-arid region of the U.S.  These surfactant prediction models may be 

useful in predicting surfactants in other semi-arid regions, such as Arizona and 

Southern California, which face similar water resources issues as DFW.   

There were several interesting findings in this study regarding in-stream 

measurements of surfactants and multiple regression modeling of surfactants and 

nutrient loading in the UTRW.  This thesis research was the first of its kind to measure 

surfactant concentrations in surface water, pore water, and sediment in the UTRW, a 

semi-arid region of the U.S.  Surfactant concentrations were converted to TU, a 

normalization method to compare all each surfactant’s homologues and breakdown 

products according to toxicity.  The TU for each surfactant’s homologues and 

breakdown products were very low (0.006 to 0.049) so all surfactant TU were combined 

as a total combined surfactant surface water toxic unit (SWTU).  Still, total combined 

surfactant SWTU only ranged from approximately 0.07 to 0.14.  These values weren’t 

as low as the predicted environmental concentration (PEC)/predicted no-effect 

concentration (PNEC), the laboratory equivalent of TU, for the LAS, AES, and AE as 

reported by van de Plassche et al. (1999) but our reported values are still well below the 

level of concern.   

Surfactant SWTU did not appear to be affected by WWTP effluent discharge, as 

compared to WWTP-influenced parameters such as TDS.  Of interest was the fact that 
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SWTU were actually higher upstream and downstream of DFW in rural subwatersheds 

(Sample Sites 1, 12, and 15).  This observation seemed counter-intuitive at first glance.  

Sample Site 1 was located near the headwaters of Clear Creek in a very rural region of 

the watershed.  Very few residences were near this sample site.  However, most homes 

in this rural region use septic sewer systems.  It is possible that there were direct and 

indirect discharge of septic waste into upstream waters from the Sample Site 1.  In 

addition, there was a local quarry located approximately 1 mile upstream of Sample Site 

1 (Figure 2-4).  It was possible that there was some sort of point source industrial 

discharge of surfactants used in quarry operations.  It was also possible that the quarry 

was using a septic sewer system, as well, and there was seepage from the septic 

system to the upstream waters due to its close proximity. 

This raises a couple of interesting points to consider regarding the factors 

involved in surfactant concentrations in the UTRW.  While it is assumed that WWTPs 

are the main source of surfactants, is it possible that there is significant amount of 

environmental loading of surfactants from non-point sources?  Are there additional point 

sources, natural and anthropogenic, that was overlooked in this experimental design?  

What are the inputs from urban versus rural WWTPs?  Should we be looking at major 

metropolitan areas with more efficient WWTPs or major rural areas with less efficient 

WWTPs?   The Sample Sites 1 and 15 aerial images (Figures 2-4 and 2-5) show 

potential unaccounted point sources (gravel pit and less efficient WWTPs, respectively) 

and non-point sources (rural septic systems).  Sample site 1 had less dilution than 

downstream collection sites, so measured surfactant concentrations may be artificially 

high.  Sample Site 15, on the other hand, had a much larger river (i.e., more dilution) 
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and still had high SWTU so it was likely that large amounts of surfactants TU were 

coming from upstream sources.  It would be interesting to examine in detail surfactant 

concentrations upstream and downstream of Sample Site 15 and the nearby WWTPs. 

Surfactant toxic units in pore water were also low, so they too were combined as 

a total combined surfactant pore water toxic units (PWTU).  Combined PWTU ranged 

from 0.11 to 0.31.  PWTU were generally 1.25- to 3-fold higher than SWTU at sample 

sites throughout the watershed.  Like SWTU, surfactant PWTU did not appear to be 

influenced by WWTP effluent discharge, and SWTU had a different distribution pattern 

throughout the UTRW than PWTU (Figures 2-2 and 2-3).  However, when examining 

the distribution of the PWTU/SWTU ratio, it appeared that the ratio of PWTU to SWTU 

was influenced by WWTPs in the UTRW (Figure 6-1).  The PWTU/SWTU ratio 

appeared to increase through the DFW metroplex and then decrease in the more rural 

downstream subwatersheds.   

Results from Chapter 4 show that, in general, near-field geospatial parameters 

appeared to be better predictors of surfactants in surface waters (i.e., SWTU), whereas 

in-stream water quality parameters are better predictors of surfactants in pore water 

(i.e., PWTU).  Furthermore, only 3 parameters were necessary to generate statistically 

significant predict models for both SWTU and PWTU.  This sort of differentiation 

between environmental medial, type of analysis, and reduction in parameters analyzed 

might be extremely useful for real-world surfactant analyses because it can (1) expedite 

analyses and (2) reduce study costs.   

 This same approach was taken to predict nutrient loading in the UTRW.  In-

stream measurements showed that TKN concentrations ranged from 138 mg/kg to 918 
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mg/kg (EA and UNT, 2005). Total phosphorus concentrations ranged from 70.7-906 

mg/kg.  Highest concentrations of both phosphorus and nitrogen occurred in the 

sediments with the highest percentage of fines content (Sample Sites 10, 12, & 14).  

Sediments from all three of these sites were primarily fines with high clay content, and 

all three of these sites were all located within the Blackland Prairie ecoregion, a rich soil 

region primarily used for farming (see Appendix B).  A statistically significant 3 in-stream 

water quality parameter model was chosen to predict TKN in the UTRW, however, soil 

organic matter content and forest land use were common parameters for the near-field 

and far-field geospatial parameter models.  Therefore, it may be worth considering 

incorporating these two parameters into the TKN model.  Sediment total phosphorus 

was predicted with a statistically significant 5 far-field geospatial parameter model, and, 

like TKN, three parameters were common between near-field and far-field geospatial 

parameter models (soil organic matter content, water land use, and residential land 

use), suggesting a common thread in geospatial predictions of sediment total 

phosphorus.  

 TOC was predicted for surface waters, pore waters, and in sediments of the 

UTRW.  As noted in the EA report (EA and UNT, 2005), surface water TOC values 

varied widely, ranging from 1.8-10 mg/l; pore water TOC concentrations ranged form 

5.1-15.7 mg/l; and sediment TOC ranged from <1300-8450 mg/kg.  Surface water TOC 

was highest at Sample Site 3, perhaps due to sample collection from an impounded 

area behind a concrete dam; pore water TOC was highest at Sample Site 13, though 

this was considered to be a sample artifact from sample centrifugation; and sediment 

TOC was highest at Sample Site 10.  The high TOC levels in surface water and 
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sediment were possible due to the surrounding sediments that consisted of highly 

organic clays.  However, surface water, pore water, and sediment TOC geospatial 

distributions did not reflect the rich organic matter distribution of the Blackland Prairies 

ecoregion.  All three TOC parameters appeared to be best predicted with geospatial 

parameter models.  All three TOC prediction models had in common soil organic matter 

content and their respective agriculture land uses.  However, only the surface water 

TOC and pore water TOC predictive models were statistically significant with each 

parameter significantly contributing to the model.  The sediment TOC predictive model, 

in contrast, was not statistically significant, did not have any parameters that contributed 

significantly to the model, and had a low R-Square value relative to all the other nutrient 

loading predictive models.  Therefore, these results suggest that sediment TOC is 

particularly difficult to predict in the UTRW and that perhaps other geospatial 

parameters and in-stream water quality parameters need to be analyzed to better 

generate prediction models for sediment TOC.   
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Figure 6-1.  PWTU/SWTU ratio of the sample sites in the upper Trinity River Watershed.   
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APPENDIX A 

LEGEND TO ABBREVIATIONS

 189



 

 

AE  Alcohol Ethoxylate 

AS  Alcohol Sulfate   

AES  Alkyl Ethoxysulfate 

COD  Chemical Oxygen Demand 

C(p)  Mallow’s C(p) Statistical Analysis 

DFW  Dallas-Ft. Worth Metroplex 

DO  Dissolved Oxygen 

EPA  Environmental Protection Agency 

GIS  Geographic Information Systems 

Ha  Alternative Hypothesis 

Ho  Null Hypothesis 

Koc  Organic Carbon-Water Partition Coefficient 

LAS  Linear Alkylbenzene Sulfonate 

MGD  Million Gallons per Day 

PHOS  Total phosphorus (mg/kg) 

p  parameter 

‘pw’ prefix Pore Water 

PWTU  Pore Water Toxic Units 

R2  Coefficient of Determination 

‘s’ prefix Sediment 
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SDA  Soap and Detergent Association 

‘sw’ prefix Surface Water 

SWTU  Surface Water Toxic Units 

TDS  Total Dissolved Solids (mg/l) 

TKN  Total Kjeldahl Nitrogen (mg/kg) 

TOC  Total Organic Carbon (mg/l) 

TRA  Trinity River Authority 

TSS  Total Suspended Solids (mg/l) 

TU  Toxic Unit 

TX  Texas 

UTRW Upper Trinity River Watershed 

WWTP Waste Water Treatment Plants 
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APPENDIX B 

THE UPPER TRINITY RIVER WATERSHED 
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“A stench from its inky surface putrescent with the oxidized processes to which the 

shadows of the over-reaching trees add styxian blackness and the suggestion of some 

mythological river of death.  With this burden of filth the purifying agencies of the stream 

are prostrated; it lodges against obstructions in the stream and rots, becoming 

hatcheries of mosquitos and malaria.  A thing of beauty is thus transformed into one of 

hideous danger.” 

-Texas Department of Health description of the Trinity River in 1925 

 

Watershed/Drainage Area 

The Trinity River basin is one of the most heavily developed watersheds in 

Texas, despite makes up only 6% of the state’s area.  It provides the drinking water for 

the Dallas-Ft. Worth metroplex to the north, as well as Houston to the south.  In all, the 

Trinity River basin provides drinking water for approximately half of the State’s 

population (TRA, 2006a). 

The Trinity River consists of three main branches, the West Fork, the Elm Fork, 

and the East Fork, all of which converge into the main stem of the Trinity River near or 

within the Dallas-Fort Worth metroplex (DFW).  A minor branch of the Trinity River, the 

Clear Fork, converges with the West Fork near Ft. Worth.  The Trinity River runs 423 

miles from the headwaters of the West Fork to the Gulf of Mexico, making it the longest 

river completely contained within Texas (Handbook, 2001a).  Overall, the Trinity River 
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basin encompasses 17,969 square miles, and the watershed area encompassed by this 

study includes 12,866 square miles of the upper Trinity River watershed (UTRW), 

approximately 70% of the entire Trinity River watershed (Figure B-1).     

All four Forks of the Trinity River are found in the UTRW.   The West Fork begins 

southeast of Archer City in Archer County (approximately 350.8 meters (1157.6 feet) 

mean sea level (MSL)) and runs southeast for 145 miles through Jack, Wise, and 

Tarrant counties, until it converges with the Elm Fork to form the main stem of the 

Trinity River (Handbook, 2001b).  The West Fork contains six lakes and reservoirs:  

Lake Amon G. Carter, southwest of Bowie; Lake Bridgeport, west of Bridgeport; Eagle 

Mountain Lake, northwest of Ft. Worth; Lake Worth, in western Ft. Worth; Lake 

Arlington, east of Ft. Worth; and Joe Pool Lake, south of Grand Prairie.    

The Elm Fork begins south of the city of Saint Jo in Montague County 

(approximately 344.6 meters (1137.2 feet) MSL) and runs southeast for 85 miles 

through Cooke, Denton, and Dallas Counties before the confluence with the West Fork 

to form the main stem of the Trinity River (Handbook, 2001c).  The Elm Fork contains 3 

lakes and reservoirs:  Lewisville Lake, north of Lewisville; Lake Ray Roberts, a few 

miles north of Lewisville Lake; and Grapevine Lake, north of the city of Grapevine. 

The East Fork begins northwest of Dorchester in Grayson County (approximately 

264.0 meters (871.2 feet) MSL) and runs south for 85 miles through Collin, Rockwall, 

Dallas, and Kaufman Counties before converging with the main stem northeast of the 

city of Ennis (approximately 96.2 meters (317.5 feet) MSL)(Handbook, 2001d).  The 

East Fork contains 2 reservoirs:  Lake Lavon, southeast of McKinney; and Lake Ray 

Hubbard, a few miles south of Lake Lavon and northwest of Rockwall. 
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The smaller Clear Fork begins south of the Jack County/Parker County border 

(approximately 364.0 meters (1201.2 feet) MSL) and runs 56 miles through Parker and 

Tarrant counties before convergence with the West Fork (approximately 156.9 meters 

(517.8 feet) MSL) (Handbook, 2001e).  The Clear Fork contains 2 reservoirs:  

Weatherford Lake, east of Weatherford; and Benbrook Lake, southwest of Ft. Worth.  

The reservoirs in the upper region of the Trinity River basin were constructed to control 

seasonal flooding and to provide municipal water supplies (Handbook, 2001a).   

The main stem of the Trinity River—at the confluence of the West Fork with the 

Elm Fork (approximately 121.3 meters (400.3 feet) MSL)—to Palestine, TX, runs 

through Dallas, Kaufman, Ellis, Henderson, Navarro, Freestone, and Anderson 

Counties.  The main stem contain several lakes/reservoirs, including White Rock Lake, 

near downtown Dallas; Cedar Creek Reservoir, near the city of Trinidad; Lake 

Waxahachie and Bardwell Reservoir, near Waxahachie and Ennis, respectively; and 

Richland-Chambers Reservoir, south of Trinidad.   
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Figure B-1.  The upper Trinity River watershed (UTRW). 
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Climate 

The climate in the UTRW varies due to its geographical location.  The DFW area 

is described as humid subtropical with hot summers, but also continental with a wide 

annual temperature range (NWS, 2005a).  Figure B-2 shows average monthly 

temperatures, as recorded by the National Weather Service for 1898 through 2005, as 

well as the average temperatures for the 12 months prior to the collection period (NWS, 

2005b).  The average coldest temperatures occur in January (44.1º F/6.72º C), and the 

average hottest temperatures occur in July (85º F/29.4º C).  The year prior to the 

collection period showed slightly warmer than normal temperatures during the winter 

months (December, January, and February) and the summer months (June, August, 

and September).  Spring and fall months were consistent with average monthly 

temperatures.      

There is also a wide variation of precipitation that falls in the UTRW (Figure B-3).  

There is an approximately 10-inch difference in rainfall between the rainfall at the 

headwaters of the West Fork and the bottom of the watershed.  Figure B-4 shows 

average monthly precipitation, as well the average precipitation for the year prior to the 

collection period, and Figure B-5 shows the cumulative precipitation for the year prior to 

the collection period.  In general, there is a wet season and a dry season in the UTRW.  

Maximum precipitation occurs in May (5.15 inches) and minimum precipitation occurs in 

January (1.9 inches), resulting in a yearly average of 34.73 inches (NWS, 2005b).  

Summer months (July, August, and September) rarely produce more than 2.5 inches of 

rain per month.  During the year prior to the collection period, monthly precipitation 

declined in February and continued to be lower than average for the remaining months.  
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This ultimately resulted in a 7.02-inch deficiency in cumulative precipitation from 

September 2004 to September 2005 (Figure B-5), causing stream, river, and reservoir 

levels to be well below average for that time of year (see flow section below).     
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Figure B-2.  Mean monthly temperatures in north central Texas.  Mean monthly 
temperatures (blue) are comprised of records from 1989 to 2005, and the mean monthly 
temperature of September 2004- September 2005 is shown in pink. 
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Figure B-3.  Average rainfall for the state of Texas.  The upper Trinity River watershed 
is outlined in black. 

 

 
 

200



0

1

2

3

4

5

6

7

Sept Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept

Pr
ec

ip
ita

tio
n,

 in

Mean PPT
2004-2005 PPT

 

 

Figure B-4.  Mean monthly precipitation in the Dallas-Ft. Worth metroplex.  Mean 
monthly precipitation (blue) was comprised of records from 1989 to 2005, and the mean 
monthly precipitation of September 2004- September 2005 is shown in pink.  
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Figure B-5.  Cumulative precipitation in the Dallas-Ft. Worth metroplex from September 
2004 to September 2005.  Zero cumulative precipitation represents the average 
cumulative precipitation since records were kept in 1898.  The cumulative monthly 
precipitation from September 2004- September 2005 is shown in pink.  
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Ecoregions, Soils, and General Land Cover/Land Use 

An ecoregion is an area with general similarities in ecosystems and in the type, 

quality, and quantity of environmental resources (USEPA, 2006).  The UTRW spans 10 

different level IV EPA ecoregions, as defined by the level IV classification method 

(Figure B-6) (Anderson et al., 1976).  However, there are 8 that best characterize the 

UTRW:  Red Broken Plains, the Cross Timbers (east and west), Grand Prairie, Northern 

Blackland Prairie, the Post Oak Savannah (northern and southern), and the floodplains 

and low terraces.   

Broken red plains (Level IV Texas ecoregion 27i):  This region is located in the 

western most area that feeds streams and tributaries of the West Fork.  Part of the 

Central Great Plains, soils consist mainly of sand and red clay.  The terrain is near level 

to hilly and covered with natural vegetation.  This ecoregion is used primarily for 

grazing.  Cattle are the main agriculture product of this region.  Oil and gas production 

have also been important business in this ecoregion (Land et al., 1998).     

Western and Eastern Cross timbers (Level IV Texas ecoregions 29b & 29c):  

Cross Timbers are a transitional region between the once prairie to the west and the 

forested low mountains or hills of eastern Texas and Oklahoma (USEPA, 2006).  It 

encompasses the area that feeds most of the streams and tributaries of the West Fork, 

though it also feeds the Elm Fork in the north and the Clear Fork to the south.  The 

Cross Timbers contain irregular plains with low hills and tablelands, as well as a mosaic 

of forest, woodland, savannah, and prairie (USEPA, 2006).  Oil, natural gas, and coal 

production has occurred in this region for the past 80 years.   
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The Western Cross Timbers region is located northwest of Ft. Worth.  It has fine 

sandy loams with clay sub soils that retain water (USEPA, 2006).  Eastern portions 

support the dairy industry, pasture land, and farming (forage sorghum, silage, corn, and 

peanuts).  Sample Site 2 is located within the Western Cross Timbers.  

The Eastern Cross Timbers region crosses through east Ft. Worth and many of 

the mid-cities of DFW, including Denton to the north.  Located between the Grand 

Prairie and the Blackland Prairies, the Eastern Cross Timbers consists of sandy 

substrate that has been leached of nutrients (USEPA, 2006).  Extensive urban 

development occurs within the Eastern Cross Timbers, yet there is still a lot of rural land 

used for cattle grazing and farming (peanuts, grain sorghum, pecans, peaches, and 

vegetables).  Sample Site 4 is located within the Eastern Cross Timbers.   

Grand Prairie (Level IV Texas ecoregion 29d):  This ecoregion crosses through 

most of Ft. Worth.  It feeds the streams and tributaries to the West, Elm, and Clear 

Forks.  The terrain of the Grand Prairie has a rougher, yet nearly level, appearance due 

to the erosion-resistant Lower Cretaceous limestone (Land et al., 1998; USEPA, 2006).  

Grazing occurs in the shallow soils, while farming (corn, grain sorghum, and wheat) 

occurs in the deeper soils.  Sample Site 3 is within the Grand Prairie. 

Northern Blackland Prairie (Level IV Texas ecoregion 33a):  The Blackland 

Prairies ecoregion covers most of the rest of DFW, including Dallas and the cities to the 

northeast of the watershed.  It also extends down to the region around Navarro Mills 

Lake.  The Blackland Prairie ecoregion feeds all the streams and tributaries of the East 

Fork, the eastern streams and tributaries that run to the Elm Fork, and streams and 

tributaries to the Trinity River main stem from the confluence of the West and Elm Forks 
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to approximately Ennis, TX.  This region distinguishes itself from adjacent regions by 

fine-textured, clayey soils and predominantly prairie potential natural vegetation 

(USEPA, 2006).  There is a higher proportion of cropland than adjacent regions due to 

its fertile soil, though pasture for livestock is common (Land et al., 1998).  This region is 

being encroached by human development, resulting in land conversion to urban and 

industrial uses.  Sample Sites 2, 6, 8, and 10 are within the Blackland Prairies. 

Northern and Southern Post Oak Savannah (Level IV Texas ecoregions 33a and 

33b):  Consisting of irregular plains originally covered with post oak trees, this region is 

a subtle transition of soil and vegetation.  Soils tend to be acidic, with sands and sandy 

loams in the uplands and clay to clay loams in the low-lying areas (USEPA, 2006).  

Many areas have a dense, underlying clay pan affecting water movement and available 

moisture for plant growth (USEPA, 2006).  Pasture and range are the main functions of 

this ecoregion today.  The Northern Post Oak Savannah’s current land cover consists of 

more improved pasture and less post oak woods and forests (USEPA, 2006), while the 

Southern Post Oak Savannah’s current land use consists of a mix of post oak woods, 

improved pasture, and rangeland (USEPA, 2006).   

Floodplains and Low Terraces (Level IV ecoregions 32d & 33f):  Floodplains and 

low terraces are mainly described within the Blackland Prairie and Post Oak Savannah 

ecoregions.  Many floodplains contain hardwood forests, though much of the land has 

been converted to cropland and pastures, especially in the Blackland Prairies ecoregion 

(USEPA, 2006).  More of the hardwood forests are retained in the floodplains and low 

terraces in the Northern and Southern Post Oak Savannahs than in the Blackland 

Prairies (USEPA, 2006).  The creation of major reservoirs within the Trinity River basin 
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has significantly reduced the historical magnitude and the frequency of floods within the 

floodplains (Land et al., 1998).  Sample Sites 12 and 13 are located within the 

floodplains and low terraces within the Blackland Prairie ecoregion, and Sample Sites 

14 and 15 are located within the floodplains and low terraces within the Post Oak 

Savannah ecoregions.     
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Figure B-6.  The ecoregions of the upper Trinity River Watershed, Texas. 
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Population 

 North central Texas has experienced significant growth within the past one 

hundred years (TWDB, 2006).  In 1900, the population in north central Texas was 

approximately 600,000.  Growth was relatively flat until 1960 when significant growth 

occurred in Dallas and Tarrant counties.  In 1980, the total population of north central 

Texas was over 3 million people.  In 2000, the total population was 5.25 million people, 

a 70% increase in 20 years (Figure B-7) (TWDB, 2006).  Future predictions put the 

north central Texas population at 8 million in 2020 and over 13 million by 2060.  The 

majority of this growth is expected to occur in Dallas, Denton, and Collin counties (> 

1,000,000 people); Tarrant, Rockwall, Grayson, Ellis, and Kaufman counties (100,000-

1,000,000 people); and Parker and Henderson counties (80,000-100,000 people) 

(TWDB, 2006).   

This population influx is having a big change in land usage in the region around 

the Dallas-Ft. Worth metroplex (DFW).  Figure B-8 (top) is a satellite image of DFW in 

1987 and Figure B-8 (bottom) is a satellite image of DFW in 2004.  From these pictures 

alone it is easy to tell that there has been a dramatic increase in residential and urban 

land usage around DFW in a 17-year period.  Additional land use analysis in the UTRW 

is described below in the GIS analysis section of this report.    
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Figure B-7.  Population estimates and predictions for north central Texas.  Population 
values in blue represent census data collected by the U.S. Census Bureau.  Population 
values in red represent predicted population growth by decade through the year 2060. 
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Figure B-8.  Satellite imagery of the Dallas-Ft. Worth metroplex in 1987 (top) and 2005 
(bottom). 
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Trinity River 

 Since the founding of Dallas by settlers in the mid 1800s, The Trinity River has 

been highly impacted by human activity.  Decades of abuse and neglect by industry, 

agriculture, and livestock processing plants resulted in the less-than-desirable 

reputation of being a “river of Death” as reported by the Texas Department of Health in 

1925.  With the passing of the Federal Water Pollution Control Act of 1972 and the 

Clean Water Act of 1977, the Trinity River waters began to slowly improve.  The 

improvements in water quality in the Trinity River basin is a welcome change since 

much of the Trinity River and its streams have been altered to meet citizens’ needs for 

flood control, drinking water, and recreation sources.  

Flow 

The Trinity River flow is closely related to both natural and anthropogenic 

sources.  Rainfall patterns in north central Texas result in high river flow in the spring, a 

dramatic decline in the summer, and a rise to moderate levels in the fall.  During the 

summer, most of the river flow is a result of the effluent discharge from wastewater 

treatment plants (WWTPs).  In fact, up to 95% of summertime flow can be attributed 

from WWTPs.  This attribute makes the Trinity River ideal for studying surfactants at the 

end of summertime. 

Figures B-9 through B-16 show the average monthly flows of the Trinity River 

(blue bars) measured by USGS monitoring stations from 1987 to 2005 at or near this 

study’s sample sites.  These data show that flow in these river segments follow the 

typical seasonal flow pattern.  These graphs also show the monthly flow from 

September 2004 through September 2005 (pink bars).  The seven inch rainfall deficit 
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mentioned above is reflected in the September 2004-2005 river flows.  This feature was 

ideal for this study.  Closer inspection of the flow show that there was very little change 

in flow in the 30 days prior to the study sample collection period (September 30-October 

5) (Figures B-17 through B-24).  There was a rain event around September 15, but 

flows quickly returned to normal.  Furthermore, Hurricane Rita did not affect flows, as 

shown by flow data on September 23-25, 2005 (indicated as the red bar in Figures B-17 

through B-24).  The one exception may be Sample Site 12 (East Fork), as shown by the 

flow increase around September 29.   
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Figure B-9.  Mean monthly flows at Sample Site 2 (field name: SDA-02; downstream of 
the Lake Lewisville dam) on the Trinity River.  Flows were measured at USGS 
measurement stations at or near the current sample sites.  Flow in blue represent the 
mean monthly flows for 1987 through 2005.  Flow in pink represent the mean monthly 
flows for September 2004 through September 2005.  
 
 

 

Figure B-10.  Mean monthly flows at Sample Site 4 (field name: SDA-04; upstream of 
Village Creek WWTP) on the Trinity River.  Blue and pink bar representation described 
in Figure B-9. 
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Figure B-11.  Mean monthly flows at Sample Site 6 (field name: SDA-06; downstream of 
the Village Creek WWTP/upstream of the TRA Central WWTP) on the Trinity River.  
Blue and pink bar representation described in Figure B-9. 
 
 

 

Figure B-12.  Mean monthly flows at Sample Site 8 (field name: SDA-08; downstream of 
the TRA Central WWTP/upstream of Dallas-Central WWTP) on the Trinity River.  Blue 
and pink bar representation described in Figure B-9. 
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Figure B-13.  Mean monthly flows at Sample Site 10 (field name: SDA-10; downstream 
of Dallas-Central WWTP/upstream of Dallas-Southside WWTP) on the Trinity River.  
Blue and pink bar representation described in Figure B-9. 
 
 

 

Figure B-14.  Mean monthly flows at Sample Site 12 (field name: SDA-12; bottom of 
East Fork) on the Trinity River.  Blue and pink bar representation described in Figure B-
9. 
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Figure B-15.  Mean monthly flows at Sample Site 14 (field name: SDA-14; downstream 
of confluence of main stem and East Fork/Ennis, TX) on the Trinity River.  Blue and pink 
bar representation described in Figure B-9. 
 
 

 

Figure B-16.  Mean monthly flows at Sample Site 15 (field name: SDA-15; Palestine, 
TX) on the Trinity River.  Blue and pink bar representation described in Figure B-9. 
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Figure B-17.  September flow at Sample Site 2 (field name: SDA-02; downstream of 
Lake Lewisville dam) on the Trinity River.  Flows were measured at USGS 
measurement stations at or near the current sample sites.  Flow in blue represent the 
daily flows for Septembers from 1987 through 2005.  Flow in pink represent the daily 
flows for September 2005.  The red bar indicates the time period that Hurricane Rita 
passed through east Texas-west Louisiana.  
 

 

Figure B-18.  September flow at Sample Site 4 (field name: SDA-04; upstream of 
Village Creek WWTP) on the Trinity River.  Flow in blue and red, and the red bar 
described in Figure B-17. 
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Figure B-19.  September flow at Sample Site 6 (field name: SDA-06; downstream of 
Village Creek WWTP/upstream of TRA Central WWTP) on the Trinity River.  Flow in 
blue and red, and the red bar described in Figure B-17. 
 
 

 

Figure B-20.  September flow at Sample Site 8 (field name: SDA-08; downstream of 
TRA Central WWTP/upstream of Dallas-Central WWTP) on the Trinity River.  Flow in 
blue and red, and the red bar described in Figure B-17. 
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Figure B-21.  September flow at Sample Site 10 (field name: SDA-10; downstream of 
Dallas-Central WWTP/upstream of Dallas-Southside WWTP) on the Trinity River.  Flow 
in blue and red, and the red bar described in Figure B-17. 
 
 

 

Figure B-22.  September flow at Sample Site 12 (field name: SDA-12; bottom of East 
Fork) on the Trinity River.  Flow in blue and red, and the red bar described in Figure B-
17. 
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Figure B-23.  September flow at Sample Site 14 (field name: SDA-14; downstream of 
the confluence of the main stem and the East Fork/Ennis, TX) on the Trinity River.  Flow 
in blue and red, and the red bar described in Figure B-17. 
 
 

 

Figure B-24.  September flow at Sample Site 15 (field name: SDA-15; Palestine, TX) on 
the Trinity River.  Flow in blue and red, and the red bar described in Figure B-17. 
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Drinking water 

The Trinity River is the main source (90%) for drinking water for residents in 

north central Texas.  Much of the drinking water for DFW is provided by reservoirs 

within the UTRW (Table B-1).  However, because of the growth and demand for more 

water in north central Texas, water supplies are more complex than simply the local 

reservoir, such as interbasin transfers from other reservoirs (TRA, 2006a).  The largest 

drinking water suppliers in the UTRW are the Trinity River Authority (TRA), the City of 

Dallas, the City of Ft. Worth, Tarrant Regional Water District (TRWD), and North Texas 

Municipal Water District (NTMWD).      

 Trinity River Authority (TRA) operates several regional water treatment systems, 

though only one treatment facility is within the UTRW (TRA, 2006a).  The Tarrant 

County Water Supply Project draws raw water from Cedar Creek and Richland-

Chambers Lakes in East Texas and in the southern portion of the UTRW.  The water is 

piped into Village Creek, the principal tributary of Lake Arlington in south central DFW.  

Water is piped out of Lake Arlington, treated, and delivered to the cities of Bedford, 

Euless, and Colleyville, and parts of Grapevine and North Richland Hills.  Several 

expansions since established in 1974 allow this treatment facility to provide 72 MGD of 

water to customers, with the potential for further upgrades in excess of 100 MGD.  The 

Lakeview Regional Water Supply Project provides raw water from Joe Pool Lake for the 

cities of Cedar Hill, Duncanville, and Grand Prairie, though no treatment plant has been 

built yet.  The Ellis County Water Supply Project supplies several entities within Ellis 

County with a reliable raw water supply (more than 14 MGD) from Tarrant Regional 

Water District’s Richland-Chambers and Cedar Creek  
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reservoirs.  But like the Lakeview Project, the Ellis County Project also does not 

currently have a treatment facility.      

 The City of Dallas’ Water Utilities Department provides water for about 2.3 million 

customers in and around Dallas, a service area of 699 square miles (Dallas, 2006).  

Water for Dallas is supplied by Lake Lewisville, Lake Grapevine, Lake Ray Hubbard, 

and Lake Ray Roberts, as well as interbasin transfer from Lake Tawakoni.  Dallas runs 

three water treatment plants that are capable of treating 875 MGD (Dallas, 2006).  The 

City of Ft. Worth’s Water Department uses surface water from six reservoirs, two owned 

by Ft. Worth and managed by the U.S. Army Corps of Engineers (Lake Worth and 

Benbrook Lake) and four owned and managed by Tarrant Regional Water District (City, 

2006b).  

The Tarrant Regional Water District (TRWD) pumps raw water from Lake 

Bridgeport, Eagle Mountain Lake, Cedar Creek Reservoir, and Richland-Chambers 

Reservoir, to treatments plants in DFW.  TRWD supplies treated water to over 30 

customers, including Ft. Worth, Arlington, and TRA, representing over 1.6 million people 

in north central Texas (TRWD, 2006).  TRWD pumps raw water from Cedar Creek 

Reservoir and Richland-Chambers Reservoir to Benbrook Lake, where it is then 

pumped to local water treatment plants.  A pipeline from Eagle Mountain Lake to 

Benbrook Lake will be completed in 2008.      

 The North Texas Municipal Water District (NTMWD) provides drinking water to 

cities and communities in northeastern DFW (83.9 billion gallons of water for August 

2004-July 2005).  Lake Lavon is the main source of NTMWD’s raw water supply, but 

NTMWD does also rely on interbasin transfers from Lake Chapman and Lake Texoma 
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(NTMWD, 2005).  NTMWD has also started the East Fork Reuse Project that will pump 

water from the Trinity River into 1,840 acres of man-made wetlands located southeast 

of Dallas in Crandall, TX (NTMWD, 2005).  The naturally-cleansed raw water will then 

be pumped to the north end of Lake Lavon.     
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Table B-1.  Lakes and reservoirs in the upper Trinity River watershed. 

Owner/ Size / Capacity a Water
Subwatershed Body of Water Years Built Management (acres/acre-feet) Supply? Supplier Ref

2 Lake Ray Roberts 1982-1987 USACE 29,350 Yes Dallas Water (Dallas, 2006)
799,600 Utilities (USACE, 2006)

Lake Lewisville 1948-1955 USACE 29,592 Yes Dallas Water (Dallas, 2006)
640,986 Utilities (USACE, 2006)

3 Amon G. Carter 1955-1956 City of Bowie 1,540 Yes City of Bowie (Handbook, 2001f)
Lake 20,050
Bridgeport Lake 1929-1931 TRWD 11,954 Future use TRWD (TRWD, 2005)

366,236 for TRWD
Eagle Mountain 1929-1932 TRWD 8,702 Yes (in 2008) TRWD (TRWD, 2005)
Lake 182,505
Lake Worth 1916 City of Ft. Worth 3,458 Yes City of Ft. Worth (Handbook, 2001g)

USACE 33,600 (TPWD, 2006)
4 Benbrook Lake 1949-1950 City of Ft. Worth 3,770 Yes TRWD (USACE, 2006)

USACE 88,250
6 Lake Arlington 1956-1957 City of Arlington 2,275 Yes City of Arlington (Handbook, 2006h)

45,710 TRA (TRA, 2006a)
8 Lake Grapevine 1948-1952 USACE 7,280 Yes Dallas Water (USACE, 2006)

181,100 Utilities (Dallas, 2006)
Joe Pool Lake 1987-1991 USACE 7,470 Yes TRA (USACE, 2006)

176,900
Mountain Creek 1929-1937 2,710 No (Handbook, 2006i)
Lake 22,840
North Lake 1956-1957 800 No (Handbook, 2006j)

17,000
10 White Rock Lake 1910-1911 City of Dallas 1,254 No (Handbook, 2006k)

18,610
12 Lake Ray Hubbard 1964-1969 City of Dallas 22,745 Yes Dallas Water (Dallas, 2006)

490,000 Utilities (Handbook, 2006l)
Lake Lavon 1948-1953 USACE 21,400 Yes NTMWD (USACE, 2006)

456,500 (NTMWD, 2005)
15 Cedar Creek 1961-1965 TRWD 32,623 Yes TRWD (TRWD, 2005)

Reservoir 637,924
Richland-Chambers 1982-1987 TRWD 45,365 Yes TRWD (TRWD, 2005)
Reservoir 1,137,204
Lake Waxahachie 1956 ECWCID #1 645 n/a (Handbook, 2006m)

13,500
Bardwell Reservoir 1963-1965 USACE 3,570 Yes TRA (USACE, 2006)

54,900
Navarro Mills Lake 1960-1963 USACE 5,070 Yes TRA (USACE, 2006)

63,300
Interbasin Transfers

Lake Chapman
Lake Tawakoni
Lake Texoma

a Surface area and storage capacity at conservation levels

Abbreviations:  ECWCID #1, Ellis County Water Control and Improvement District #1; NTMWD, North Texas Municipal Water District; TRA, Trinity River Authority; 
TRWD, Tarrant Regional Water District; and USACE, U.S. Army Corps of Engineers.

Dallas Power & 
Light Co.

Dallas Power & 
Light Co.
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Wastewater Treatment Plants 

There are 54 wastewater treatment plants (WWTPs) licensed by the Texas 

Commission on Environmental Quality (TCEQ) within the UTRW (Figure B-25 and 

Table B-2).  The Upper Trinity Water Quality Compact, consisting of the city of Ft. 

Worth, the city of Dallas, TRA, and the North Texas Municipal Water District (NTMWD), 

takes care of wastewater treatment, discharge, and reuse to provide the citizens in 

north central Texas cost-effective management of water and wastewater services.  

Dallas and Ft. Worth take care of their respective cities; TRA’s five WWTP facilities take 

care of wastewater for much of the mid-cities region of DFW; and NTMWD takes care of 

operations of northeast DFW, including Plano, Allen, and McKinney (TRA, 2006b).   

All the WWTPs in the UTRW discharge effluent into streams or Forks of the 

Trinity River (Table B-2).  Subwatershed 2, encompassing most of the Elm Fork, has 11 

WWTPs discharging 62.031 MGD.  The largest WWTP in this subwatershed is the City 

of Denton’s Pecan Creek WWTP (21 MGD).  Subwatershed 3, encompassing most of 

the rural region of the West Fork, has 2 WWTPs discharging 2.45 MGD.  Subwatershed 

4, encompassing Weatherford and most of Ft. Worth, as well as most of the Clear Fork, 

contains 1 WWTP (4.5 MGD).  Watershed 6, encompassing east Ft. Worth, west 

Arlington, and Burleson, contains 1 WWTP, Ft. Worth’s Village Creek WWTP, 

discharging 166 MGD.  Watershed 8 contains the convergence of the West and Elm 

Forks, so it contains WWTPs from both Forks.  This subwatershed encompasses many 

of the larger mid-cities, as well as west Dallas.  Ten WWTPs are in this subwatershed, 

discharging 250.4 MGD into the Trinity River.  The largest WWTP is the TRA Central 

(189 MGD), treating 75% of all the wastewater in this subwatershed.  Subwatershed 10 
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consists mostly of Dallas, as well as sections of Plano and Richardson.  Two WWTPs 

reside in this subwatershed, discharging 204.75 MGD.  The Dallas-Central WWTP (200 

MGD) resides in this subwatershed.  Subwatershed 12, encompassing the eastern 

cities of DFW and most of the East Fork, contains 17 WWTPs that discharge a total of 

220.MGD.  Subwatershed 13 resides in south Dallas and only contains 1 WWTP, the 

Dallas-Southside WWTP, which discharges 110 MGD.  Subwatershed 14 contains the 

confluence of the East Fork and the main stem.  Only 2 WWTPs are in this rural 

subwatershed, discharging 27.5 MGD.  Subwatershed 15 contains smaller cities, such 

as Waxahachie, Terrell, Corsicana, Trinidad, and Palestine.  Seven WWTPs are in this 

subwatershed, discharging 18.34 MGD into streams that run into the Trinity River main 

stem.  Only Subwatershed 1 did not contain a WWTP.  Overall, 6 WWTPs are on the 

West Fork (362.85 MGD), 19 WWTPs are on the Elm Fork (122.531 MGD), 17 WWTPs 

are on the East Fork (220.35 MGD), and the remaining 12 WWTPs discharge into the 

Trinity River main stem (360.59 MGD), a total of 1066.321 MGD discharged into the 

rivers and streams of the UTRW.  

 There are four main WWTPs in the UTRW, Village Creek Wastewater Treatment 

Plant (VCWTP), TRA Central Regional Wastewater System (TRA CRWS), Dallas-

Central Wastewater Treatment Plant (D-Central), and Dallas-Southside Wastewater 

Treatment Plant (D-Southside).  These 4 WWTPs treat and discharge 665 MGD, or 62 

% of all effluent, into the UTRW.  Below are brief descriptions of each WWTP’s 

operations. 

 Village Creek Wastewater Treatment Plant (VCWTP) (City, 2006a):  Village 

Creek Wastewater Treatment Plant (VCWTP) started operations in 1958 as a 5 MGD 
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facility for east Ft. Worth.  Over time and several expansions, VCWTP is now capable of 

treating 166 MGD from the 900,000 people and industries of Tarrant Counties and parts 

of Johnson County.  VCWTP has a pretreatment program to monitor commercial and 

industrial influent.  All influent is treated with chlorine for odor control before the 

treatment process begins.  Wastewater at VCWTP goes through secondary and tertiary 

treatment process, then chlorination and dechlorination before direct discharge into the 

West Fork of the Trinity River.  The average daily effluent flow generated at VCWTP is 

108.5 MGD, and its yearly treated flow is 39.7 billion gallons.  VCWTP is also actively 

involved in several conservation programs, such as reusing over 68 million gallons of 

treated wastewater are reused on nearby golf courses and land application of biosolids 

(see below).   

Trinity Regional Authority (TRA) Central Regional Wastewater System (CRWS) 

(TRA, 2006b):  TRA CRWS started operations in 1959 for Irving, Grand Prairie, Farmers 

Branch, and parts of western Dallas.  After several expansions over the past 47 years, 

CRWS now serves over 450 square miles in DFW, with a capacity of 162 MGD and a 

daily maximum of 335 MGD.  CRWS implements an aggressive pretreatment program 

to minimize toxic compounds in the wastewater influent.  CRWS utilizes total secondary 

(activated sludge) and tertiary (filtration) treatments.  It also has a dechlorination facility 

capable of chlorine removal to less than 0.1 mg/l.  CRWS has an on-site biomonitoring 

facility to facilitate rapid toxicity testing of its treated effluent.  Treated effluent is then 

discharged into the West Fork of the Trinity River.  CRWS is also involved in several 

resource conservation programs, such as reusing treated wastewater for irrigation of 
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local golf courses and maintaining lakes and ponds in the Las Colinas area of Irving, 

TX, as well as biosolid land application (see below).   

City of Dallas Wastewater Treatment Plants (Dallas, 2006):  The City of Dallas has two 

main WWTPs—Central and Southside—that serve approximately 1.9 million people in 

Dallas and 26 surrounding communities.  Both located on the Trinity River, Dallas-

Central (D-Central) and Dallas-Southside (D-Southside) have the capacity to treat 200 

and 110 MGD, respectively.  The cumulative amount of wastewater treated by both 

WWTPs was 75.3 billion gallons, or approximately 206 MGD, in 2001-2002.   
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Figure B-25.  Wastewater treatment plants in the upper Trinity River watershed.  
WWTPs are represented as gold diamonds. 
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Table B-2.  Wastewater treatment plants in the upper Trinity River watershed. 

Subwatershed NPDES # PERMITTEE FLOW, COUNTY Latitude a Longitude a

MGD

2 0022357 City of Gainsville 4.14 Cooke 33.6039980 -97.1494570
0047180 City of Denton 21.00 Denton 33.1963190 -97.0721880
0119849 City of Denton 0.25 Denton 33.1453990 -97.2652950
0020354 UTRWD 7.50 Denton 33.1365090 -97.0155640
0124745 UTRWD 2.00 Denton 33.2084190 -96.9905850
0123781 UTRWD 1.70 Denton 33.2286180 -96.9372830
0125172 UTRWD 5.23 Denton 33.2159180 -96.9013810
0123901 NTMWD 10.00 Denton 33.2020620 -96.8716690
0093696 City of The Colony 0.02 Denton 33.1339680 -96.9454920
0053112 City of The Colony 4.50 Denton 33.1060160 -96.8890720
0103501 NTMWD 5.00 Denton 33.1206760 -96.8586130

3 0111325 City of Bowie 1.25 Montague 33.5334400 -97.8519800
0024911 City of Decatur 1.20 Wise 33.2165060 -97.5919730

4 0047724 City of Weatherford 4.50 Parker 32.7465180 -97.7680870
6 0047295 City of Ft. Worth 166.00 Tarrant 32.7798520 -97.1436220
8 0125628 City of Denton 0.95 Denton 33.2792180 -97.0670880

0104957 TRA 5.00 Denton 33.0237340 -97.2208490
0055735 Trophy Club MUD 1 1.75 Denton 33.0045670 -97.1841800
0032018 City of Grapevine 5.75 Tarrant 32.9484580 -97.0833440
0020711 Town of Flower Mound 10.00 Denton 32.9959560 -97.0330640
0052892 City of Lewisville 18.00 Denton 33.0567890 -96.9747280
0002372 City of Dallas 5.00 Dallas 32.9651240 -96.9441720
0002381 City of Dallas 15.00 Dallas 32.8437380 -96.8733370
0022802 TRA 189.00 Dallas 32.7771300 -96.9367830
0025011 TRA 0.90 Ellis 32.5012490 -97.0197270

10 0023931 NTMWD 4.75 Dallas 32.9362350 -96.7377770
0047830 City of Dallas 200.00 Dallas 32.7292310 -96.7630780

12 0088633 NTMWD 64.00 Collin 33.1217850 -96.5524890
0024988 NTMWD 0.25 Collin 33.0773410 -96.5652680
0047911 NTMWD 24.00 Collin 33.0176210 -96.6466610
0069001 NTMWD 0.25 Collin 32.9928990 -96.5974920
0025950 NTMWD 2.00 Collin 32.9976210 -96.5505460
0123561 NTMWD 20.00 Dallas 32.9701220 -96.5513790
0024686 City of Garland 24.00 Dallas 32.8679030 -96.6299940
0022241 NTMWD 1.20 Rockwall 32.9515110 -96.4685980
0078565 NTMWD 2.25 Rockwall 32.8772610 -96.4576320
0074306 NTMWD 0.45 Rockwall 32.8620690 -96.4627640
0113921 NTMWD 0.03 Rockwall 32.8404040 -96.5058220
0024813 NTMWD 0.04 Rockwall 32.8245700 -96.4960990
0113182 NTMWD 0.18 Rockwall 32.8223480 -96.4860980
0024678 City of Garland 40.00 Kaufman 32.7959270 -96.5168660
0002364 City of Dallas 15.00 Kaufman 32.7490180 -96.5133220
0047431 NTMWD 25.00 Dallas 32.7073530 -96.5405450
0054526 City of Seagoville 1.70 Dallas 32.6523550 -96.5227670

13 0047848 City of Dallas 110.00 Dallas 32.6381900 -96.6480500
14 0022811 TRA 24.00 Dallas 32.5626360 -96.6230480

0104345 TRA 3.50 Ellis 32.4837500 -96.8005530
15 0027537 City of Waxahachie 8.00 Ellis 32.3704210 -96.8327750

0022527 City of Terrell 4.50 Kaufman 32.6862420 -96.2724790
0079391 City of Kaufman 1.20 Kaufman 32.5604140 -96.2972020
0031577 TDCJ 2.85 Anderson 31.7807250 -95.8885730
0075388 TDCJ 1.44 Anderson 31.7568370 -95.8260710
0089044 TDCJ 0.35 Anderson 31.7312820 -95.8016260
0025453 City of Palestine 4.70 Anderson 31.7265600 -95.7060680

a measured in digital degrees
NTMWD, North Texas Municipal Water District; TDCJ, Texas Department of Criminal Justice; TRA, Trinity River Authority of 
Texas; and UTRWD, Upper Trinity Regional Water District.
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