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CHAPTER 1  

INTRODUCTION 

Buffalo Bayou (Segments 1013 and 1014) and Whiteoak Bayou (Segment 1017) are 

considered impaired water bodies for contact recreation, as they do not meet pathogen water 

quality standards. As a result, the two bayous were placed on the Texas' Clean Water Act 303(d) 

List in 1996 and the current study was initiated in 2001. The purpose of this study is to provide 

the TCEQ with the information and assistance necessary for the preparation of a Total Maximum 

Daily Load (TMDL) for the pathogen impairments in Buffalo and Whiteoak Bayous.  

There have been several work orders comprising this study since the initiation of the 

project. During fiscal year 2001, Work Order 1 provided analysis of historical information for 

current levels and trends and  as well as an assessment of the major sources of bacteria to the two 

bayous. Work Order 2, completed in fiscal year 2002, investigated suspected sources of bacteria, 

including sediment, wastewater treatment plants, and dry weather storm sewer flows.  A water 

quality model was developed during Work Order 2. Work Order 5, completed in fiscal year 

2003, investigated bacteria in sediment, potential load allocation issues and best management 

practices that may be practical for application in the study watersheds. During Fiscal Year 2004, 

Work Order 6 identified and studied additional potential sources of bacteria into the bayous. 

Work Order 8, underway, is focused on completing source data collection, as well as refining 

and developing load allocation methodologies.   

The document is the final report for Work Order 8.  The report is comprised of ten 

chapters.  Chapter 1 provides an introduction to the problem, Chapter 2 describes the stakeholder 

involvement, and Chapter 3 presents the quality assurance process that were followed for this 
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project.  Sampling results from WWTP sampling are presented in Chapters 4 and 5, with Chapter 

4 focusing on assessing the potential for biosolids releases and Chapter 5 focusing on the impact 

of WWTPs on water and sediment concentrations in the receiving streams.  Chapter 6 presents 

the final results from an investigation into overflow and bypass loads in the two study 

watersheds.  Bacteria source tracking results are presented in Chapter 7, while some discussion 

regarding bacteria die-off is presented in Chapter 8.  Chapter 9 presents a summary of changes 

that have been completed to the water quality models developed for the two watersheds to 

incorporate additional sources of bacteria.  Finally, Chapter 10 describes the methodology that 

will be employed to determine the allocation scenarios for the TMDLs for this project. 
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.  

CHAPTER 2  

 STAKEHOLDER/PUBLIC EDUCATION AND INVOLVEMENT 

The project team supported the stakeholder process facilitated by the Houston Galveston 

Area Council (HGAC) and Mary Jane Naquin. The following support tasks were undertaken: 

Development of informational materials summarizing the technical aspects of the project 

for electronic and hard copy distribution at stakeholder meetings including documents, maps, and 

quarterly reports; 

• Preparation of web based project informational briefs; 

• Participation in stakeholder meetings on November 16, 2004, April 6, 2005 (no 

slides were prepared) and August 18, 2005; 

• Preparation of project technical summary in response to the End Game Strategy 

Group; 

• Preparation of responses to the Municipal Separate Storm Sewer System (MS4) 

Joint Task Force requests for information; 

• Preparation of responses to questions and information requests from stakeholders 

and providing rationale for whether or not certain requests by stakeholders for 

refinement in technical analysis can or cannot be achieved; and   

• Providing technical expertise on issues related to microbiological, public health, 

urban wastewater infrastructure and water quality. 

Materials presented in the stakeholder meetings are presented in Appendix A.   
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CHAPTER 3  

QUALITY ASSURANCE PROJECT PLAN AND QUALITY CONTROL  

 

The Quality Assurance Project Plan (QAPP) is a document that describes the tasks, 

management structure and policies that will be implemented in the monitoring program for this 

project. The QAPP ensures that the data collected under this work order will be reliable, 

scientifically valid and legally defensible. In addition, data quality checks were also completed to 

demonstrate compliance with the QAPP. These data checks are described in more detail below. 

3.1 QAPP 

The Annual Update for the current QAPP was prepared to extend the effective period of 

the QAPP and also to detail sampling related to biosolids.  The QAPP was submitted on 

December 6, 2004.  Initial comments were received on December 7, 2004 and comments from 

the quality assurance and Monitoring Data Management and Assessment sections were received 

on February 1, 2005.  The revised QAPP was submitted on February 14, 2005.  The QAPP was 

submitted to EPA, and their approval was received on April 5, 2005.  The QAPP is attached as 

Appendix B.   

3.2 QUALITY CONTROL 

The QAPP requires numerous steps to be taken to document that the quality of the data 

collected in this project is acceptable.  There are two different aspects to the quality control 

conducted for this project:  field QA/QC and laboratory QA/QC.  Field QA/QC consisted of the 
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collection and subsequent analysis of equipment blanks and field splits.  For the laboratory 

analyses of EC, total suspended solids (TSS), and biological oxygen demand (BOD), QA/QC 

steps included the analysis of laboratory method blanks, laboratory splits and split duplicates, as 

well as method detection limit samples when applicable.  A summary of all these analyses and 

results are presented in Appendix C.   
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CHAPTER 4  

 ASSESSMENT OF BIOSOLIDS IMPACT ON BACTERIA LEVELS 

This chapter presents an analysis of data obtained from sampling conducted between May 

10, 2005 and June 9, 2005 and between June 24, 2005 and July 15, 2005 for the biosolids 

sampling assessment. The samples were collected every day continuously during the time period. 

During dry weather, samples were collected once per day at three plants (11375, 11485, and 

10495-099; see Figures 4.1 and 4.2). Wet weather samples were collected twice a day at two 

plants (11485 and 10495-099) for three wet weather events. The wet weather events occurred on 

May 30, 2005, June 1, 2005, and July 15, 2005. A total of 115 effluent samples were collected 

from three sites including both dry and wet weather.  Sludge and influent data were collected on 

September 8, 2005 at the City of Houston Plant. 

A description of the sampling locations, methods and technical approach undertaken to 

accomplish this task is presented in Section 4.1. All of the sampling and analysis procedures 

employed for this task follow the approved QAPP for the project (Appendix B). Results are 

presented the Sections 4.2 and 4.3.   

4.1 SAMPLING LOCATIONS AND METHODS 

 Effluent samples were collected from three wastewater treatment plants in 

Whiteoak Bayou (Segment 1017). These sites were selected to give a wide range of potential 

inputs of sludge and untreated water based on their historical water quality data; size, treatment 

type, and accessibility. Table 4.1 lists the permit number, permitee, EPA permit number, 
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subwatershed ID and permitted flow.  

For the sampling, a sampling crew (2 people) left early in the morning to sample the three 

plants between 8:00 and 9:30 in order to catch the peak flow. The sampling included field 

measurements of residual chlorine, flow, and conventional chemical parameters. Each of the 

samples was analyzed for E. coli, total suspended solids (TSS), and biochemical oxygen demand 

(BOD) at the University of Houston laboratories. The methods employed are shown in Table 4.2. 

 

 

 

Table 4.1 Permit Information for Sampled WWTPs 
 

Permit Number Permitee EPA Permit Subbasin Permitted Flow 
(MGD) 

WQ0011375-001 AQUASOURCE TX0026247 4 0.1370 
WQ0011485-001 HARRIS CO MUD 023 TX0062235 4 0.7500 
WQ0010495-099 HOUSTON, CITY OF TX0057347 7 4.0000 

 

 

 

 

Table 4.2 Methods Used for EC, TSS, and BOD analysis in the sampling 
 

Constituent Method Comments 
EC IDEXX Quanti-tray 2000 
TSS EPA 160.2  
BOD EPA 5210  
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Figure 4.1 Sampling sites locations in the Watersheds 

 

 

Figure 4.2 Aerial Photo of the sampling sites 
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4.2 ANALYSIS OF SAMPLING RESULTS IN DRY AND WET WEATHER.  

The entire database of field data for the sampled effluent is included in Tables 4.3, 4.4, 

and 4.5. The field parameter summary statistics for the sampled effluent (May 2005 – July 2005) 

are summarized in Table 4.6. Laboratory results for TC, E. coli, TSS, and BOD are included in 

Tables 4.7, 4.8, and 4.9 and presented the statistical analysis in Table 4.10. 

As shown in Table 4.6 the temperature was quite constant at the three sampling plants, as 

evidenced by the low standard deviation. Conductivity, available that indicates the amount of 

salts or other electrolytes in the sample, was found to vary on a daily basis. The City of Houston 

plant (10495-099) had relatively high conductivity with a mean of 965.1 μs/cm. Dissolved 

oxygen ranged from 5.1 mg/L to 10 mg/L but was also relatively constant at 7.8 mg/L. 

Residual chlorine was found to have a maximum value around 23.1 mg/L at plant 11375, 

a very high concentration that is almost twice then standard value of 10 mg/L. Ammonia 

concentrations were found to have a mean around 0.4 mg/L at plant 11485. However, Ammonia 

was not detected at plant 11375 or 10495-099 during wet weather sampling. Ortho-phosphorous, 

on the other hand, was found in higher concentrations ranging from less than the standard 

concentration to 57 mg/L.  

Flow was calculated using the measured depth of flow, pipe diameter and slope in 

Manning’s Equation. Since the pipes from all the sampling plants were corrugated metal a value 

of 0.022 was selected for Manning’s coefficient. 
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Table 4.3. Results from Field Measurements for Plant 11375

Station ID Date Time Temp Conductivity DO DO Turbidity pH Residual 
Chlorine

Ortho-
Phosphorous Ammonia Flow

(°C) (μs/cm) (%) (mg/L) (NTU) (mg/L) (mg/L) (mg/L) (MGD)
11375 5/10/2005 7:56 22.7 NA NA NA NA 8.2 0.9 6.2 NA NA
11375 5/11/2005 8:03 24.0 NA NA NA NA 6.5 8.9 6.8 <0.08 NA
11375 5/12/2005 7:45 24.2 NA NA NA NA 8.3 7.1 1.8 0.4 NA
11375 5/13/2005 8:20 24.7 862 103.5b NA NA 6.8 6.8 9.9 <0.08 0.012
11375 5/14/2005 10:35 25.2 856 150.2b NA NA 8.97b 6.3 9.6 <0.08 0.011
11375 5/15/2005 10:25 25.2 887 NA NA NA 8.17b 7.6 9.1 <0.08 0.018
11375 5/16/2005 7:50 24.4 918 172.5b NA NA NA 8.7 10.2 <0.08 0.020
11375 5/17/2005 8:35 24.7 468c 100 NA NA 7.92b 4.8 12.5 <0.08 0.012
11375 5/18/2005 8:01 24.6 911 109.1b 8.64b NA 7.3 16.8 4.0 <0.08 0.043
11375 5/19/2005 8:00 24.7 907 97b 8.19b 29.3 7.3 4.4 10.0 <0.08 0.022
11375 5/20/2005 8:25 25.4 925 121.9b 9.98b 20.6 7.4 10.7 5.0 <0.08 0.031
11375 5/21/2005 10:49 26.7 880 100b NA 3.2 7.5 8.1 12.8 <0.08 0.014
11375 5/22/2005 10:50 26.8 832 98 7.8 16.3 7.7b 8.0 5.2 <0.08 0.003
11375 5/23/2005 7:50 26.5 885 101.9b 7.99b 26.6 7.6 8.8 7.7 <0.08 0.003
11375 5/24/2005 8:05 26.3 890 91.7b 7.38b 42.0 7.21b 9.3 8.2 <0.08 0.029
11375 5/25/2005 8:30 27.0 911 110.9b 8.87b NA 7.2 12.4 7.7 <0.08 0.003
11375 5/26/2005 8:00 26.7 909b 102.9b 8.15b NA 7.6b 12.2/12.4 10.5/9.2 0.03/0 0.014
11375 5/27/2005 7:55 25.6 882 109 8.9 6.6 7.57b 15.8 7.9 0.1 0.022
11375 5/28/2005 10:35 26.6 936 109 8.6 31.5 7b 14.9 9.6 <0.08 0.019
11375 5/29/2005 10:50 26.2 939 -a -a 65.1 7.5 2.0 3.5 <0.08 0.020
11375 5/31/2005 8:03 25.7 -a NA -a 42.2 7.3b 7.9 7.7 <0.08 0.019
11375 6/2/2005 7:50 24.9 781 NA -a 30.3 -a 18.3 6.8 <0.08 0.016
11375 6/3/2005 8:25 26.0 813b NA -a 9.8 7.8 20.1 5.5 <0.08 0.015
11375 6/4/2005 10:50 27.2 847 NA -a 117c 7.7 6.4 10.7 <0.08 0.019
11375 6/5/2005 11:07 27.4 862 NA -a 0.0 7.8 11.9 7.2 <0.08 0.020
11375 6/6/2005 7:55 27.0 843 NA 6.49b 2.3 7.56b 23.1 6.0 <0.08 0.019

a Probe calibration was not recorded. 
b Failed post-calibration check. Data should be flagged as estimates.
c Data point is an outlier.
Abbreviations:  NA = not available, °C = degrees celsius, μs/cm = microsiemens per centimeter, mg/L = milligrams per liter, 

      NTU = nephlometric turbidity units, MGD = million gallons per day

10



Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Final Report

Table 4.4. Results from Field Measurements for Plant 11485

Station Idf Date Time Temp Conductivity DO DO Turbidity pH Residual 
Chlorine

Ortho-
Phosphorous Ammonia Flow

(C°) (μs/cm) (%) (mg/L) (NTU) (mg/L) (mg/L) (mg/L) (MGD)
11485 5/10/2005 8:35 -a -a -a -a -a -a 0.25/0.37e 2.97/2.68 NA NA
11485 5/11/2005 8:55 -a -a -a -a -a -a 0.41 2.04 <0.08 NA
11485 5/12/2005 8:23 -a -a -a -a -a -a 0.03 1.07 <0.08 NA
11485 5/13/2005 8:58 25.6 848 142.6b NA NA 8.2 1.43 7.84 0.24 0.1680
11485 5/14/2005 11:00 25.9 853 169b NA NA 8.79b 0.15 7.38 <0.08 0.2257
11485 5/15/2005 11:00 26.1 882 NA NA NA 8.25b 0.54 8.98 0.33 0.2084
11485 5/16/2005 8:20 25.1 855 181.5b NA NA NA 0.31 7.92 1.18 0.2000
11485 5/17/2005 9:09 25.5 818 104.9 NA 3.8 7.7b 0.15 7.08 0.04 0.2622
11485 5/18/2005 8:38 25.6 884 96b 7.83b NA 7.7 0.49 1.76 <0.08 0.2000
11485 5/19/2005 8:34 25.7 832b 96.4b 7.84b 21.0 7.4 0.04 7.68 0.67 0.1877
11485 5/20/2005 8:50 26.1 847 111.9b 8.95b 19.9 7.5 0.24 5.58 1.29 0.0113
11485 5/21/2005 11:20 27.0 807 97.6b 7.79b 7.0 7.7 0.42 3.94 0.17 0.2170
11485 5/22/2005 11:20 27.2 814 98.5 7.8 0.8 7.66b 0.33 3.94 0.15 0.2346
11485 5/23/2005 8:30 26.1 841 99.7b 7.98b 6.8 7.9 0.24 7.92 0.9 0.2765
11485 5/24/2005 8:45 26.8 827 89.6b 7.16b 10.8 7.68b 0.32 4.08 0.15 0.3012
11485 5/25/2005 9:13 26.7 817 100.3b 8.02b 7.4 7.5 0.37 5.52 0.29 0.3268
11485 5/26/2005 8:50 26.7 862 99.7b 7.96b 18.6 7.76b 0.51 7.2 <0.08 0.2084
11485 5/27/2005 8:20 26.4 841 110.2 8.7 49.0 7.59b 4.8 4.2 0.74 0.2084
11485 5/28/2005 11:10 26.9 866 105.1 8.4 94.2 7.51b 2.1 5.12 <0.08 0.2669
11485 5/29/2005 11:05 26.8 866 104.9b 8.37b 31.9 7.7 0.17 5.46 0.03 0.3268

11485-A 5/30/2005 7:13 -a -a NA -a -a -a 0.08 7.04 1.02 0.1060
11485-B 5/30/2005 8:35 -a -a NA -a -a -a 0.13 9.02 0.93 0.1186
11485 5/31/2005 8:30 26.4 -a NA -a 20.7 7.01b 0.18 3.12 0.93 0.2301

11485-A 6/1/2005 8:10 26.4 NA NA -a 22.8 7.3 0.33 5.64 0.95 0.2301
11485-B 6/1/2005 10:05 26.5 795 NA -a 16.2 7.6 0.22 1.66 0.87 0.2257
11485 6/2/2005 8:18 26.5 803 NA -a 23.6 7.8 0.52 6.61 0.77 0.2391
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Table 4.4. Results from Field Measurements for Plant 11485, continued

Station Idf Date Time Temp Conductivity DO DO Turbidity pH Residual 
Chlorine

Ortho-
Phosphorous Ammonia Flow

(C°) (μs/cm) (%) (mg/L) (NTU) (mg/L) (mg/L) (mg/L) (MGD)
11485 6/3/2005 8:50 26.9 809b NA -a 84.1 8.1 0.3 6.9 0.65 0.1918
11485 6/4/2005 11:20 27.6 812 NA -a 78.8 7.7 0.08 2.08 <0.08 0.1319
11485 6/5/2005 11:45 27.6 824 NA -a 9.2 7.8 0.12 8.28 <0.08 0.3165
11485 6/6/2005 8:22 27.6 833 NA -a 19.4 7.9 0.28 52 0.24 0.2301
11485 6/23/2005 8:27 27.7 846 106.3 8.4 NA 7.5d 0.28 9.4 0.69 0.3643
11485 6/24/2005 8:15 27.7 865/822b 105.4 8.3 NA 7d 0.31 5.9 <0.08 0.1154
11485 6/25/2005 11:20 28.1 531c 108.0 8.2 NA 7d 1.53 10.42 <0.08 0.1494
11485 6/26/2005 11:00 28.1 878 105.6 8.3 NA 7d 0.89 9.24 0.26 0.2528
11485 6/27/2005 8:09 27.9 851 117.1 9.7 NA 7d 0.3 9.84 1.25 0.1959
11485 6/28/2005 8:25 27.7 850 102.2b 8.01b NA 7d 0.42/0.40 10.14/9.58 0.72/0.70 0.2170
11485 6/29/2005 8:15 28.0 856 105.9 8.1 NA 7d 0.37 8.8 0.39 0.1060
11485 6/30/2005 8:16 28.2 NA 96.8 7.6 NA 7.5d 0.11 7.54/8.24 0.16 0.1758
11485 7/1/2005 9:25 28.4 807 96.1 7.4 NA 8.0 0.33 8.82 1.03 0.1319

11485-A 7/15/2005 9:25 24.4 178 67.3 5.6 NA 8.3 0.01 1.24 0.22
11485-B 7/15/2005 9:25 25.4 209 66.2 5.4 NA 8.0 <0.01 1.35 0.28

a Probe calibration was not recorded or calibrated. Data should not be reported.
b Failed post-calibration check. Data should be flagged as estimates.
c Data point is an outlier.
d Estimate only. Measurement was completed with pH paper due to probe malfunctioning.
e Field splits do not meet the DQO of 30% FRPD. Data should be flagged as estimates.
f Suffix of A or B indicates order in which wet weather samples collected
Abbreviations:  NA = not available, °C = degrees celsius, μs/cm = microsiemens per centimeter, mg/L = milligrams per liter, 

      NTU = nephlometric turbidity units, MGD = million gallons per day
Indicates wet weather sample
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Table 4.5. Results from Field Measurements for Plant 10495-099

Station Idf Date Time Temp Conductivity DO DO Turbidity pH Residual 
Chlorine

Ortho-
Phosphorous Ammonia Flow

(C°) (μs/cm) (%) (mg/L) (NTU) (mg/L) (mg/L) (mg/L) (MGD)
10495-099 5/8/2005 NA -a -a -a -a -a -a NA NA NA NA
10495-099 5/9/2005 NA -a -a -a -a -a -a NA NA NA NA

10495-099U 5/9/2005 NA -a -a -a -a -a -a NA NA NA NA
10495-099 5/10/2005 9:25 -a -a -a -a -a -a <0.02 5.02 NA NA
10495-099 5/11/2005 9:40 -a -a -a -a -a -a 0.02 1.58 0.15 NA
10495-099 5/12/2005 9:05 -a -a -a -a -a -a 0.04 1.05 <0.08 NA
10495-099 5/13/2005 9:40 25.51 962 144.1b NA NA 8.2 0.09 4.89 <0.08 1.765
10495-099 5/14/2005 11:38 25.89 970 170b NA NA 8.92b 0.1 4.61 <0.08 1.941
10495-099 5/15/2005 11:20 25.98 995 NA NA NA 8.5b 0.12 4.21 <0.08 1.867
10495-099 5/16/2005 9:03 25.6 973 179.1b NA NA NA 0.17 9.16 <0.08 1.597
10495-099 5/17/2005 9:40 25.54 940 99 NA NA 7.94b 0.08/0.12e 4.14/4.11 <0.08/<0.08 1.941
10495-099 5/18/2005 9:17 25.62 1368c 61.9b 5.1b NA 6.9 0.09 6.6 <0.08 0.276
10495-099 5/19/2005 9:15 25.92 946b 100.4b 8.14b 7.2 7.5 <0.02 9.08 0.01 1.941
10495-099 5/20/2005 9:20 26.26 968 114.3b 9.21b 4.2 7.9 0.07 6.26 0.08 0.883
10495-099 5/21/2005 11:45 27.24 931 98.7b 7.81b 13.4 7.8 0.32 4.64 0.12 1.867
10495-099 5/22/2005 12:00 27.28 924 99 7.9 3.1 7.68b 0.19 4.59 0.09 1.867
10495-099 5/23/2005 9:02 26.77 969 100.1b 7.94b 1.2 8.0 0.02 6.44 <0.08 1.584
10495-099 5/24/2005 9:20 27.09 954 90.2b 7.16b 0.7 7.82b 0.1 6.68 <0.08 1.162
10495-099 5/25/2005 9:40 27.4 947 100b 7.93b 76.2 11.5 0.14 9 0.09 1.584
10495-099 5/26/2005 9:15 27.33 988 100.8b 7.94b NA 7.75b <0.02 9.302 0.3 1.970
10495-099 5/27/2005 9:00 26.97 964 112 8.8 5.3 7.89b 0.23 10.88 0.01 1.723
10495-099 5/28/2005 11:40 26.94 987 107 8.4 33.8 7.81b 0.03 5.88 <0.08 2.092
10495-099 5/29/2005 11:40 27.3 1002b 106 8.3 61.2 7.8 0.03 6.46 <0.08 2.185

10495-099A 5/30/2005 7:50 -a NA -a -a -a -a 0.07 5.16 3 NA
10495-099B 5/30/2005 9:10 -a -a -a -a -a -a 0.09 2.67 3.32 NA
10495-099U 5/30/2005 8:35 -a NA -a -a -a -a <0.02 0.28 0.32 NA
10495-099 5/31/2005 9:08 -a -a -a -a -a -a 0.08 0.69 0.01 1.737
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Table 4.5. Results from Field Measurements for Plant 10495-099, continued

Station Idf Date Time Temp Conductivity DO DO Turbidity pH Residual 
Chlorine

Ortho-
Phosphorous Ammonia Flow

(C°) (μs/cm) (%) (mg/L) (NTU) (mg/L) (mg/L) (mg/L) (MGD)
10495-099A 6/1/2005 9:00 26.9 NA NA -a 12.2 7.9 <0.02 4.67 0.91 1.955
10495-099B 6/1/2005 10:40 26.84 893 NA -a 21.1 7.8 0.05/0.07 3.24/3.29 0.67/0.61 1.896
10495-099 6/2/2005 8:55 27 918 NA -a 37 7.8 0.05 6.26 0.08 1.765
10495-099 6/3/2005 9:35 27.41 894 NA -a 20.1 8.1 0.02 8.8 <0.08 1.852
10495-099 6/4/2005 12:00 27.81 909 NA -a 6.1 8.1 <0.02 2.16 0.21 1.450
10495-099 6/5/2005 12:24 27.01 926 NA -a 70.8 8.2 0.02 8.42 <0.08 2.002
10495-099 6/6/2005 8:51 27 956 NA -a 12.6 7.9 0.24 3.11 <0.08 1.611
10495-099 6/23/2005 9:10 28.04 996 101 7.9 NA 7.5d 0.14 9.32 <0.08 1.081
10495-099 6/24/2005 8:55 28.04 1021/965b 100 7.8 NA 7d 0.01/0.08 9.32/9.7 0.25/0.11 0.686
10495-099 6/25/2005 12:25 28.8 985 101 7.9 NA 7d 0.04 4.88 <0.08 3.003
10495-099 6/26/2005 11:35 28.31 1000 104 8.0 NA 7.5d <0.02 9.18 <0.08 2.248
10495-099 6/27/2005 8:52 28.12 966 111 8.5 NA 7.5d 0.38 8.6 <0.08 1.611
10495-099 6/28/2005 9:15 28.1 1012 101 7.9 NA 7.5d 0.09 5.38 0.34 1.463
10495-099 6/29/2005 8:47 28.75 1011 93 6.99b NA 7.5d 0.07 8.68 0.04 1.597
10495-099 6/30/2005 9:20 28.41 NA 93 7.2 NA 7d <0.02 7.74 <0.08 0.596
10495-099 7/1/2005 9:56 28.88 934 97 7.5 NA 8.2 0.12 7.82 <0.08 1.823
10495-099 7/15/2005 9:55 28.75 880 71 5.5 3.3 7.7 0.04 8.7 <0.08 NA

a Probe calibration was not recorded or calibrated. Data should not be reported.
b Failed post-calibration check. Data should be flagged as estimates.
c Data point is an outlier.
d Estimate only. Measurement was completed with pH paper due to probe malfunctioning.
e Field splits do not meet the DQO of 30% FRPD. Data should be flagged as estimates.
f Suffix of A or B indicates order in which wet weather samples collected; U indicates sample collected in-stream above the pipe
Abbreviations:  NA = not available, °C = degrees celsius, μs/cm = microsiemens per centimeter, mg/L = milligrams per liter, 

NTU = nephlometric turbidity units, MGD = million gallons per day
Indicates wet weather sample
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Table 4.6 Field Parameter Summary Statistics for Sampled WWTPs

Plant Statistics Temperature 
(C°)

Conductivity 
(μs/cm)

Dissolved 
Oxygen (mg/L)

Turbidity 
(NTU)

pH Residual 
Chlorine (mg/L)

Ortho Phosphorous 
(mg/L)

Ammonia 
(mg/L)

Flow 
(MGD)

Minimum 22.7 468 6 0 6.1 0.9 1.8 0 0.002
Mean 25.6 855.4 7.9 29.5 7.5 10 7.7 0 0.016
Median 25.7 882 8 26.6 7.6 8.7 7.7 0 0.019
Std Dev. 1.19 98.24 1.07 30.2 0.57 5.5 2.69 0.085 0.001
Maximum 27.4 939 10 117 9 23.1 12.8 0.4 0.043
Minimum 24.4 178 5.4 0.8 5.3 0 1.1 0 0.011
Mean 26.6 789.8 7.8 27.5 7.6 0.5 7.1 0.4 0.204
Median 26.5 832 7.8 20.3 7.7 0.3 6.9 0.3 0.212
Std Dev. 1.07 152.19 0.86 26.2 0.57 0.81 7.69 0.42 0.007
Maximum 28.4 884 9.7 94.2 8.8 4.8 52 1.3 0.36
Minimum 24.2 852 5.1 0.7 5.4 0 0.7 0 0.28
Mean 27 965.1 7.5 28.9 7.7 0.1 6.1 0.2 1.63
Median 27 962 7.8 13.4 7.8 0.1 6.3 0 1.77
Std Dev. 1.12 78.32 0.98 31.6 0.58 0.018 2.64 0.71 0.045
Maximum 28.9 1368 9.2 98.8 8.9 0.4 10.9 3.3 3

Notes:
Abbreviations:  °C = degrees celsius, μs/cm = microsiemens per centimeter, mg/L = milligrams per liter, NTU = nephlometric turbidity units, MGD = million gallons per day

11375

11485

10495-
099

15



Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Final Report

Table 4.7 Measured Total Coliform, E. coli , TSS and BOD for Plant 11375

Station Idd Date Time Total Coliform E. coli TSS BOD

(MPN/dL) (MPN/dL) (mg/L) (mg/L)
11375 5/10/2005 7:56 2463 44 1.8 NA
11375 5/11/2005 8:03 1 <1 1.6 NA
11375 5/12/2005 7:45 <1 <1 1.2 NA
11375 5/13/2005 8:20 <1 <1 2.0 NA
11375 5/14/2005 10:35 <1 <1 3.2 NA
11375 5/15/2005 10:25 <1 <1 1.6 NA
11375 5/16/2005 7:50 73 <1 0.6 NA
11375 5/17/2005 8:35 <1 <1 2.0 NA
11375 5/18/2005 8:01 <1a <1a 1.6 NA
11375 5/19/2005 8:00 12a <1a 4.4 NA
11375 5/20/2005 8:25 <1c 20c 2.4 NA
11375 5/21/2005 10:49 <1a <1a 1.0 2.32b

11375 5/22/2005 10:50 4a <1a 1.0 2.84b

11375 5/23/2005 7:50 <1a <1a 3.0 2.49b

11375 5/24/2005 8:05 310a <1a 1.6 NA

11375 5/25/2005 8:30 <1a <1a 2.0 4.63b

11375 5/26/2005 8:00 <1/<1 <1/<1 1.8 3.45/3.43b

11375 5/27/2005 7:55 2 <1 0.8 2.91b

11375 5/28/2005 10:35 2 <1 2.4 3.45b

11375 5/29/2005 10:50 2 <1 1.1 2.74b

11375 5/31/2005 8:03 <1 <1 0.4 2.05b

11375 6/2/2005 7:50 5 <1 0.6 4.14b

11375 6/3/2005 8:25 14 <1 0.4 4.33b

11375 6/4/2005 10:50 <1 <1 3.6 3.33b

11375 6/5/2005 11:07 <1 <1 1.3 2.99b

11375 6/6/2005 7:55 <1 <1 0.8 NA
a Data point to be flagged as estimate. Exceeded temperature range.
b A lab blank was not run, samples should be flagged as estimates.
c Data point to be excluded. Did not meet the incubation time period.
d Suffix of A or B indicates order in which wet weather samples collected
Abbreviations:  mg/L = milligrams per liter, MPN/dL = most probably number per deciliter, TSS = total suspended
solids, BOD = biological oxygen demand
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Table 4.8 Measured Total Coliform, E. coli , TSS and BOD for Plant 11485

Station IDe Date Time Total Coliform E. coli TSS BOD

(MPN/dL) (MPN/dL) (mg/L) (mg/L)

11485 5/10/2005 8:35 11/1 <1 3.5 NA
11485 5/11/2005 8:55 205 3 2.4 NA
11485 5/12/2005 8:23 659 117 2.4 NA
11485 5/13/2005 8:58 11 <1 3.6 NA
11485 5/14/2005 11:00 617 15 1.6 NA
11485 5/15/2005 11:00 7 <1 0.8 NA
11485 5/16/2005 8:20 <1 <1 2.0 NA
11485 5/17/2005 9:09 33 2 6.0 NA
11485 5/18/2005 8:38 941.35a <1a 3.6 NA
11485 5/19/2005 8:34 23a <1a 3.6 NA
11485 5/20/2005 8:50 103c <1c 8.5 NA
11485 5/21/2005 11:20 741a 14a 5.9 2.91b

11485 5/22/2005 11:20 108a <1a 2.2/3.3d 1.65b

11485 5/23/2005 8:30 56a <1a 2.6 2.5b

11485 5/24/2005 8:45 43a <1a 3.3 2.56b

11485 5/25/2005 9:13 40a <1a 2.4/3.2 NA

11485 5/26/2005 8:50 24 <1 4.2 4.14b

11485 5/27/2005 8:20 2 <1 2.8 2.96b

11485 5/28/2005 11:10 10 <1 3.0 3.31b

11485 5/29/2005 11:05 99 2 2.4 3.28b

11485-A 5/30/2005 7:13 5 <1 3.2 16.05b

11485-B 5/30/2005 8:35 3 <1 4.3 11.33b

11485 5/31/2005 8:30 344 <1 3.0 2.74b

11485-A 6/1/2005 8:10 435 55 1.8 7.12b

11485-B 6/1/2005 10:05 308 84 2.6 5.86b

11485 6/2/2005 8:18 50 <1 0.8 4.22b

11485 6/3/2005 8:50 8 <1 2.2 5.26b

11485 6/4/2005 11:20 2 <1 1.6 2.72b

11485 6/5/2005 11:45 22/78 <1 2.4/2.2 3.81b

11485 6/6/2005 8:22 2 <1 0.6 NA
11485 6/23/2005 8:27 7 <1 3.6 3.06

11485 6/24/2005 8:15 2/8 <1/<1 4.8 3.24

11485 6/25/2005 11:20 6 <1 2.8 3.63
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Table 4.9 Measured Total Coliform, E. coli , TSS and BOD for Plant  Plant 10495-099, continued

Station IDe Date Time Total Coliform E. coli TSS BOD
(MPN/dL) (MPN/dL) (mg/L) (mg/L)

10495-099 6/25/2005 12:25 533 2 2.9 2.82

10495-099 6/26/2005 11:35 383 1 1.2 4.59

10495-099 6/27/2005 8:52 444 4 5.2 4.30

10495-099 6/28/2005 9:15 1005 15 1.5 4.85

10495-099 6/29/2005 8:47 545 2 3.1 4.73

10495-099 6/30/2005 9:20 1430 3 1.9 4.57

10495-099 7/1/2005 9:56 523 71 2.3 2.22

10495-099 7/15/2005 9:55 1212 10 NA 13.39

a Data point to be flagged as estimate. Exceeded temperature range.
b A lab blank was not run, samples should be flagged as estimates.
c Data point to be excluded. Did not meet the incubation time period.
d Field splits do not meet the DQO of 30% FRPD. Data should be flagged as estimates.
e Suffix of A or B indicates order in which wet weather samples collected
Abbreviations:  mg/L = milligrams per liter, MPN/dL = most probably number per deciliter, TSS = total suspended
solids, BOD = biological oxygen demand, NA = not available

Indicates wet weather sample
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Table 4.8 Measured Total Coliform, E. coli , TSS and BOD for Plant 11485, continued

Station IDe Date Time Total Coliform E. coli TSS BOD

(MPN/dL) (MPN/dL) (mg/L) (mg/L)

11485 6/26/2005 11:00 162 <1 2.7 2.34

11485 6/27/2005 8:09 <1 <1 4.0 3.30

11485 6/28/2005 8:25 13/<1 <1/<1 5.9/3.2d 6.36/3.47d

11485 6/29/2005 8:15 114 <1 3.5 3.51

11485 6/30/2005 8:16 50 <1 3.5 4.43

11485 7/1/2005 9:25 3 <1 2.5 4.19

11485A 7/15/2005 9:10 358533 48840 14.0 8.09

11485B 7/15/2005 11:01 307333 23760 22.0 10.14

a Data point to be flagged as estimate. Exceeded temperature range.
b A lab blank was not run, samples flagged as estimates.
c Data point to be excluded. Did not meet the incubation time period.
d Field splits do not meet the DQO of 30% FRPD. Data should be flagged as estimates.
e Suffix of A or B indicates order in which wet weather samples collected
Abbreviations:  mg/L = milligrams per liter, MPN/dL = most probably number per deciliter, TSS = total suspended
solids, BOD = biological oxygen demand, NA = not available

Indicates wet weather sample
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Table 4.9 Measured Total Coliform, E. coli , TSS and BOD for Plant  Plant 10495-099

Station IDe Date Time Total Coliform E. coli TSS BOD

(MPN/dL) (MPN/dL) (mg/L) (mg/L)
10495-099 5/8/2005 NA NA NA NA NA
10495-099 5/9/2005 NA 146218 6694 NA NA

10495-099U 5/9/2005 NA >241920 36540 160 NA
10495-099 5/10/2005 9:25 11940 81 3.6 NA
10495-099 5/11/2005 9:40 4161 44 2.0 NA
10495-099 5/12/2005 9:05 2979 26 0.4/1.6 NA
10495-099 5/13/2005 9:40 484 14 1.6 NA
10495-099 5/14/2005 11:38 492 9 1.6 NA
10495-099 5/15/2005 11:20 879a 6a 0.4/1.2 NA
10495-099 5/16/2005 9:03 487 10 2.0 NA
10495-099 5/17/2005 9:40 2238.75/650 3/3 1.2 NA
10495-099 5/18/2005 9:17 430a 2a 1.6/2.8d NA
10495-099 5/19/2005 9:15 1314a 2a 2.6 NA
10495-099 5/20/2005 9:20 1029c 1c 0.6 NA
10495-099 5/21/2005 11:45 1494a 1a 1.4 3.86b

10495-099 5/22/2005 12:00 438a 2a 2.0 3.72b

10495-099 5/23/2005 9:02 2045a 3a 2.6 5.23b

10495-099 5/24/2005 9:20 333a 5a 2.2 5.67b

10495-099 5/25/2005 9:40 724a 6a 0.8 3.54b

10495-099 5/26/2005 9:15 2637 5 2.2 4.84b

10495-099 5/27/2005 9:00 1370 3 2.0 3.68b

10495-099 5/28/2005 11:40 1175 2 1.0 10.72b

10495-099 5/29/2005 11:40 1598 8 NA 7.72b

10495-099A 5/30/2005 7:50 71470 1146 26.0 22.06b

10495-099B 5/30/2005 9:10 61310 1385 25.2 20.42b

10495-099U 5/30/2005 8:35 >241920 29925 626.8 232.60b

10495-099 5/31/2005 9:08 4451 47 2.2 NA

10495-099A 6/1/2005 9:00 3626 13 1.8/2.0 8.33b

10495-099B 6/1/2005 10:40 2557/3871 56/26 2.2/1.6 7.56/7.41b

10495-099 6/2/2005 8:55 2120 5 1.4 4.53b

10495-099 6/3/2005 9:35 2300 2 1.2 6.66b

10495-099 6/4/2005 12:00 2315 2 1.0 4.66b

10495-099 6/5/2005 12:24 2506 3 1.2 5.15b

10495-099 6/6/2005 8:51 2613 1 1.6 NA
10495-099 6/23/2005 9:10 761 2 1.5 4.26

10495-099 6/24/2005 8:55 2516/1775 4/6 1.5/1.0 4.57/4.17
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Table 4.10 Summary of Results from Lab Analyses for Total Coliform, E. coli, TSS and BOD

Plant Statistics
Total Coliform 

(MPN/dL)
E.Coli 

(MPN/dL)
BOD5 

(mg/L)
TSS 

(mg/L)
Minimum <1 <1 2.1 0.4
Geomean 2 1 3.2 1.7
Median 1 1 3 1.6
Std Dev. 484 9 0.78 1.01
Maximum 2463 44 4.6 4.4
Minimum <1 <1 1.7 0.6
Geomean 45 2 4.2 3.9
Median 42 1 3.6 3
Std Dev. 73683 8397 3.3 3.66
Maximum 358533 48840 16.1 22
Minimum 333 <1 2.2 0.6
Geomean 1775 8 5.6 3.1
Median 1444 5 4.7 1.9
Std Dev. 26233 1070 4.9 5.4
Maximum 146218 6694 22.1 26

Abbreviations:  mg/L = milligrams per liter, MPN/dL = most probably number per deciliter, TSS = total suspended
solids, BOD = biological oxygen demand, NA = not available

11375

11485

10495-
099
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The temporal distribution of TC and EC on a daily basis is presented in Figure 4.3 for the 

three plants. As can be seen, an increasing trend in TC and EC concentrations is seen in all three 

plants as the amount of rainfall increased. It is evident from Figure 4.3 that the plants at times 

exceeded discharge limits, particularly in wet weather. Plant 10495-099 had the highest TC and 

EC data with a geometric mean of 1775 MPN/dL and 8 MPN/dL, respectively. The maximum 

values of TC, EC and BOD were recorded during wet weather. 

Figure 4.4 and 4.5 present the TSS, BOD and ammonia discharges from the plants. As 

shown in Figure 4.4, ammonia levels are also affected by the amount of precipitation. Ammonia 

levels increase with the amount of rainfall. TSS concentrations varied from 0.4 to 22.0 mg/L. 

Plant 11375 had relatively low TSS concentrations. The maximum TSS concentrations from 

plants 11485 and 10495-099 were measured during the rain event. As shown Figure 4.5, there is 

a relationship between BOD5 and rainfall, and a weaker one between TSS and rainfall. 

In the three wet weather events, the pipes were submerged into the stream and so it was 

not possible to collect samples from the outfalls. Therefore, two samples were collected at each 

site: one was grabbed from the interior of the pipe and the second one was taken upstream of the 

pipe. The sampling results were compared between the two locations.  Additionally, a visual 

examination of the sampling sites suggested the plants were not operated properly. The plants 

were discharging dark material that was visible to the plume (Figure 4.6, 4.7 and 4.8). 

To compare the physical/chemical/bacteriological data, the minimum, 25th percentile, 

median, 75th percentile, and maximum for each water parameter were plotted for the plants 

(Figure 4.9). These parameters include TC, EC, TSS, BOD, conductivity, turbidity, pH, chlorine, 
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ammonia, and orthophosphorous. In general, the highest bacteria concentrations were found for 

the city of Houston plant (10495-099). The highest ammonia and TSS concentrations were from 

Harris County Municipal Utility District (11485). Chlorine concentrations were always above the 

detection limit at Creekside (11375).  

The wet and dry weather concentrations for TC, EC, TSS and BOD were compared in 

Table 4.11, with the geometric mean and median values presented for plants 11485 and 10495-

099.  Both the geometric mean and median values for all parameters were higher in wet weather 

than dry weather.  In addition, EC, BOD, and TC (for plant 10495 only) were higher in wet 

weather than dry weather at a statistically significant level, as indicate in the table with a “*” for 

those that are statistically significant at the 95% confidence level and a “^” for those statistically 

significant at a 90% confidence level.   Considering the fairly small data set that was collected 

for wet weather (n=12), this difference is striking and confirms that WWTPs under wet weather 

do not function as well as during dry weather.   

Sludge and influent samples were collected on September 8, 2005 at the city of Houston 

plant and analyzed at the same day. EC concentration is 1.94 x 107 MPN/dL for influent and 2.27 

x 106 MPN/dL for activated sludge. BOD concentration of influent is 237 mg/L while TSS 

concentration of influent is 34 mg/L. Sludge sample was analyzed for total solids, volatile solids, 

and moisture. The sampled sludge was found to 48.1% of total solids, 60% of volatile solids, and 

99.5% of moisture. 

4.3 BIOSOLIDS DISCHARGES  

Prior work to develop a mass solids balance at WWTPs indicates that some plants do 
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seem to have variances in their reported solids that cannot be explained due to random variation 

alone.  Therefore, this sampling was undertaken to further explore the potential for biosolids 

releases at WWTPs.  Biosolids releases are thought to be a process typically caused by poor 

solids management that occurs only under the heaviest rains, and thus wet and dry weather 

conditions were sampled.  Dry weather was sampled to provide a baseline of concentrations with 

which to compare the wet.  As described in this chapter, the concentrations of EC in dry weather 

effluent discharges was low but in wet weather, they were much higher.  This sampling has 

shown that there is some variability associated with effluent discharges during wet weather, 

especially for the constituents BOD, EC, and ammonia. The observed concentrations, however, 

do not reach levels that were observed in sampled sludge or WWTP influent.   

Visual observation during the sampling did provide some indication that a pollutant 

plume was emanating from the plant discharge outfall.  It is clear, based upon sampling results 

that the plants were affected by rainfall and higher concentrations of BOD, ammonia and EC 

appear to be related to rainfall, but it it is not possible to determine if these differences were due 

to biosolids releases or lower quality wastewater treatment.   



Table 4.11 Comparison of Wet and Dry Weather Results

Plant Type Statistics

Geomean 26.8 0.8 ^ 3.3 * 2.3
Median 36.7 0.5 3.3 2.8

Geomean 748.5 0.8 ^ 9.2 * 9.0
Median 371.4 69.4 9.1 3.8

Geomean 1368.7 * 7.3 * 4.6 * 2.8
Median 1342.2 3.9 4.6 1.6

Geomean 23204.0 * 251.4 * 21.1 * 5.2
Median 61310.0 593.3 16.9 25.2

Notes:  * indicates statistically significant difference between geomeans, p-value < 0.05; ^ indicates
p-value < 0.10
Abbreviations:  mg/L = milligrams per liter, MPN/dL = most probably number per deciliter, TSS = total
suspended solids, BOD = biological oxygen demand, NA = not available, Stdev = standard deviation

E.Coli 
(MPN/dL)

Total 
Coliform 

BOD5 

(mg/L)
TSS 

(mg/L)

11485
Dry

Wet

10495
Dry

Wet
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Figure 4.3 Measured Concentrations of TC and EC over time at WWTPs (A) 11375, 
(B) 11485, and (C) 10495-099
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Figure 4.4 Measured Ammonia Concentrations at WWTPs (A) 11375, 
(B) 11485, and (C) 10495-099
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Figure 4.5 Measured BOD5 and TSS at WWTPs (A) 11375, 
(B) 11485, and (C) 10495-099
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(a) Dry Weather

(b) Wet Weather

Figure 4.6 Dry and Wet weather pictures of the outfall in Creekside (11375)



(a) Dry Weather

(b) Wet Weather

Figure 4.7 Dry and Wet weather pictures of the outfall for Harris Co MUD #23 (11485)



(a) Dry Weather

(b) Wet Weather

Figure 4.8 Dry and Wet weather pictures of the outfall for the City of Houston (10495-099)
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Figure 4.9 Comparison physical/chemical/bacteriological data for the three sampled plants
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CHAPTER 5  

ASSESSMENT OF EC LEVELS DOWNSTREAM OF WWTP OUTFALLS 

This chapter summarizes the progress made between June 28 and July 7, 2005 with 

respect to WWTP outfall sampling. A description of the methods and technical approach 

undertaken to complete this task is presented below. All the sampling and analysis procedures 

employed for this task followed those outlined in the approved QAPP for this project (Appendix 

B).  

The sampling conducted for this task is an extension of the sampling completed under 

Work Order 6.  In this chapter, the findings from this fiscal year will be presented and analyzed.  

In addition, the data from last year will also be reviewed for an overall analysis of the impact of 

WWTP outfalls on E. coli (EC) levels in the bayous.   

5.1 EC SAMPLING FOR CURRENT FISCAL YEAR 

The goal of this task was to understand the relationship, if any, between treated 

wastewater effluent and EC levels downstream of a wastewater plant outfall. A total of ten 

locatable wastewater outfalls were sampled during dry weather (defined as 3 or more days 

without rain). Four samples were collected at each wastewater plant: (1) approximately 300 ft 

upstream of the outfall, (2) at the outfall in the stream, (3) from the outfall , and (4) downstream 

from the outfall (at approximately 300 ft), past the mixing zone. 

Samples were analyzed for EC and total suspended solids (TSS) levels in water and EC 
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Table 5.1  Field Data from WWTP Sampling

10495-099 Downstream 6/28/2005 9:07 27.27 889 838.547 (1) 70 5.54 8 - 4.90 0.48 - -
Upstream 9:30 27.37 896 844.168 (1) 82.8 6.54 8 - 4.93 - - -
Instream 9:21 27.41 931 872.273 (1) 78.2 6.18 8 - 4.92 - - -
Effluent 9:15 28.1 1012 937.316 (1) 101.3 7.91 8 0.09 5.38 - 63.92 1.46

11485-001 Downstream 6/30/2005 8:10 28.72 n/m 88.6 6.82 8 n/m 8.26 n/m - -
Upstream 8:48 29.5 n/m 79.5 6.06 8 - 9.58 - - -
Instream 8:28 28.72 n/m 89.7 6.99 8 0.13 8.07 - - -
Instream Dup - - - - - - - 7.54 - - -
Effluent 8:16 28.17 n/m 96.8 7.56 8 0.11 8.24 7.69 0.18

11375 Downstream 7/1/2005 8:11 29.63 941 880.303 (1) 76.2 5.78 8 0.8 8.88 0.10 - -
Upstream 8:59 29.85 938 877.894 (1) 76.2 5.76 8 - 7.76 - - -
Instream 8:28 29.39 926 868.258 (1) 93.5 7.11 8 0.44 10.3 - - -
Effluent 8:18 28.53 898 845.774 (1) 97.3 7.53 8 17.1 10.8 - 1.17 0.03

11563-001 Downstream 7/5/2005 9:00 28.99 937 93.5 7.18 8 0.03 15.2 0.81 - -
Upstream 9:36 29.71 928 97.7 7.36 8 - 13.1 - - -
Instream 9:14 29.28 917 113.9 8.64 8 - 12.0 - - -
Effluent 9:21 29.68 924 99.9 7.57 8 - 10.3 - > 2 L/s > 0.046

11523-001 Downstream 7/6/2005 10:22 30.27 1060 65.1 5.43 7 n/m 7.18 0.16 - -
Upstream 9:45 29.8 1065 38.2 2.89 7 - 8.64 - - -
Instream 10:45 30.49 1040 73.3 5.33 8 0.12 8.74 - - -
Effluent

10495-139 Downstream 7/6/2005 8:26 27.47 937 79.8 6.32 7 0.03 5.85 - - -
Upstream 7:37 26.3 945 18.1 1.42 7 - 10.6 0.10 - -
Instream 8:08 27.45 935 84.8 6.73 7 0.17 5.2 - - -
Effluent

12795-001 Downstream 7/7/2005 8:15 30.29 1207 74.6 5.64 7 1.15 10.9 0.20
Downstream Dup - - - - - - 1.13 9.64
Upstream 8:52 28.69 1054 46 3.54 6 0.35 5.76
Instream 8:45 30.43 1247 84.2 6.3 5 1.18 9.20
Effluent

Notes:
1  pH was measured with pH paper rather than YSI 6920 Sonde
2.  Residual chlorine not measured when plant dechlorinates or uses UV disinfection, chlorine only collected at outfall to document dechlorination
3.  Specific conductance values noted with (1) are estimated used regression

Highlighting indicates values are being reported as an estimate

pH1 Flow 
(MGD)

Residual 
Chlorine 
(mg/L)2

Phosphorous 
(mg/L)

Stream 
Velocity 

(ft/s)

Effluent 
Flow (L/s)

DO %Specific
Conductance 

(µs/cm C)3

DO 
(mg/L)

894

1096

Sample ID Date Time Temp 
(oC)

Conductivity 
(µS/cm)3

Location

848
960

-

-

not taken pipe submerged

not taken pipe submerged

976
942

895
922

984
1130

not taken pipe submerged

n/m

871

n/m
n/m

n/m

851
848
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Table 5.2  Laboratory Data for TC, EC and TSS from WWTP Sampling

10495-099 Downstream 6/28/2005 62 106,206 10,165 661 9,504 - 10,826 31.1% 674,741 5,956 1,167 4,789 - 7,123
Upstream 67 115,429 7,420 1,322 6,098 - 8,742 24.4% 309,890 2,703 330 2,373 - 3,033
Instream 25 28,340 2,344 1,266 1,078 - 3,610 24.5% 3,545,818 5,018 612 4,406 - 5,630
Effluent 2 1,005 6 -1 -3 -3 -3 -3

11485-001 Downstream 6/30/2005 520 34,165 142 46 95 - 188 29.7% 63,659 35 79 <1 - 114
Upstream 3,500 22,685 176 21 155 - 197 30.5% 21,230 33 73 <1 - 106
Instream 830 62 <1 -2 23.4% 138,480 115 187 <1 - 302
In Dup 780 5 <1 -2 21.8% 260,238 207 139 67 - 346
Effluent 4 50 <1 -2 -3 -3 -3 -3

11375 Downstream 7/1/2005 39 42,420 150 4 146 - 153 25.3% 1,348,673 442 42 400 - 484
Upstream 23 32,550 133 5 129 - 138 21.3% 19,341 72 80 <1 - 152
Up Dup 40 - - - - - - -
Instream 23 6,830 27 3 24 - 30 17.0% 28,088 52 52 - 52
Effluent 2 <1 <1 -2 -3 -3 -3 -3

11563-001 Downstream 7/5/2005 3 92,080 636 163 473 - 798 30.5% 336,942 2,509 164 2,345 - 2,673
Upstream 3 147,185 567 104 462 - 671 30.8% 37,942 200 63 137 - 263
Up Dup - - - - 30.3% 77,781 302 32 270 - 334
Instream 4 25,780 597 178 419 - 775 31.6% 645,514 5,153 2,260 2,893 - 7,413
Effluent -5 10,070 204 23 181 - 227 -3 -3 -3 -3

11523-001 Downstream 7/6/2005 23 120,975 587 16 570 - 603 36.6% >1,302,609 21,513 5,410 16,102 - 26,923
Down Dup 19 114,003 489 64 426 - 553 - - - -
Upstream 7 176,968 739 225 513 - 964 35.6% >1,194,309 67,009 23,224 43,785 - 90,232
Instream 20 113,954 697 168 529 - 865 33.0% >1,170,686 47,983 13,285 34,698 - 61,268

10495-139 Downstream 7/6/2005 48 101,332 24 3 21 - 28 41.0% >1,381,316 1,566 545 1,021 - 2,112
Upstream 1,020 >241920 411 54 358 - 465 55.7% >2,034,252 7,158 2,347 4,811 - 9,504
Instream 3 25 <1 -2 74.8% >3,621,021 10,485 2,540 7,945 - 13,025

12795-001 Downstream 7/7/2005 13 1,202 3 225 -222 - 228 40.7% 177,652 667 39 628 - 706
Down Dup 16 485 13 -1 41.7% 213,614 779 252 527 - 1,031
Upstream 300 >241920 92,340 12,776 79,564 - 105,116 28.4% 1,119,256 8,737 1,706 7,031 - 10,443
Upstrm Dup - >241921 72,840 9,347 63,493 - 82,187 - - - -
Instream 110 33 <1 -2 80.7% 4,564,097 606,491 169,547 436,944 - 776,038

Notes:
1  Only one cell was readable, therefore confidence could not be calculated 4.  TSS samples rounded off to appropriate significant figure
2  Confidence cannot be calculated when all cells have concentration < 1 5.  Value not properly recorded, cannot be reported
3  Sediment samples were not be collected for effluent sample Highlighted values are reported as estimates
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Error bars correspond to confidence interval of average reported value
Distance shown on plots is distance from outfall; outfall is at 0 ft.

Figure 5.2 Results of WWTP Outfall Sampling in Water
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Error bars correspond to confidence interval of average reported value

Distance shown on plots is distance from outfall; outfall is at 0 ft.

Figure 5.3 Results of WWTP Outfall Sampling in Sediment
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levels in sediment. The velocity of the stream was roughly estimated by floating an object in the 

stream and measuring its time of travel over a fixed distance. Flow from the outfall was 

estimated by measuring the volume discharged in a 1-minute period in a graduated cylinder. 

Sampling activities also included a field measurement of residual chlorine using a HACH 

colorimeter and measuring conventional field parameters using a YSI multiparameter sonde. 

 Figure 5.1 shows the locations of the sampled outfalls and associated sampling locations.  

Table 5.1 provides a summary of field parameter measurements and Table 5.2 presents the 

results of the laboratory analyses.  Sites were selected from the list of potential sites detailed in 

the QAPP primarily based upon the ability to access the WWTP outfalls.  One outfall (11485-

001) was sampled that was not on the list. This outfall was selected as it was being sampled for 

the biosolids assessment and thus would provide useful information for the project.   

Overall, EC concentrations in ambient water varied between <1 and 92,340 MPN/dL with 

a geometric mean of 7,620 MPN/dL. EC levels in outfall samples varied between <1 and 204 

MPN/dL with a geometric mean of 53 MPN/dL. In sediment, EC concentrations ranged between 

33 and 606,491 MPN/100 g (dry wt) with a geometric mean of 1,586 MPN/100 g (dry wt).  It is 

noted that in-stream EC levels exceeded the water quality standard (126 MPN/dL) in 17 of the 25 

ambient water locations (68%) sampled for this task.  In addition, one effluent sample collected 

at WQ011563-001 exceeded the water quality standard. The highest in-stream EC levels were 

found upstream of outfall WQ012795-001 in water and just below the same outfall for sediment.   

No obvious trend was inferred from the longitudinal profiles as shown in Figure 5.2 and 

5.3.  Overall, the outfalls selected for sampling did not seem to cause any negative impact  
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on the in-stream EC levels at the discharge point or downstream of it, as indicated by 

downstream concentrations that are generally as high or lower than their upstream counterparts.  

In fact, the effluent appears to have a localized positive impact on water quality due to mixing of 

the effluent with stream water.  This impact is dissipated downstream, sometimes completely, 

between the discharge and downstream sampling point.   

In Figure 5.3, longitudinal plots of sediment concentrations are presented.  Four out of 

the seven sampled sites (57%) have the highest sediment EC concentrations just below the 

outfall (in-stream). The lowest concentrations of EC in sediment were typically found at the 

downstream and upstream sites.   Thus, while the water from the discharge pipes had a positive 

impact on EC levels in the stream, WWTP discharges may result in increased bacteria in the 

sediment near the area of the discharge point.   

5.2 COMBINED SAMPLING DATA SET 

The data collected in fiscal year 2005 were combined with data collected last year, in 

Work Order 6.  These data were analyzed together to further explore trends in concentrations.   

There were a total of three plants sampled both this year and last year to characterize 

long-term trends at the facilities. These plants included WQ010495-099, WQ010495-139, and 

WQ012795-001.  A summary of EC and TSS concentrations from this year and last year are 

presented in Table 5.3.  As can be seen in Figure 5.4, 10495-139 and 12795-001 exhibit similar 

concentrations between the samples collected this year and last year. Plant 10495-099, on the 

other hand, has much higher in stream concentrations this year and lower effluent concentrations 

than those exhibited last year.   
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Table 5.3  Results from Sampling for FY2004 and FY2005

Plant Date Location EC (MPN/dL) TSS
10495-099 6/28/2005 Downstream 10,165 62.0

6/28/2005 Effluent 6 1.5
6/28/2005 Instream 2,344 25.4
6/28/2005 Upstream 7,420 67.0
06/21/04 Downstream 15,117 31.2
06/21/04 Effluent 5,905 2.0
06/21/04 Instream 1 39.2
06/21/04 Upstream 183 39.2

10495-139 7/6/2005 Downstream 24 48.5
7/6/2005 Instream 1 3.2
7/6/2005 Upstream 411 1,020.0
06/15/04 Downstream <1 6.0
06/15/04 Instream 5 6.5
06/15/04 Upstream 6,833 18.0

12795-001 7/7/2005 Downstream 8 14.1
7/7/2005 Instream 1 110.0
7/7/2005 Upstream 82,590 300.0
06/30/04 Downstream 8 13.0
06/30/04 Instream 5 12.2
06/30/04 Upstream 955 49.0
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Figure 5.4 Comparison of FY2004 and FY2005 EC in Water Sampling for WWTPs
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Table 5.4 Comparison of TSS, EC and Sediment EC Concentrations 

 Average TSS 
(mg/L) 

EC Geomean 
(MPN/dL) 

Sediment EC Geomean 
(MPN/100 g) 

Upstream 9,732 218 1,061 
In-stream 211 26 3,309 
Effluent 23 11 - 

Downstream 595 102 1,191 
 

 

The concentrations of water EC, TSS and sediment EC were compared using the 

combined data set to determine geometric means for the four different sampling locations at each  

plant, as presented in Table 5.4.  These results demonstrate that there are no discernible impacts 

from WWTP outfalls in water concentrations of TSS and EC.  In fact, it appears that the effluent 

acts to improve water quality, at least within the immediate vicinity of the effluent discharge.  

Sediment, however, demonstrates a slightly different pattern.  The geometric mean sediment EC 

concentrations are the highest for in-stream samples, which may be due to WWTP impacts.  The 

differences noted in the geometric means, however, were not statistically significant based upon 

a one-way ANOVA comparing the three different sampling locations (p = 0.37).   

In conclusion, this sampling has shown that, when operating properly, WWTP effluent 

appears to cause improvements in the local area of its discharge, but the improvements appear to 

dissipate downstream.  Sediment concentrations exhibit higher concentrations just below the 

WWTP outfall than in other parts of the stream, but these differences did not prove to be 

significant at a 95% confidence level.  This may be due to the limited number of locations that 

were sampled. 
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CHAPTER 6   

 COMPLETE INVESTIGATION OF BACTERIA LOADS FROM 

OVERFLOWS AND BYPASSES 

Task 8 of Work Order 6 addresses bacteria loads from sanitary sewer overflows. 

Sampling was to include overflows directly, if possible, and also inflows to wastewater treatment 

plants to approximate the concentrations that would be seen in overflows. Considerable effort 

was spent trying to sample overflows, but it was never possible to have sampling personnel at the 

precise point when a relatively infrequent event occurs during a heavy rain.  

Three rounds of backup samples of wastewater influent were collected during dry 

weather conditions. In this phase of the work an additional three rounds of WWTP influent were 

collected under wet weather conditions. Results are shown on the attached table. Some 

difficulties were encountered. One of the treatment plants was locked during one visit that 

precluded sampling. Also, the FC results for one period performed by the contract laboratory 

were invalid due to an error in dilutions. The loss of these data is not critical to the project as the 

FC criterion has been replaced with the EC criterion, and only the EC data are used. All of the 

EC results met quality requirements. 
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Table 6.1   Wastewater sampling - Wet Weather

Storet Code 00530 31616 31699 72053 82553 82554

Station Stationid Date Enddate Endtime TSS
(mg/L)

FC
(cfu/dL)

EC
(MPN/dL)

Days from 
last rain

1-d prior 
rain (in)

7-d prior 
rain (in)

Turkey Creek WWTP PBW02 3/2/2005 02/03/2005 14:00 142 21000 (1) 1,492,000 4 1.02 3.58
Turkey Creek WWTP split PBW02 3/2/2005 02/03/2005 14:00 2,430,000 
Turkey Creek WWTP PBW02 4/11/2005 11/04/2005 12:40 480 10,500,000 6,686,563 16 0.94 0.94
Turkey Creek WWTP split PBW02 4/11/2005 11/04/2005 12:40 5,695,750 
West District WWTP PBW03 3/2/2005 02/03/2005 14:30 336 26000 (1) 3,255,000 4 1.02 3.58
West District WWTP DUP PBW03 3/2/2005 02/03/2005 14:30 4,352,000 
West District WWTP PBW03 3/7/2005 07/03/2005 13:42 402 20000 (1) 2,670,000 5 0.59 1.42
West District WWTP DUP PBW03 3/7/2005 07/03/2005 13:42 3,591,000 
West District WWTP split PBW03 3/7/2005 07/03/2005 13:42 3,978,000 
West District WWTP PBW03 4/11/2005 11/04/2005 13:28 594 6,900,000 3,262,000 16 0.94 0.94
West District WWTP DUP PBW03 4/11/2005 11/04/2005 13:28 3,528,500 

Note: Turkey Creek WWTP was locked on 3/7/2005 so the sampling crew could not enter to collect samples.  City of Houston 
was contacted but no one was available that day to unlock the door.

(1) Result not valid as improper dilutions used by laboratory

41
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CHAPTER 7  

BACTERIA SOURCE TRACKING 

Water quality monitoring using bacterial indicators such as Escherichia coli provides 

information on the level of fecal contamination; however such monitoring does not identify the 

source(s) of the contamination. Bacteria source tracking - the determination of the animal 

source(s) of fecal contamination using characteristics of bacteria - is a rapidly growing field. 

There are a number of techniques used for this tracking, including both phenotypic (using 

observable characteristics of the bacteria) and genotypic (using genetic characteristics) methods.   

The underlying principle for most of these methods is that bacteria growing in intestinal tracts of 

different animals have different characteristics that can be assessed in several ways. As an 

example, antibiotic resistance of bacteria is affected by a number of factors including host animal 

exposure (or treatment with) antibiotics. Bacteria in wildlife would be expected to show less 

resistance to antibiotics than human, pets or domestic animals. Similarly, the ability of bacteria 

to use various carbon sources will be affected by the carbon sources to which they have been 

exposed in the host animal. Currently, there is considerable debate as to which methods provide 

the best information at the lowest cost. A recent comparative study by Griffith et al. (2003) 

concluded that none of the 12 source tracking methods they tested, provided a perfect 

characterization of the fecal source material in the test samples. Each method had a different set 

of positive attributes e.g. cost, accuracy etc. Phenotypic methods such as antibiotic resistance 

testing have the advantage of lower cost and faster processing, but the molecular techniques 

generally provide a better discrimination between bacterial strains.  
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In this project antibiotic resistance profiling (ARP) was enhanced by analyzing a subset 

of the isolates by Pulse Field Gel Electrophoresis (PFGE), a molecular technique that generates a 

DNA Afingerprint@ specific for different strains of the bacteria. In addition, carbon source 

utilization (BioLog MicroLogJ or MicroStationJ Microbial Identification System), which was 

used to confirm the identity of the bacteria, provided additional source tracking capability.  

Antibiotic resistance is a well-established approach that has been used in a number of previous 

studies (for example Hagedorn et al., 1999; Harwood et al., 2000; Parveen et al., 2001; Webster 

et al., 2004, Whitlock et al., 2002; Wiggins et al., 1999) and included in comparison studies and 

reviews (Scott et al., 2002; Simpson et al., 2002; Stewart et al., 2003; Stoeckel et al., 2004).  

Carbon source utilization has been used in recent studies, such as Hagedorn et al (2003).  

It has also been included in comparison studies. Pulse Field Gel Electrophoresis (PFGE), 

a genotypic library-based technique is considered the gold standard for epidemiological tracking 

of organisms by the Centers for Disease Control and Prevention (Ferris et al., 2004; Lu et al., 

2004; Singer et al., 2004). It is one of the best techniques to discriminate between strains of 

bacteria in complex bacterial matrices (Hahm et al., 2003; Meays et al., 2004; McLellan et al., 

2003; Zhechko et al., 2005).  It is standardized, reliable, and reproducible which makes it useful 

in comparative genetic analysis (Cameron et al., 1994; Lu et al., 2004; Okwumabuna et al., 

2005). PFGE was used to develop Agenetic fingerprints@ of a subset of the isolates (due to the 

high cost and labor involved with this technique) to provide confirmation of bacteria sources  

Several bacteria have been used for source tracking purposes, the main requirement is 

that they are specific to the intestinal tracts of animals. In this study Escherichia coli, 
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recommended by the Environmental Protection Agency as an indicator of fecal contamination in 

freshwater, was used as the bacterium. 

The first step in the methods employed in this study was to isolate E. coli from fecal 

samples of animals thought to contribute to fecal contamination of Whiteoak and Buffalo 

Bayous. These bacteria were isolated, using specific growth media, and then verified using the 

Biolog MicroLogJ Microbial Identification System. After verifying that the bacteria are E. coli, 

each isolate was tested for its characteristics.  

Antibiotic resistance analysis was performed using the Kirby Bauer Disk Diffusion 

Method with an image analysis system, a clinically approved, standard method for testing 

bacteria for their resistance to a range of bacteria.  This provides an analysis based on standard 

clinical methodology and quality control (NCCLS 2000, 2002a, 2002b).  The output from the 

analysis includes zone diameters and classification of each isolate as resistant, intermediate or 

susceptible to each antibiotic commercial disk.  The disks containing an antibiotic, are placed on 

a plate, and are pre-inoculated with the E. coli isolate. After incubation the plates are read using a 

BIOMIC7 Microbiology Analyzer System plate reader that includes a high resolution digital 

color camera. The plates are assessed for zones of inhibition (no growth) around the disks 

(indicating the bacteria are susceptible to the antibiotic) or reduced zones (indicating the bacteria 

can grow in the presence of the antibiotic and are resistant/intermediate). The information is 

compared with NCCLS tables of standard zones for E. coli, included in the BIOMIC7 computer 

software. A printout is generated which includes zones of inhibition and resistance classification. 

The information from each isolate is entered into a database, converted to SPSS7 and analyzed to 
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determine whether the isolates from different animals have different antibiotic resistance profiles 

or carbon source utilization (CSU) profiles. These >libraries= can then be used to identify sources 

of E. coli from water/sediment samples by comparing profiles.  

Pulse Field Gel Electrophoresis entails growing the isolates and after several steps, 

preparing a DNA plug extracted from the bacteria. The DNA is then cut using a restriction 

enzyme and run on a gel which separates the DNA into bands based on size. The bands formed 

by DNA from E. coli of different animal sources can be compared and again, used as a library 

for identification of sources of unknown E. coli from water/sediment studies. In this project, the 

ARP, CSU and PFGE libraries were developed and statistically analyzed. E. coli were isolated 

from water and sediment samples collected in the watershed. The source(s) of these bacteria 

were unknown. Isolates were compared with known source isolates in the ARP, CSU and PFGE 

libraries. Additionally, the results from the Biolog MicroLogJ Microbial Identification System 

confirmations were used to enhance the source identifications. This technique has been used in 

several recent studies as a source tracking technique. 

7.1 SOURCE SAMPLE COLLECTION 

Fecal specimens from known animal sources were collected from the Houston area by 

Texas A&M University-Corpus Christi and University of Houston personnel during two 

sampling events in 2004 (June 17-18, 2004, July 1-2, 2004). Due to the identification of two 

distinct groups of human-isolates in the initial known source library, additional human (sewage) 

samples were collected May 24, 2005. The animal species from which fecal samples were 

collected were chosen based on sanitary surveys of the area previously conducted by University 
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of Houston personnel (Table 7.1). General areas from which samples were collected are shown 

in Error! Reference source not found.. Specific locations and businesses are not identified at 

the request of owners. A more detailed confidential list is stored with the Chain of Custody 

Forms at Texas A&M University-Corpus Christi.  

All collection protocols followed those detailed in the QAPP (Appendix B). Samples 

from animal sources were collected using BBL-EZ Culture Swabs and/or sample cups.  Sterile 

culture swabs were opened and immediately applied to a fecal sample and returned to the sterile 

plastic container enclosing the swab.  For samples collected in sample cups, sterile tongue 

depressors were used to remove the top portion of the fecal sample, and a second tongue 

depressor was utilized to obtain the sample.  The sample was then placed immediately into an 

unopened sample cup and then sealed.  All samples were put directly onto ice until further 

analyses could be conducted.  It is noted that bird samples were not collected using the "tarp" 

method employed in previous studies due to sufficient fresh samples found in concrete areas in 

Houston. 
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Table 7.1 Animal Sources Used For The Known Source Library 
 

Animal Source and Abbreviation used Scientific Name 
Human (H) Homo sapiens 
Cow (C) Bos taurus 
Dog (D) Canis lupis familiaris 
Bat (G) - Mexican free-tailed Tadarida brasiliensis 
Horse (E) Equus caballus 
Bird (B) (pigeon and others) Mixed species 
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Table 7.2 Dates and Locations of Fecal Samples 
 

Date  Sample ID Geographical Location 
6/17/2004 Cow C1-C44 Addicks Reservoir/Buffalo Bayou Waterway (Grass Fed Cattle Lot) 
6/17/2004 Cow C45-C85 Addicks Reservoir/Buffalo Bayou Waterway (Feed Cattle Lot) 
6/17/2004 Bird B1-B8 Addicks Area of Houston (Concrete Sidewalk) 
6/17/2004 Bird B9-B29 N. Central Houston 
6/17/2004 Horse E1-E25 Addicks Reservoir/ Buffalo Bayou (Manure Pile) 
6/17/2004 Bat G1-G85 Beechnut/Isobel Bat House 
6/17/2004 Dog D1 Addicks Area 
6/18/2004 Human H1-H85 N.E. Houston/Little York (Broken Filtered Sewage Line) 
6/18/2004 Bat G86-G93 Waugh/E. Downtown (Under Overpass) 
6/18/2004 Dog D2-D7 E. Buffalo Bayou (Grass Lot) 
6/18/2004 Dog D8-D16 IH 610 W Loop ("Relief" Area Outside Vet Office) 
6/18/2004 Dog D17-D20 Meyerland (Vet SamplesYNo Antibiotics) 

7/1/2004 Horse E26-E51 Addicks Reservoir (Grass Fed Horse Lot) 
7/1/2004 Horse E52-95 Pearland Area (Large Stables Area and Manure Pile) 
7/1/2004 Cow C86-C125 Addicks Reservoir (Large Grass Fed Lot) 

7/1/2004 Human H86-170 N.E. Houston/Little York (Unprocessed Fresh Portable Toilet Release Vat) 
7/1/2004 Bat G94-G96 Central Downtown (Underpass) 
7/1/2004 Dog D21-D34 NW Houston (Kennels) 
7/1/2004 Dog D68-D85 Central Downtown (Grass Area Frequented by Dogs) 
7/2/2004 Bat G97-G115 Central Downtown (Underpass) 
7/2/2004 Bird B31-B90 Central Downtown (Large Concreted Location; Frequented by Pigeons) 

5/24/2005 Human H171-254 Buffalo Bayou WWTP, West Houston 
5/24/2005 Human H255-322 White Oak Bayou WWTP, East Houston 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 – Draft Final Report 

 
 

                                                                      49

 

7.2 SOURCE SAMPLE EC ISOLATIONS 

Samples were transported to the Environmental Microbiology Research Lab at Texas 

A&M University Corpus Christi on ice, in coolers on June 18, July 2, 2004 and May 24, 2005.  

Fecal samples were swabbed onto mTEC agar and incubated at 35oC for 2hr and 44.5oC for 22hr.  

Yellow colonies were transferred from mTEC onto Rainbow7 Agar and incubated at 35oC for 

24hr. One to five isolates were obtained from each sample.  Colonies showing a colored hue (i.e. 

blue, purple, magenta) on Rainbow Agar were transferred for verification as E. coli using the 

Biolog™ MicroLog or MicroStation Microbial Identification System, a microplate method which 

identifies bacteria using a panel of carbon sources prepared in the wells of the microplate. Use of 

this procedure provided verification that the isolates were E. coli and not some closely related 

species which can grow on the initial medium used for isolation from the fecal sample.  

Bacteria are first grown on specific plates, obtained from Biolog, and then prepared in a 

liquid medium at a certain turbidity for inoculation of microplates. The plates, with 96 wells are 

inoculated using an 8-lane pipettor, and are incubated to allow the bacteria to grow. The plates are 

read with a plate reader. If the carbon source has been used, the well turns a purple color. Based 

on the pattern of colors in the 96-wells, software included with the plate reader generates an 

identification and probability level for that identification. All steps in this process followed 

manufacturer=s instructions. Each isolate was swabbed for maximum growth onto Biolog 

Universal Growth plates (BUG B) and incubated at 35oC for 24h. Cultures were transferred to 

inoculating fluid and a turbidity of 61% ( 2%) was achieved before inoculating GN2 
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Microplates as required per manufacturer=s instructions, to optimize carbon source utilization in 

the wells. The plates were incubated for 24h at 35oC and analyzed. Initial isolates were identified 

using the Biolog MicroLog System (manual readings). After funding was provided to purchase a 

MicroStation, the majority of the isolates were identified with a semi-automated MicroStation 

Microbial Identification System (MIS) with MicroLog Software using the MicroStation Reader 

for confirmation as E. coli and for well color intensity data.  Samples were stored temporarily on 

Tryptic Soy Agar (TSA) slants immediately from BUG-B in order to maintain pure cultures 

between various analyses.  Verified isolates were finally stored at -70oC. 

Isolates which were not confirmed by the MicroStation MIS were either closely related 

species or did not confirm at >90% probability. Sufficient isolates were confirmed to provide a 

database that exceeded the originally proposed number of isolates from each animal (Table 7.3). 

The most common species identified by the Biolog Microbial Identification System (MIS) other 

than E. coli included Enterobacter intermedius, Salmonella spp., Leclercia adecarboxylata, 

Buttiauxella izardii, Buttiauxella agrestis, Klebsiella oxytoca, Rahnella aquatilis, Enterobacter 

aerogenes, Serratia odorifera, and Raoutella terrigena. The MicroStation MIS set is provided on 

the CD-ROM (labeled Hou Biolog fecal) with the Work Order 6 Final Report.  Hard copies are 

stored at Texas A&M University-Corpus Christi. 

Only isolates that were confirmed as E. coli (>90%) were included in the subsets used to 

develop the ARP (Antibiotic Resistance Profiles), CSU (Carbon Source Utilization)  and PFGE 

(Pulse Field Gel Electrophoresis) libraries (Table 7.4). 
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Table 7.3  Number Of  Known Source Isolates Obtained And Confirmed As E. coli (>90%) 
 

Animal Source  # Isolates # Isolates Confirmed
by MIS (CSU) 

# Isolates Stored 

Bird 365 171 163 
Cow 426 219 210 
Dog  306 183 210 
Horse 348 198 190 
Bat 389 203 166 
Human/sewage (2004) 449 254 257 
Human/sewage (2005) 456 171 171 
TOTAL 2458 1399 1367 

Abbreviations:  MIS – MicroStation Microbial Identification System, CSU – Carbon Source 
Utilization 

 

Table 7.4  Number Of Known Source Isolates Analyzed By ARP And PFGE 
 

Animal Source ARP isolates PFGE isolates 
Bird 171 63 
Cow 219 58 
Dog 182 59 
Horse 200 53 
Bat 204 59 
Human/sewage (2004) 207 52 
Human/sewage (2005) 171 0 
TOTAL 1354 344 

 

Abbreviations:  PFGE – Pulse Field Gel Electrophoresis, ARP – Antibiotic Resistance Profiling 
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7.3 ANTIBIOTIC RESISTANCE 

Antibiotic resistance analysis, using a panel of 20 antibiotics (Table 7.5), was performed 

for each isolate following NCCLS (2000) Performance Standards for Antimicrobial Disc 

Susceptibility Tests, Approved Standard-Seventh Edition; NCCLS document M2-A7, NCCLS 

(2002) Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests for 

Bacteria Isolated from Animals, Approved Standard-Second Edition; NCCLS document 

M31-A2. 

NCCLS (2002) Performance Standards for Antimicrobial Susceptibility Testing, Twelfth 

Informational Supplement, and NCCLS document M100-S1, Methodology and Quality Controls. 

Duplicates were included for 20% of the isolates.  

As described in the introduction, antibiotic resistance analysis assesses the ability of each 

isolate to grow in the presence of a panel of antibiotics. The isolate is swabbed on a Mueller-

Hinton Agar plate and commercial disks, each containing an antibiotic, are placed on the plate. 

Each plate was inoculated with 10 disks, two plates being prepared for each isolate. If the isolate 

is susceptible (S) to the antibiotic in the disk, growth will be inhibited around the disk, forming a 

>zone of inhibition@. In contrast, if the bacteria have intermediate susceptibility or are resistant (I 

or R), the zone size is reduced. After incubation, the plates were read using the BIOMIC7Vision 

Antibiotic Susceptibility system, which uses cutting edge technology with NCCLS 

recommended methods and materials. NCCLS provides standard clinical tables of zone 

diameters for a range of bacteria, including E. coli. The BIOMIC7 system was used for an 

instantaneous reading and interpretation following NCCLS M100 (2002).  This system records  
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Table 7.5 Antibiotics Used To Establish Antibiotic Resistance Profiles Of E. Coli Isolates. 
 

Antibiotic Abbreviation Concentration (ug) 
Amoxicillin/Clavulanate Acid AmC 30 
Ampicillin AM 10 
Chloramphenicol C 30 
Ciprofloxacin CIP 5 
Enrofloxacin ENO 5 
Gentamicin GM 10 
Kanamycin K 30 
Nalidixic acid NA 30 
Neomycin N 30 
Tetracycline Te 30 
Cefazolin  CZ 30 
Ceftazidime CAZ 30 
Cefotaxime CTX 30 
Ceftriaxone CRO 30 
Doxycycline D 30 
Imipenem IPM 10 
Spectinomycin SPT 100 
Streptomycin S 10 
Sulfasoxazole G 0.25 
Sulfamethoxazole-Trimethoprim SXT 23.75 /1.25 
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zone diameters automatically from the standard disk diffusion method. Readings are 

instantaneous using a high resolution color digital camera. The printout includes the zone 

diameter and R:I:S categorization, as well as other parameters not used in this study, but 

important for clinical laboratories such as minimum inhibitory concentration, used to determine 

antibiotic dosages. BIOMIC7 system software determines whether each isolate is resistant, 

intermediate or susceptible (R-I-S) based on published NCCLS guidelines, and updated yearly 

using current NCCLS data.  

ATCC strains (standard strains from the American Type Culture Collection) are used to 

test the media and antibiotics for each new batch of media/antibiotics. The quality control strains 

were Pseudomonas aeruginosa ATCC 27853, Staphylococcus aureus ATCC 25923, and E. coli 

ATCC 25923. Controls were run weekly and for each new lot number of media or antibiotics. 

The BIOMIC EXPERT system software contains rules designed by experts to check for unusual 

or unlikely test results. Performance in acceptable range is indicated by OK A on-screen and 

printouts after reading QC test plates. Messages are shown on the screen and on printouts where 

appropriate. This is designed to improve quality and reliability of results. Each time a rule is 

triggered, it is recorded on the message tab for that report. This method has proven to improve 

reading consistency and speed thereby minimizing technologist variation. 

The database is stored in the BIOMIC system computer with back-ups saved in the hard 

drive and on CD-ROM.  The databases are stored on the CD-ROM for the Work Order 6 Final 

Report under two folders Hou ARA RIS and Hou ARA Zone - Resistant:Intermediate: 

Susceptible and zone diameters. The complete set of print-outs is stored at Texas A&M 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 55

University-Corpus Christi. 

Data analysis was performed on all the isolates using SPSS7 Version 11.0 for Windows. 

The antibiotic resistance profiles (zone diameter) for all isolates were compiled to form 

databases in SPSS7 for Discriminant Analysis (stored on the Work Order 6 Final Report 

CD-ROM in EXCEL as Hou ARA). Earlier studies have shown that RIS data (Resistant: 

Intermediate:Susceptible) does not provide as good discrimination between sources as zone 

diameter. Thus, for this study, analyses were conducted using the zone diameters only. 

Discriminant analysis is a multivariate technique that can be used to classify items into 

categories based on a set of test variables (Huberty, 1994).  The rates of correct classification 

(RCC) for each source can be used to evaluate the predictive capabilities of the database. 

The zone diameter database of 1178 isolates, with 20 antibiotics was analyzed in a 

variety of ways, including various groupings of the isolates from different sources.  Analysis was 

conducted on the data from all the antibiotics. Two-way analyses (human vs. non-human) were 

completed to determine average rates of correct classification (ARCC). This is the average of the 

rates of correct classification (RCC) for each group. Additional analyses used the step-wise 

method with Wilks= lambda to remove antibiotics which did not contribute or contributed little to 

the classification of isolates for possible improvement of classifications. Six-way analyses were 

also conducted and are included in Appendix D. 

As classifications based upon the cases used to create the model tend to be too 

Aoptimistic@ in the sense that their classification is inflated, cross-validation was performed to 

correct this by classifying each case while leaving it out from the model calculations (leave-one-
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out method).  

Discriminant analysis tables are included in Work Order 6 Final Report CD in the folder 

discriminant analysis in Word. SPSS7 data is included as a separate folder (SPSS Data) on the 

CD-ROM. 

The following sections summarize the statistical information generated by dividing the 

database into different groupings to determine how well isolates could be classified either from 

individual animals or groups of animals. In each section, a table is included to show the ARCC - 

the average rate the classification allows the isolates to be correctly classified, the rate of correct 

classification for each group (RCC) when divided into these groups, and the cross-validation 

ARCC to show how close it is to the original ARCC, which would indicate the library is 

representative. 

7.3.1  TWO-WAY CLASSIFICATION (HUMAN VS. NON-HUMAN) 

For TMDL purposes, one of the key distinctions is between human and non-human 

sources of contamination. Isolates were, therefore, first grouped as human or non-human and 

analyzed. The results of the human vs. non-human analyses are summarized in Table 7.6.  

A shown in the first two columns, using all the isolates and antibiotics, the average rate of 

correct classification (ARCC) was 77.4%, with an RCC of 83.3% for non-human and 49% for 

human. Stepwise analysis (Wilks-lambda) did not improve the classification. Cross validation 

reduced the ARCC only slightly, to 75.6% with 82.3% non-human and 43.6% human correctly 

classified. 
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Table 7.6 Summary Table Of Initial ARP Library (2004) - Percent ARCC And RCC For 
Two (And Three)-Way Classifications (Non-Human Vs. Human).  

 

 
 

Human vs. Non-human Human S vs. Human P 
vs. Non-human 

Human P only vs. 
Non-human  

RCC % All 
Antibiotic  

Wilks- 
lambda 
(stepwise) 

All 
Antibiotic  

Wilks-
lambda 
(stepwise)

All 
Antibiotic  

Wilks- 
lambda 
(stepwise) 

ARCC 77.4 77.0 64.8 64.7 85.7 86.8 
Non-human 83.3 83.4 68.8 70.4 88.4 89.5 
Human 49.0 46.0             

Human - S   42.5 30.2   
Human - P   49.0 44.8 57.9 58.9 
Cross-val. 
ARCC 

75.6 76.6 62.7 64.0 84.6 86.6 

 
Notes:   
1.  Human-P = human isolates from portable toilets only 
2.  Human-S=isolates from sewage line only.  
3.  All antibiotic indicates the analysis was conducted using all the antibiotics.  
4. Wilks-lambda (Stepwise) indicates that a stepwise method was used in which the program 
may remove some antibiotics from the analysis if they do not contribute to the classifications. 
5.  Abbreviations:  ARCC – Average Rate of Correct Classification; RCC – Rate of correct 
classification 
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On closer scrutiny, it was seen that the human-isolates collected from the two types of 

sources (Table 7.2), individual portable toilets and a broken pipeline from an open sewage vat in 

which the solids had been removed, differed in their characteristics.  The personnel who 

collected the samples noted that the line ran from an open-air vat, with high numbers of maggots 

and flies, close to an open field. Birds also had access to the material in the vats. These two sets 

of isolates were therefore separated and analyzed. When both human-sewage (Human S) and 

human-portable toilet (Human P) were included, i.e. 3-way classification, the Human P group 

had a higher rate of correct classification (RCC) i.e. a larger proportion of the Human P 

classified as human than the Human S. The ARCC was lower as the classification was 3-way 

rather than 2-way (third and fourth column).  When the Human S data were excluded, the ARCC 

increased to approximately 86%, non-human RCC to 89% and human to almost 60% (fifth and 

sixth columns in Table 7.6), showing a good ability to discriminate between human and non-

human isolates. 

The rates of correct classification for human vs. non-human in this study are comparable 

with other studies, e.g. Harwood et al. 2000, where their RCC for human was 69.3% and non-

human was 78.4%. When only portable toilet samples were used for human, the RCC in our 

study was almost 60% for human and non-human was 89%. The ARCC for human vs. 

nonhuman, of approximately 86%, indicates good ability to classify human vs. non-human 

isolates correctly.  

Results of cross-validation (also known as resubstitution analysis or leave-one-out 

method) are shown in the last row of Table 7.6.  Each isolate is removed one at a time and 
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classified based on the library of remaining isolates. If these isolates classify, on average, as well 

as the library (labeled ARCC on the tables) the library can be considered representative. It can be 

seen that for most of the analyses this is the case - the library ARCCs and cross-validation 

ARCCs are close. 

The initial library compiled under this project met many of the criteria for a viable library 

(Hagedorn, 2004). The library is constructed from sources indigenous to the watershed being 

examined and includes isolates from numerous animals. There are temporal constraints as all 

samples were collected during the summer months. Seasonal changes, e.g. migratory birds and 

cattle age, are therefore not considered. Wiggins et al. (2003) showed that new isolates classified 

well using a library a year old, and concluded that for ARA, using Enterococcus, resistance 

patterns did not change appreciably over that time period.  

The two distinct subgroups of human samples found in the developed library, where 

many of the sewage sample isolates classified as non-human has been noted previously. Griffith 

et al. (2003) found that all of the quantitative methods compared in their study identified a high 

percentage (greater than 50% in some) of non-human material in their sewage effluent. This 

raises some issues in regard to ability to classify human vs. sewage sources. 

7.3.2  YEAR 2 

Due to the concerns regarding the 2004 human/sewage isolates, additional sewage 

samples were collected in 2005 directly from two WWTP in the study watersheds and isolates 

were analyzed following the same procedure as for the 2004 isolates (Error! Reference source 

not found.-Table 7.4). 
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Bacteria source tracking is a rapidly evolving field. Since the initiation of the project, 

carbon source utilization has been developed and used by several groups as a source tracking  

method. While a small portion of the original isolates were confirmed using the Biolog-

MicroLog System (manual readings), the majority of the isolates were analyzed with the semi-

automated MicroStation Microbial Identification System (MIS) with MicroLog Software (as  

 

Table 7.7 Number Of Known Source Isolates Analyzed By Both ARP/CSU And PFGE 
 

Animal Source Isolates analyzed by ARP 
and CSU 

Isolates analyzed by PFGE 

Bird 167 52 
Cow 213 51 
Dog 170 51 
Horse 193 51 
Bat 191 49 
Human/sewage (2004) 207 52 
Human/sewage (2005) 171 0 
TOTAL 1312 306 

 

Abbreviations:  ARP - Antibiotic Resistance Profiling, MIS-  MicroStation Microbial 
Identification System, CSU - Carbon Source Utilization, PFGE - Pulse Field Gel Electrophoresis 
(PFGE) 

 

described earlier) which generates well-color intensities based on utilization of carbon sources in 

each well. In order to enhance the source tracking for the project, the isolates analyzed using the 

semi-automated system were used to form a second SPSS7 database (stored on the enclosed 

CD-ROM in EXCEL as Hou ARP/CSU) with both ARP and CSU characterizations (Table 7.7). 

Data analysis (discriminant analysis) was performed on these isolates using SPSS7 Version 11.0 
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for Windows. 

The revised database was first analyzed using only the antibiotic resistance zone 

diameters (Table 7.8). On the recommendation of Dr. Blair Sterba-Boatwright of the Center for 

Statistical Studies, Texas A&M University-Corpus Christi, the ARP and CSU data were 

combined and analyzed as one larger database with 115 variables (20 antibiotics, 95 carbon 

source wells) (Table 7.8).  For comparative purposes the CSU data were also analyzed 

separately. Each set of data was analyzed using only the human/sewage isolates collected in 

2005) and using the combined 2004 and 2005 human/sewage isolates (Table 7.8).   

As can be seen, the combined ARP + CSU database provided the highest average rate of 

correct classification (ARCC) of 97.5%  for two-way (Human vs. Nonhuman) classification, 

using only the WWTP human/sewage isolates from 2005 (Table 7.8), with 98% human/sewage 

isolates correctly classified.. Incorporating the 2004 human/sewage isolates reduced the ARCC 

to 86.7% .Use of the CSU data alone also provided a high level of correct classification, only 

slightly lower than the combined database for two-way. ARP analysis using the 2005 

human/sewage isolates was able to correctly classify at 83.5% for the two-way; however, while 

87.2% human/sewage isolates were correctly classified, only 63.7% of nonhuman isolates were 

correctly classified. 
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Table 7.8  Comparison of Discriminant Analysis Results Of The Revised Library Database 
Using ARP, CSU And A Combination Of All Data For Two-Way Analysis, Between The 
Human/Sewage Isolates Collected Only In 2005 And The Human/Sewage Isolates Collected In 
Both 2004 and 2005.  

 

 ARP only CSU only ARP+CSU 
% Correct 
classification 

HS 2005 
Only 

HS 2004 
And 2005 

HS 2005 
Only 

HS 2004 
And 2005 

HS 2005 
Only 

HS 2004 
And 2005 

ARCC 83.5 73.6 96.0 83.4 97.5 86.7 
Human 87.2 80.0 96.3 84.4 98.0 88.3 
 
Non human 

 
63.7 

57.9  
94.7 

81.0  
94.7 

82.5 

Cross-val. 
ARCC 

82.6 72.8 93.9 79.5 95.3 82.4 

 
Abbreviations:  ARP – antibiotic resistance profiles, CSU – carbon source utilization, HS – 
Human/Sewage 

 

 

Results of cross-validation (also known as resubstitution analysis or leave-one-out 

method) are shown in the last row of Table 7.8. Each isolate is removed one at a time and 

classified based on the library of remaining isolates. If these isolates classify, on average as well 

as the library (labeled ARCC on the tables), the library can be considered representative. It can 

be seen that for the two-way analyses this is the case - the library ARCCs and cross-validation 

ARCCs are very close.  
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7.4 PULSE FIELD GEL ELECTROPHORESIS 

Pulse Field Gel Electrophoresis (PFGE) is a technique used as a molecular BST method 

that provides DNA fingerprints of sources of fecal bacterial contamination in a body of water.  

PFGE works with the entire DNA genome of E. coli strains.  Developed commercially by 

Bio-Rad Laboratories, the PFGE technique was pioneered as a BST technique around 1994 by 

Dr. George Simmons (Ph.D., of Virginia Polytechnic Institute and State University) and Dr. 

Stephen Edberg (Ph.D., of the Yale University School of Medicine). It uses restriction enzymes 

to cut E. coli DNA at specific locations. The resulting segments are then run through 

electrophoresis to generate banding patterns that can be compared against a database of known 

patterns (see Appendix D for Gel Image).  

This PFGE method is different from other approaches to electrophoresis.  A specially 

designed gel setup, called the Contour-clamped Homogeneous Electric Fields (CHEF) apparatus, 

sends electric current through a gel in different directions for twenty hours, which allows for 

superior band separation.  This technique employs a hexagonal array of electrodes that are 

clamped to a predetermined potential such that the electrical field encompassing the gel is 

comparable to that generated by two infinitely long electrodes. By employing a fixed 

reorientation angle of 120°and different pulse times, DNA molecules up to 2 Mb are resolved in 

mostly straight lanes across the gel.  CHEF is the most versatile form of PFGE and can be used 

to separate DNA molecules up to 10 Mb in size.  The success of the CHEF and other PFGE 

techniques is based, in part, on the concept that large DNA molecules undergo a major 

conformational change in response to an alteration of an electrical field vector that varies by 
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>90°.   This size-dependent separation found in PFGE is thought to be a function of the 

reorientation time.  In other words, large DNA molecules take a longer time to re-orient in 

response to a change in the electrical field and hence spend a shorter portion of the pulse interval 

(the time that the electric field is applied in one direction) migrating through the gel. 

Bacterial DNA analyzed through PFGE are embedded in agarose plugs.  These plugs are 

placed in hollow wells of the electrophoresis gel, where they become part of the gel.  Following 

electrophoresis, banding patterns become apparent after the gels are stained with ethidium 

bromide and are captured using a computer image documentation system with associated 

software. Embedding the DNA in agarose plugs essentially eliminates the potential for sample 

contamination, a common problem with other molecular BST approaches. 

PFGE is a database-dependent methodology.  Researchers use the method to examine 

isolates of bacterial sources from water samples and match the banding patterns with previously 

identified isolates stored in an established library.  Because sources of bacterial contamination 

may vary from place to place, PFGE is location specific in terms of requiring isolate libraries to 

represent E. coli strains specific to each sampling region.   

A library of electrophoretic DNA fingerprints of each source animal=s E. coli bacteria was 

established for Buffalo and the Whiteoak Bayous area. This database was used for the 

comparison and subsequent identification of unknown strains. 

7.4.1  MOLECULAR DATABASE 

The bacterium, E. coli, was isolated from samples of fresh scat from six (6) sources 

(human, cow, dog, bat, horse and bird as detailed in Table 7.1).  DNA was extracted, cut with the 
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restriction enzyme NotI, embedded in agarose, and fingerprinted using Pulse Field Gel 

Electrophoresis (PFGE) following the protocol listed in the QAPP (Appendix B).  The gels were 

stained and the gel was digitally computer captured using an image acquisition trans-illuminator 

with the 1-D Analysis software Quantity One7. Databases were created and managed with 

Diversity Database.  Samples from each known source (animal type) were optimized and added 

to the database. Bands were identified and sets were created for each organism.   

Database construction began with a single gel image of each selected source. Building of 

the database continued as each image was evaluated by identifying and matching the unique 

bands in that gel called band types. Band types are used to link samples across gels.  Each unique 

band type is defined by its position and molecular weight isoelectric point.  Gel images, 

(example in Appendix), were added to the database and the list of band types increased.  Every 

band in every gel in the database is identified as a particular band type.  Band types are grouped 

together into band sets; a band set includes all the band types that were created using the same 

enzyme. 

The gel images are linked to other gels by band sets within a database file. The database 

can undergo a variety of searching and population comparison tools to analyze the gel images in 

detail.  The software (Diversity Database) supports single lane and multilane sample definition as 

well as phylogenetic tree analysis. 

Database information is shown in the Appendix of the Work Order 6 Report.  Each 

animal has a unique set of bands for each of the lanes of restriction enzyme-cut DNA.  The 2004 

Appendix information includes the following: 
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1. A digital representation of the lane for the source organism with bands indicated as a  

bar and each numbered from top to bottom. 

 

2.  A graphic display that includes the band information with Background Subtracted.   

Background noise is removed from the lanes by a "Rolling disk" Method which refers to  

a hypothetical disk that follows the contour of a lane's profile trace, removing different  

intensities along the length of the lane. The amount of background removed is determined  

by the size of the disk chosen.  A large disk will follow the profile trace less closely,  

touching fewer points along the trace and identifying less background.  A smaller disk  

will more closely follow the profile trace, thus identifying more background. When the  

Rolling Disk background subtraction is applied, the lane trace display will change but the  

image will not reflect the change in background intensity.  This is useful when only small  

amounts of DNA are present in a band and it would otherwise be difficult to discern by  

the human eye. 

 

3.  The Rf (Relative Front) method was used for locating the relative positions of bands  

in lanes.  Relative front is calculated by dividing the distance a band has traveled down a  

lane by the length of lane (Follow Lane). This is useful if the gel image is curved or  

slanted.  Bands in the gel image are marked with a dash at the center of the band.  

 

Analyses of unknowns were entered into the database for comparison. The 1-D Analysis 
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Report displayed all the advanced analysis data for all the lanes on a gel image.  The lanes were 

also ranked in similarity to the lane initially selected to generate the report. 

A search of samples in each database was completed using the Jaccard Coefficient 

Method. Searches use one of two primary Search Strategies: lane similarity or band set 

membership.  Similarity searches allow you to select a lane in a gel and specify the degree of 

similarity by which other lanes must match the lane you chose (i.e., at least 75% similar, 85% 

similar, etc.). Identical strains can differ by up to 3 bands and therefore even a low percent 

similarity may be the same strain. 

The Population and Image Report displays a series of lane diagrams of the population, 

sorted in an order of decreasing similarity from the reference sample for the similarity-searched 

populations.  In addition, a Similarity Matrix can be produced for evaluation. 

Phylogenetic trees are schematic representations of lane similarity. Cluster analysis 

produces different varieties of phylogenetic trees that are available in Diversity Database.  

Phylogenetic trees were computed and the numbers of clusters set were evaluated.  The display is 

used as a visual indication of the compactness and the dissimilarity of each cluster.  Ward=s 

method attempts to minimize the information by describing a set of N samples using a fewer 

number of clusters.  Complete Linkage (also known as Furthest Neighbor or Maximum Methods) 

produces good algorithms for indicating outlier clusters.  Both were generated for each data set 

to determine the number of clusters of closely matching sample bands. 

The process of analysis of individual databases against a known of the same species is of 

little value but may reveal some information.  The strength of the software is in its ability to link 
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gels by band sets and analyze the data for the identification of unknown samples when compared 

to the known members of the database.  The final database is built by either including all known 

samples or using only samples with unique or standard band sets (resubstitution).  With small 

libraries, the correct classification of unknowns is relatively low; however, it increases as the 

number of known samples is included into the database.  Wiggins et al. (2003) reported that 

analysis will work faster if all samples are included, not just those with unique patterns although 

the differences may not be too substantial.   Among papers published to date with molecular 

(PFGE) methods, most have built a library of unique patterns for each known sample type in the 

database. 

PFGE is the standard against which other methods are compared in many 

epidemiological investigations.  It should be noted that in practice, 100% correct classification 

rates are almost never observed, particularly in large libraries; however, correct classification 

rates ranging from >80% to less than 50% have proved to be useful for watershed analysis.  With 

small libraries (100), classification rates may near only 25-27% of new samples run against the 

database (Wiggins et al. 2003).  Even small bodies of water will require 1,200 to 1,500 isolates at 

a minimum to satisfy the needs of the procedure.  The greater the geographical area, the greater 

the diversity of strains that will be found from the source samples and the greater number of 

samples will be required to achieve an acceptable levels of correct  classification.  It is also 

important to periodically add new known samples over the duration of the project to be sure that 

the acceptable level for each source is being maintained over time and may be a measure of 

temporal stability (Dombek et al. 2000; Wiggins et al. 2003). 
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Demanding methods such as PFGE require an individual with a high level of skill and 

experience to apply the method appropriately on a routine basis, and to process the necessary 

number of isolates required.  The data should not be used as a tool to estimate animal population 

densities or numbers, but can be an excellent method to identify those animals that have a local 

impact on water quality (Simmons et al. 2000).  Similarity measures using Jaccard Coefficient 

and resulting Cladistical Analysis (Complete Linkage and Ward=s Method) were used to evaluate 

the database for this project. 

7.5 WATER SAMPLING (UNKNOWN SOURCE) 

Water and sediment samples from the watershed were collected by University of Houston 

personnel in August 2004, March 2005, April 2005, May 2005 and July 2005. Samples were 

shipped overnight to Texas A&M University-Corpus Christi for analysis. For each site two 

bottles of water and two of sediment were collected.  

For each water sample varying volumes (10, 30, and 100 ml) were filtered onto 0.45 

micrometer cellulose nitrose filters. As concentrations of bacteria were unknown, different 

volumes were utilized to ensure filters with individual colonies were obtained from which 

isolates could be transferred. Filters were placed onto mTEC agar plates, incubated, transferred 

and verified using the MicroLog-Microbial Identification System as previously described for 

known source isolates.  Sediment samples (40g) were suspended in 400 ml of fecal coliform 

dilution water and placed onto a shaker for 45 minutes.  The supernatant was then removed and 

filtered, as for the water samples except volumes of 0.1, 0.3 and 1 ml were used.  The remaining 

steps followed those for known source isolates.  Isolates were obtained from each site for both 
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water and sediment samples and stored on Tryptic Soy Agar (TSA) slants (Table 7.9 and Table 

7.10). For samples received in August 2004 isolates were then cryofreezed in duplicate and 

stored at -70oC for further analysis in year 2 of the project. Numbers of isolates analyzed by 

PFGE and ARP from the August samples were reduced due to problems with regrowth of some 

isolates (Table 7.1).  The remaining samples were analyzed in year 2 as they were received. All 

analyses followed methods described under known source isolates.  MicroLog MIS and ARP 

data are stored on the enclosed CD-ROM, under the folder “Hou ARP/CSU unknowns.” 
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Table 7.9  Numbers Of E. Coli Isolates Obtained And Verified, From August 2004 Samples, 
Analyzed Year 2. 

 

Site 
Number 

Site 
description* 

Matrix # Isolates 
Stored 

# Isolates 
Confirmed by MIS  

sediment 49 40 1 No WWTP 
upstream water 50 48 

sediment 50 40 2 WWTP 
upstream water 50 43 

sediment 54 51 3 Residential 
water 50 40 
sediment 50 44 7 Commercial 
water 50 37 

  TOTAL 403 343 
 
*as described on chain of custody forms received from UH with the samples. 
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Table 7.10  Summary Of Water And Sediment Samples Received In 2005  
 

Date 
received 

Site  Site description* Matrix # Isolates 
 

# Isolates 
Confirmed by 
MIS (CSU) 

4 Open Water 60 60 
5 Agriculture Water 60 47 
5 Agriculture Sediment 43 33 
9 Buffalo Bayou mouth Water 60 51 

03/16/05 

10 Whiteoak Bayou 
mouth 

Water 60 49 

7 Commercial Water 65 56 
8 Residential Water 63 53 
9 Buffalo Bayou mouth Water 64 49 

04/26/05 

10 Whiteoak Bayou 
mouth 

Water 65 57 

05/17/05 11 Open land Sediment 65 47 
07/13/05 5 Agriculture Water 77 52 
07/14/05 11 Open land Water 64 51 
   TOTAL 746 605 

 

*as described on chain of custody forms received from UH with the samples 
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Figure 7.1 Bacteria source tracking (BST) Sampling locations  
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Figure 7.2 Bacteria source tracking (BST) Sampling Locations in relation to wastewater

                               treatment plants (WWTPs)
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Table 7.11 Numbers Of E. Coli From Water And Sediment Samples, Received In 2004 And 
2005, Analyzed Using ARP And PFGE 

 

Date 
received 

Site  Site description* Matrix # Isolates 
analyzed by ARP 

# Isolates analyzed 
by PFGE 

Water 47 16 1 No WWTP upstream 
Sediment 33 14 
Water 43 14 2 WWTP upstream 
Sediment 34 14 
 
Water 

 
40 

 
17 

 
3 

 
Residential 

Sediment 49 27 
Water 25 20 

08/03/04 
(Dry 
Weather) 

7 Commercial 
Sediment 34 23 

4 Open Water 60 28 
5 Agriculture Water 47 26 
5 Agriculture Sediment 33 31 
9 Buffalo Bayou mouth Water 51 27 

03/16/05 
(Dry 
Weather) 

10 Whiteoak Bayou mouth Water 49 26 
7 Commercial Water 56 11 
8 Residential Water 53 26 
9 Buffalo Bayou mouth Water 49 16 

04/26/05 
(Wet 
Weather) 

10 Whiteoak Bayou mouth Water 57 17 
05/17/05 
(Dry 
Weather) 

11 Open land Sediment 47 15 

07/13/05 
(Wet 
Weather) 

5 Agriculture Water 52 16 

07/14/05 
(Wet 
Weather) 

11 Open land Water 51 12 

   TOTAL 910 396 
 

Notes: 
1.  Abbreviations:  ARP- antibiotic resistance profiling, PFGE – pulse field gel electrophoresis 
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7.5.1  STATISTICAL ANALYSIS OF ISOLATES FROM WATER AND SEDIMENT 

SAMPLES 

Based on the known source library analyses it was decided to use the ARP/CSU 

combined database with the 2005 human/sewage isolates to identify the sources for the E. coli 

isolates from water and sediment samples, as this library provided very high rates of correct 

classification in the two-way analysis (ARCC 97.5%, Table 7.8). Note: some of the isolates from 

Aug 2004 were analyzed using the manual plate reader and therefore could not be included in the 

statistical analyses using CSU. The isolates from each sample were analyzed using two-way 

(human vs. nonhuman classification (shown in Table 7.12). Six-way classification results are 

shown in Appendix D   

For two-way classification there was a range from 7.9 to 89.8% of isolates identified as 

human source in samples from the various sites.  Higher proportions of human isolates were 

found at sites 9, 10 and 11 than other sites. The actual percents shown should be used with 

caution due to the limited numbers of isolates included in each analysis; however, there appears 

to be human source isolates present in all samples, with a high proportion being human from 

certain samples (sites 9, 10, 11). Station 11 results, with a high proportion of human source 

isolates, despite open land use, may indicate E. coli survival in soil; however, conclusions cannot 

be drawn from only two samples.  

 The isolates analyzed and identified to a source by both PFGE and ARP/CSU were 

compared (Table 7.13). Major constraints with this evaluation were due to the small size of the 

PFGE library and the use of different human/sewage isolates in the libraries (the PFGE library 
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was not modified in 2005). However, even with these limitations, a relatively high proportion of 

isolates were identified, particularly as non-human, by both techniques (as seen for the sites 1, 2, 

3 and 7 from 2004 where the majority of isolates were identified as non-human).   

Overall, the bacteria source tracking results, based on the library of known source 

isolates, suggest under dry weather conditions a higher proportion of isolates were from non-

human sources, while after rainfall there was an increase in human source contamination. The 

difference was particularly marked for the mouth of Buffalo Bayou. Human/sewage source 

contamination appears to be widespread, but sometimes only as a small proportion, across the 

sites, with levels varying by site and rainfall. Additional sampling would be required to draw 

more definitive conclusions.  
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Table 7.12 Percent Classification Of Unknown Source Isolates From 2004 And 2005 Water 
And Sediment Samples As Human (Sewage) Or Non-Human Identified Using The Library 
Including The 2005 Sewage Only. 
 
Date received Site Site 

description* 
Matrix % 

Human/Sewage
% Non-
human 

Water 23.9 76.1 1 No WWTP 
upstream Sediment 31.0 69.0 

Water 35.0 65.0 2 WWTP 
upstream Sediment 21.9 78.1 

Water 7.9 92.1 3 Residential 
Sediment 24.5 75.5 
Water 18.2 81.8 

8/3/2004 
(Dry Weather)  

7 Commercial 
Sediment 27.6 72.4 

4 Open Water 46.7 53.3 
Water 44.7 55.3 5 Agriculture 
Sediment 36.4 63.6 

9 Buffalo Bayou 
mouth 

Water 64.7 35.3 

3/16/2005   
(Dry Weather) 

10 Whiteoak 
Bayou mouth 

Water 67.3 32.7 

7 Commercial Water 53.6 46.4 
8 Residential Water 50.9 49.1 
9 Buffalo Bayou 

mouth 
Water 89.8 10.2 

4/26/2005  
(Wet Weather) 

10 Whiteoak 
Bayou mouth 

Water 63.2 36.8 

5/17/2005  
(Dry Weather) 

11 Open land Sediment 80.9 19.1 

7/13/2005  
(Wet Weather) 

5 Agriculture Water 51.9 48.1 

7/14/2005  (Wet 
Weather) 

11 Open land Water 71.1 26.9 

  

*as described on chain of custody forms received from UH with the samples 
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Table 7.13 Identification of isolates as human or nonhuman source, analyzed by both ARP 
and PFGE, showing percent confirmation of ARP identifications by PFGE. 
 
Date received Site Site description* Matrix # Isolates 

identified as 
H/NH by ARP 
and PFGE 

% 
confirmation 
PFGE 

Water 16 50 1 No WWTP 
upstream Sediment 9 77.8 

Water 14 42.9 2 WWTP upstream 
Sediment 14 78.6 
Water 17 64.7 3 Residential 
Sediment 26 76.9 
Water 5 100 

8/3/2004 
(Dry Weather)  

7 Commercial 
Sediment 22 68.2 

4 Open Water 29 41.4 
Water 26 50 5 Agriculture 
Sediment 31 54.8 

9 Buffalo Bayou 
mouth 

Water 26 38.5 

3/16/2005  (Dry 
Weather) 

10 Whiteoak Bayou 
mouth 

Water 26 46.2 

7 Commercial Water 18 16.7 
8 Residential Water 26 65.4 
9 Buffalo Bayou 

mouth 
Water 14 14.3 

4/26/2005 (Wet 
Weather) 

10 Whiteoak Bayou 
mouth 

Water 17 29.4 

5/17/2005  
(Dry Weather) 

11 Open land Sediment 15 13.3 

7/13/2005  
(Wet Weather) 

5 Agriculture Water 16 31.3 

7/14/2005  (Wet 
Weather) 

11 Open land Water 12 25 

  TOTAL 379 50.14 (avg.) 

 

*as described on chain of custody forms received from UH with the samples 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 80

7.6 REFERENCES 

Dombek, P. E., L. K. Johnson, S. T. Zimmerley, and M. J. Sadowsky. 2000.  Use of repetitive 
DNA sequences and the PCR to differentiate Escherichia coli isolates from human and 
animal sources.  Appl. Environ. Microbiol.  66:2572-2577. 

 
Griffith, J.F., S.B. Weisberg and C.D. McGee. 2003. Evaluation of microbial source tracking 

methods using mixed fecal sources in aqueous test samples. J. Water Health 1: 141-151. 
 
Hagedorn, C. 2004. Development of known source libraries. American Society for 

Microbiology. Workshop 104-20. Microbial Source Tracking using Indicator Organisms. 
May 23, 2004.  

 
Hagedorn, C., S.L. Robinson, J.R. Filtz, S.M. Grubbs, T.A. Angier, and R.B. Reneau, Jr.  1999. 

Determining sources of fecal pollution in a rural Virginia watershed with  antibiotic 
resistance patterns in fecal streptococci. Appl. Environ. Microbiol. 65: 5522-5531. 

 
Hagedorn, C., J. B. Crozier, K. A. Mentz, A. M. Booth, A. K. Graves., N. J. Nelson, and R. B. 

Reneau, Jr.  2003.  Carbon source utilization profiles as a method to identify sources of 
faecal pollution in water.  J. Appl. Microbiol.  94:792-799. 

 
Hahm, B.-K., Y. Maldonado, E. Schreiber, A.K. Bhunia, and  C.H. Nakatsu. 2003. Subtyping of 

foodbourne and environmental isolates of Escherichia coli by multiplex-PCR, rep-PCR, 
PFGE, ribotyping and AFLP. J. Microbiol. Meth. 53: 387-399. 

 
Harwood, V.J., J. Whitlock and V. Withington. 2000. Classification of antibiotic resistance 

patterns of indicator bacteria by discriminant analysis: use in predicting the source of 
fecal contamination in subtropical waters. Appl. Environ. Microbiol. 66: 3698-3704. 

 
Huberty, C.J. 1994. Applied discriminant analysis. John Wiley and Sons, Inc., New York, NY 
 
Lu, L., M.E. Hume, K.L. Sternes, and S.D. Pillai. 2004. Genetic diversity of Escherichia coli 

isolates in irrigation water and associated sediments - implications for source tracking. 
2004. Wat. Res. 38: 3899-3908. 

  
McLellan, S.L., A.D. Daniels, and A.K. Salmore. 2003. Genetic characterization of Escherichia 

coli populations from host sources of fecal pollution by using DNA fingerprinting. Appl. 
Environ. Microbiol. 69: 2587-2594. 

  
Meays, C.L., K. Broersma, R. Nordin, and A. Mazumder. 2004. Source tracking fecal bacteria in 

water: A critical review of current methods. J. Environ. Manag. 7371-79. 
 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 81

NCCLS (2000) Performance Standards for Antimicrobial Disc Susceptibility Tests; Approved 
Standard-Seventh Edition. NCCLS document M2-A7. 

 
NCCLS (2002) Performance Standards for Antimicrobial Disk and Dilution Susceptibility Tests 

for Bacteria Isolated from Animals; Approved Standard-Second Edition. NCCLS 
document M31-A2. 

 
NCCLS (2002) Performance Standards for Antimicrobial Susceptibility Testing; Twelfth 

Informational Supplement. NCCLS document M100-S12 
 
Okwumabua, O., M.  O=Connor, E. Shull, K. Strelow, M. Hamacher, T. Kurzynski, and D. 

Warshauer. 2005. Characterization of Listeria monocytogenes isolates from food animal 
clinical cases PFGE pattern similarity to strains from human listeriosis cases. FEMS 
Microbiol. Letters.  In Press. 

 
Parveen, S., N.C. Hodge, R.E. Stall, S.R. Farrah, and M.L. Tamplin. 2001. Phenotypic and 

genotypic characterization of human and nonhuman Escherichia coli. Wat. Res. 35: 379-
386. 

  
Scott, T.M., J.B. Rose, T.M. Jenkins, S.R. Farrah, and J. Lukasik. 2002. Microbial source 

tracking current methodology and future directions. Appl. Environ. Microbiol. 68: 5796-
5803. 

  
Simmons, G. M., D. F. Waye, S. Herbein, S. Myers, and E. Walker.  2000.  Estimating nonpoint 

fecal coliform sources in Northern Virginia's Four Mile Run watershed, p. 248 267.  In T. 
Younos and J. Poff (ed.), Abstracts of the Virginia Water Research Symposium, 
Blacksburg, Virginia. 

  
Simpson, J.M., Santo Domingo, J.W., and D.J. Reasoner. 2002. Microbial source tracking - state 

of the science. Environ. Sci. Technol. 36: 5279-5288. 
  



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 82

Singer, R.S., W.M. Sischo, and T.E. Carpenter. 2004. Exploration of biases that affect the 
interpretation of restriction fragment patterns produced by pulsed-field gel electrophoresis. 
J. Clin. Microbiol. 42: 5502-5511. 

 
Stewart, J. R., Ellender, R. D., Gooch, J. A., Jiang, S., Myoda, S. P., and S.B. Weisberg. 2003. 

Recommendations for microbial source tracking - lessons from a methods comparison 
study. J. Wat. Health 1: 225-231. 

  
Stoeckel, D. M., Mathes, M. V., Hyer, K. E., Hagedorn, C., Kator, H., Lukasik, T., O=Brien, T. L., 

Samadpour, M., Strickler, K. M., and B.A. Wiggins. 2004. Comparison of seven protocols 
to identify fecal contamination sources using Escherichia coli. Environ. Sci. Tech. 38: 
6109-6117. 

  
Webster, L.F., B.C. Thompson, M.H. Fulton, D.E. Chestnut, R.F. Van Dolah, A.K. Leight, and G. 

I. Scott. 2004. Identification of sources of Escherichia coli in South Carolina estuaries 
using antibiotic resistance analysis. J. Exper. Mar. Biol. Ecol.  29: 8179-195. 

  
Whitlock, J.E., D.T. Jones, and V.J., Harwood. 2002. Identification of the sources of fecal 

coliforms in an urban watershed using antibiotic resistance analysis. Wat. Res. 36: 4273-
4282. 

 
Wiggins, B.A. R.W. Andrews, R.A. Conway, C.L. Corr, E.J. Dobratz, D.P. Dougherty,  J.R 

Eppard, S.R. Knupp, M.C. Limjoco, J.M. Mettenburg, J.M. Rinehardt, J. Sonsino,      R.R. 
Torrijos, and M.E. Zimmerman. 1999. Use of antibiotic resistance analysis to identify 
non-point sources of fecal pollution. Appl. Environ. Microbiol. 65: 3483-3486. 

  
Wiggins, B. A., P. W. Cash, W. S. Creamer, S. E. Dart, P. P. Garcia, T. M. Gerecke, J. Han, B. L. 

Henry, K. B. Hoover, E. L. Johnson, K. C. Jones, J. G. McCarthy, J. A. McDonough, S. A. 
Mercer, M. J. Noto, H. Park, M. S. Phillips, S. M. Purner, B. M. Smith, E. N. Stevens, and 
A. K. Varner.  2003.  Use of antibiotic resistance analysis for representativeness testing of 
multiwatershed libraries.  Appl. Environ. Microbiol.  69: 3399-3405. 

 
Zhechko, D., M. Michaylova, and S. Mincova. 2005. Characterization of Lactobacillus helveticus 

strains isolated from Bulgarian yoghurt, cheese, plants, and human faecal samples by 
sodium dodecilsulfate polyacrylamide gel electrophoresis of cell-wall proteins, ribotyping, 
and pulsed field gel fingerprinting. Inter. Dairy J. 15: 998-1005. 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 83

 
CHAPTER 8  

REFINEMENT OF BACTERIA DIE-OFF AND SETTLING RATES AND 

ASSESSMENT OF MODEL LOW FLOW CAPABILITIES 

This chapter addresses refinements in the HSPF model rates obtained through laboratory 

studies performed by the City of Houston through the Clean Rivers Program. 

Historically, it has been thought that Escherichia coli (EC) does not proliferate 

(replicate) outside the body of warm-blooded animals, and that concentrations in surface water 

decrease significantly (possibly by 1 log) 24-48 hours after being introduced into surface 

waters.  The stationary phase of the growth cycle usually leads quickly to the phase of decline 

or death, because of the depletion of essential nutrients for bacteria adapted to the nutrient-rich 

intestinal environment.  However, Houston area bayous in dry weather are sustained by treated 

wastewater.  Thus it is suspected that the bacteria levels may not only be sustained for an 

extended period of time, but may even increase to a some extent.  The assumption that bacterial 

concentrations recorded after storm events or sewage influxes will follow the natural growth/die 

off cycle may be incorrect thus leading to incorrect decisions regarding TMDL decisions. 

Another major complicating component is the role of physical settling in removing bacteria 

from the water column. 

During the field work in the summer of 2001, the bayou chamber studies demonstrated 

that high initial EC concentrations of bayou water (e.g. 10,000 MPN/dL) showed rapid 

concentration reductions.  After a two-day period, the concentrations of samples with high initial 
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levels had dropped to about 10 MPN/dL.  These results were well below the ambient levels seen 

in the bayous.  The first order decay rate obtained from these data was about 2/day.  Based on 

these studies, a similar rate was used in the HSPF modeling; however, this may not be a 

representative rate if the mixing that is a part of the bayou’s natural flow is accurately included.   

8.1 STUDY DESIGN 

A recent study sponsored by H-GAC under the Clean River Program has been conducted 

by the City of Houston.  One purpose of the study was to check the die-off rates under mixing 

conditions that more closely simulate what exists in the bayous. Another variable considered was 

the effect of storage at 4ºC over time.  The “holding time until analysis” is an issue and some 

researchers have suggested that the 6-8 hours currently specified is too conservative.  In the 

summer of 2001 bacteria chamber studies, the West District wastewater treatment plant (WWTP) 

disinfected effluent had “no detection of indicator bacteria” results initially.  After a day at 

ambient temperatures, the concentration of the effluent sample had grown to over 100 MPN/dL.  

The analysis will help to determine if bacteria concentrations change over time while being kept 

in the refrigerator.   

Another variable explored has to do with the possible correlation of die-off rates with 

nutrient concentrations.  Nutrient data were compared to the die-off rates to see if there was any 

relationship.   

The rate studies were conducted in the City of Houston Health and Human Services North 

Environmental Laboratory and looked at bacteria die-off rates from two different Houston area 

locations.  Site #11356 – Buffalo Bayou at Voss Road – is currently on the Coordinated 
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Monitoring Schedule (CMS) for FY2004 and is the site where bacterial results have been high 

historically.  Site #11358 – Buffalo Bayou at Piney Point Road, 4.3 miles west of Loop 610 West 

in Houston – is not on the current CMS but has been sampled by the City of Houston in the past 

and is the site where bacterial results have been historically low but a few high numbers have 

been recorded over the years.  A United States Geological Survey (USGS) gage station at Piney 

Point serves both locations. 

The quantity of water collected was sufficient to analyze all conventional parameters 

including bacteria and nutrient parameters on the first day plus enough water to run five (5) 

bacteria tests over the next three consecutive days. These were analyzed with two dilutions – 1:10 

and 1:100. The water sample was split into five different conditions in the lab as follows:  

1.  A flask of water was placed in a sealed container in the refrigerator and stored at or 

below 4˚C.  Before a bacteria subsample was collected, the container was shaken to 

resuspend all particles that have settled out over time.  The required aliquots of water 

were pipetted from the container and analyzed.  Afterwards, the container was resealed 

and returned to the refrigerator until the next day’s testing.  This test was intended not 

only serve as the control, but to address whether bacterial concentration increase or 

decrease in samples held at < 4ºC for longer than the prescribed holding time. 

2.  A flask of water was placed in a darkened fume hood at room temperature 

(approximately 23˚C) and allowed to settle in its container.  The container was covered 

but not sealed tight.  Each time a bacteria test was performed, the required aliquot of 

water was pipetted from the top 1-inch of the container.  No shaking or stirring was 

performed.  This test was used to track growth or die-off of EC concentrations on a 
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daily basis in a laboratory controlled environment and also served as a control. 

3.  A similar quantity of water was placed in a darkened fume hood at room temperature 

and allowed to settle in its covered container.  Prior to each bacteria test, the container 

was sealed and shaken according to Standard Methods.  Then the required aliquots of 

water were pipetted from the container and analyzed.  This test addresses bacteria die-

off in an environment that begins to replicate the field environment due to the occlusion 

of light. 

4.  A flask of water was placed in a darkened fume hood at room temperature and slowly 

stirred.  The agitation was adjusted to keep all particles suspended or moving around 

the container from top to bottom.  The container was covered but not sealed.  Then the 

required aliquots of water were pipetted from the container and analyzed.  The 

objective was to track EC concentrations daily in an environment that more closely 

mimics a slow flowing, light-occluded stream situation.   

5. A quantity of water was placed in a darkened fume hood at room temperature and 

stirred at a higher rate of speed.  The sample was stirred so all particles are kept 

suspended and the water has a well defined vortex.  The container was covered but not 

sealed.  Each time a bacteria test was analyzed, the required aliquots of water were 

pipetted from the container and analyzed.  The objective was to track EC 

concentrations daily in an environment that more closely mimics a high flowing, light-

occluded stream.   

The second part of the study was designed to look at the bacteria response in the natural 

environment after a typical rainfall event that would cause an influx of bacteria into the water 
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body via run-off.  It is suspected that in Houston area bayous, the bacteria levels are not only 

sustained for an extended periods of time, but may even increase over time.  This portion of the 

study looked at how bacteria numbers and nutrients concentrations change at a given site over 

time following a significant rainfall event.  

8.2 STUDY RESULTS 

Each test started with collecting a single large water sample from Buffalo Bayou at both 

Voss and at Piney Point. The chemical and bacterial data for these samples, along with the flow at 

Piney Point on the day of collection, is shown in Table 8.1. 

As described above, the EC bacteria concentration was monitored every 24 hours in each 

of the five flasks by collecting a sub-sample at the same time for three days. The change in 

bacteria concentration was noted and converted into a first-order rate. A first-order rate is one in 

which the change is proportional to the first power of the reactant: 

 dC/dt = - k C 

which integrates to 

 ln Ct/Co = - k t   or  Ct = Co e -kt 

For this analysis, t is in days, the rate, k, has units of 1/day, and the initial bacteria concentration, 

Co and concentration at time t, Ct, has units of MPN/dL. The fraction of the initial concentration, 

Ct/Co, is shown for a range of k and t values in Table 8.2.  Tables 8.3 and 8.4 present the data and 

the rate calculations for the Voss and Piney Point stations, respectively. For both stations, the first 

and last test series had the highest initial concentrations, probably caused by higher stormwater 

influence, while the middle three had relatively low initial levels. In rate calculations, where a 

value was “<”, half the reporting level was used. 
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The rate of change in concentrations varied between tests and between days of individual 

tests as is typical of bacteria data, but was consistent in the general pattern. The rates calculated 

for the first day tend to be slightly higher than the rates calculated over longer periods. Generally, 

these reflect the effect of the higher initial concentrations on the first and fifth replicate. While 

there was some variation between periods, the rates calculated for the entire period (day 0 to day 

3) are representative of all the data and are discussed below.  

The first two flasks were not stirred during the tests but were shaken each day before the 

sub-sample was withdrawn for EC bacteria analysis. In effect, these flasks had no settling 

allowed. The first flask was kept refrigerated (average temperature 2.5°C) while the second was 

kept at room temperature. The average decay rate (1/day) for these bottles is shown in Table 8.5. 
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Table 8-1 Data from Sample Collections

Field Data Laboratory Data

pH
(su)

DO
(mg/L)

Temp
(°C)

Cond
(µmho/cm)

EC
(MPN/dL)

pH
(su)

Cond
(µmho/cm)

TSS
(mg/L)

TDS
(mg/L)

CBOD5
(mg/L)

NH3-N
(mg/L)

NO3-N
(mg/L)

Ortho P
(mg/L)

Total P
(mg/L)

Cl-
(mg/L)

SO4
(mg/L)

F
(mg/L)

Voss 1 - 
1010011 10/04/04 175            4.94 26.49 514 27,000 7.30 536 41 334 < 4 .076 4.50 .893 .956 59.7 25.0 .328

Voss 2 - 
100024 01/10/05 117            7.64 8.77 17.56 824 570 7.42 837 10 460 holiday .069 7.23 1.27 1.45 105 37.6 .378

Voss 3 - 
100207 03/14/05 180            7.58 6.91 18.99 490 400 6.75 500 55 404 < 4 .111 4.09 .520 .800 52.0 20.4 .285

Voss 4 - 
100273 04/18/05 97              7.65 6.64 21.16 791 860 7.49 817 56 464 < 4 .077 5.92 1.08 1.37 118 32.5 .398

Voss 5 - 
100347 05/09/05 1,240         8.12 6.93 19.24 203 15,000 7.54 214 252 163 < 4 .224 .778 .192 .415 22.3 9.92 <0.2

Piney Pt. 
1 -
1010012

10/04/04 175            6.15 26.83 722 6,200 7.48 724 29 474 < 4 .182 7.36 1.50 1.57 93.7 31.0 .384

Piney Pt. 
2 - 
100025

01/10/05 117            7.62 8.41 18.32 823 210 7.43 830 13 473 holiday .173 8.08 1.42 1.52 104 38.5 .382

Piney Pt. 
3 - 
100208

03/14/05 180            7.56 6.94 19.31 487 500 7.01 501 55 401 < 4 .106 4.03 .585 .859 52.5 19.8 .277

Piney Pt. 
4 - 
100278

04/18/05 97              7.61 6.94 21.21 790 610 7.47 812 34 496 < 4 .217 6.66 1.23 1.46 116 34.4 .397

Piney Pt. 
5 - 
100352

05/09/05 1,240         8.22 7.14 20.06 195 15,000 7.42 218 458 162 < 4 .226 .785 .210 .457 20.8 11.8 .240

Station 
and 

Sample
Date

Flow at
Piney Point

(cfs)

102
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Table 8.2 Range of values for Ct/Co 
 

k (1/day) t (day) Ct/Co 
0.1 1 0.9 
0.5 1 0.6 
1 1 0.37 
2 1 0.14 
4 1 0.02 
0.5 2 0.37 
1 2 0.14 
 



Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Final Report

Figure 8.1  Relationship between E. coli concentration and time for die-off experiments
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Table 8-3 Bacteria and Rate Data from Buffalo Bayou at Voss

Flask 1 Flask 2 Flask 3 Flask 4 Flask 5 Flask 1 Flask 2 Flask 3 Flask 4 Flask 5
Cooled Room Temperature Cooled Room Temperature
Shaken Shaken No Stir Slow Stir Fast Stir Shaken Shaken No Stir Slow Stir Fast Stir

10/04/04 10:10 175 27,000 27,000 27,000 27,000 27,000 - - - - -
10/05/04 10:10 297 18,000 12,000 1,900 610 7,800 0.41 0.81 2.65 3.79 1.24
10/06/04 10:10 275 24,000 5,000 590 600 4,600 0.06 0.84 1.91 1.90 0.88
10/07/04 10:10 698 18,000 1,800 320 97 1,800 0.14 0.90 1.48 1.88 0.90
01/10/05 10:00 117 570 570 570 570 570 - - - - -
01/11/05 10:00 113 460 240 280 340 460 0.21 0.86 0.71 0.52 0.21
01/12/05 10:00 108 470 97 55 110 65 0.10 0.89 1.17 0.82 1.09
01/13/05 10:00 929 350 70 10 31 52 0.16 0.70 1.35 0.97 0.80
03/14/05 10:02 180 400 400 400 400 400 - - - - -
03/15/05 10:02 152 410 240 100 52 260 -0.02 0.51 1.39 2.04 0.43
03/16/05 10:02 201 610 120 82 10 230 -0.21 0.60 0.79 1.84 0.28
03/17/05 10:02 227 630 140 60 270 110 -0.15 0.35 0.63 0.13 0.43
04/18/05 10:02 97 860 860 860 860 860 - - - - -
04/19/05 10:02 94 1100 600 570 460 910 -0.25 0.36 0.41 0.63 -0.06
04/20/05 10:02 93 1000 540 120 150 630 -0.08 0.23 0.98 0.87 0.16
04/21/05 10:02 91 880 240 20 66 330 -0.01 0.43 1.25 0.86 0.32
05/09/05 10:04 1,240 15,000 15,000 15,000 15,000 15,000 - - - - -
05/10/05 10:04 1,520 16,000 4,600 5,200 2,400 6,200 -0.06 1.18 1.06 1.83 0.88
05/11/05 10:04 1,910 10,000 3,100 730 440 5,600 0.20 0.79 1.51 1.76 0.49
05/12/05 10:04 1,880 9,300 4,900 120 120 3,700 0.16 0.37 1.61 1.61 0.47

Day 0-1 0.06 0.75 1.24 1.76 0.54
Day 0-2 0.01 0.67 1.27 1.44 0.58
Day 0-3 0.06 0.55 1.26 1.09 0.58

Dieoff Rate (1/day)EC (MPN/dL)

Time

Average rates of 5 replicates

Flow at
Piney Pt

(cfs)

104
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Table 8-4 Bacteria and Rate Data from Buffalo Bayou at Piney Point

Flask 1 Flask 2 Flask 3 Flask 4 Flask 5 Flask 1 Flask 2 Flask 3 Flask 4 Flask 5
Cooled Room Temperature Cooled Room Temperature
Shaken Shaken No Stir Slow Stir Fast Stir Shaken Shaken No Stir Slow Stir Fast Stir

10/04/04 10:10 175 6,200 6,200 6,200 6,200 6,200 - - - - -
10/05/04 10:10 297 3,900 7,000 3,700 3,000 4,400 0.46 -0.12 0.52 0.73 0.34
10/06/04 10:10 275 3,800 1,200 640 260 1,500 0.24 0.82 1.14 1.59 0.71
10/07/04 10:10 698 2,300 530 120 63 480 0.33 0.82 1.31 1.53 0.85
01/10/05 10:00 117 210 210 210 210 210 - - - - -
01/11/05 10:00 113 140 20 52 92 140 0.41 2.35 1.40 0.83 0.41
01/12/05 10:00 108 140 41 100 10 20 0.20 0.82 0.37 1.52 1.18
01/13/05 10:00 929 74 5 5 5 41 0.35 1.25 1.25 1.25 0.54
03/14/05 10:02 180 500 500 500 500 500 - - - - -
03/15/05 10:02 152 420 410 10 20 250 0.17 0.20 3.91 3.22 0.69
03/16/05 10:02 201 340 180 10 110 300 0.19 0.51 1.96 0.76 0.26
03/17/05 10:02 227 450 200 5 200 220 0.04 0.31 1.54 0.31 0.27
04/18/05 10:02 97 610 610 610 610 610 - - - - -
04/19/05 10:02 94 510 330 100 180 220 0.18 0.61 1.81 1.22 1.02
04/20/05 10:02 93 570 130 30 20 150 0.03 0.77 1.51 1.71 0.70
04/21/05 10:02 91 510 160 20 10 230 0.06 0.45 1.14 1.37 0.33
05/09/05 10:04 1,240 15,000 15,000 15,000 15,000 15,000 - - - - -
05/10/05 10:04 1,520 24,000 5,900 1,400 2,000 5,900 -0.47 0.93 2.37 2.01 0.93
05/11/05 10:04 1,910 9,600 2,700 410 280 2,200 0.22 0.86 1.80 1.99 0.96
05/12/05 10:04 1,880 13,000 2,800 140 98 2,600 0.05 0.56 1.56 1.68 0.58

Day 0-1 0.15 0.80 2.00 1.60 0.68
Day 0-2 0.18 0.76 1.35 1.51 0.76
Day 0-3 0.16 0.68 1.36 1.23 0.52

Dieoff Rate (1/day)

Average rate of 5 replicates

Flow at
Piney Pt

(cfs)
Time

EC (MPN/dL)

105
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Table 8.5 Die of Rates for Refrigerated Samples (1/day) 
 

Average of 5 Tests 
Station Refrigerated 

(with negatives) 
Refrigerated 
(without negatives) 

Room 
Temperature 

Voss 0.06 0.15 0.55 
Piney Point 0.16 0.16 0.68 

 

As can be seen from the table, at the Voss station the average rate with refrigeration was 

close to zero (several tests had small negative rates) while the average rate at room temperature 

(approximately 23°C) was much higher. The refrigerated average rate would be 0.15/day if the 

negative values were not included in the averaging1.  This is still much lower than the 0.55/day 

rate obtained at room temperature.  These room temperature rates can be viewed as the true rates 

of bacterial die-off, with no effect of settling to remove bacteria from the water included. These 

data confirm the role of temperature in accelerating the rate of die-off. The data also provide a 

strong confirmation of the effect of cooling samples in preservation. There was a modest 

difference in the refrigerated sample bacteria levels after 3 days. The average rate for all 

refrigerated tests after 24 hours was 0.105, a 10% reduction in concentration after 24 hours.  

The next three bottles were all tested at room temperature, differing only in the way or 

degree that settling enters into the process. The average results over three days are shown in Table 

8.6.   

                                                 

1 We are not suggesting that negative values be omitted, but only noting this for completeness. A negative rate value, 
suggesting regrowth or resuspension, is a perfectly valid result. 
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Table 8.6 Die-off Rates for Room Temperature (1/day) 
 

Die-Off Rates (1/day) – Average of 5 Tests Station No Stir Slow Stir Fast Stir 
Voss 1.26 1.09 0.58 
Piney Point 1.36 1.23 0.52 

 

The fast-stir bottle has enough mixing energy imparted to stop any settling, and the decay 

rate is essentially equal to that of the room temperature bottle that was not stirred but shaken 

before a sample was withdrawn. In both cases there was no removal of bacteria from the water by 

settling.  

The slow-stir and no-stir bottles have higher average die-off rates that reflect the 

additional effect that settling has on reducing the bacteria concentrations. With quiescent water 

allowing settling to exert a maximal effect, the average apparent removal rate was over twice as 

high as the rate for pure bacterial die-off. When settling is allowed to proceed at the maximum 

rate, the average rate of removal by settling alone is 0.68/day (1.26 - 0.58) for Voss and 0.84/day 

(1.36 - 0.52) for Piney Point. This is somewhat larger than the average bacterial die-off rate 

without settling. These data suggest that settling can be a stronger removal mechanism than die-

off when quiescent conditions are available. 

The slow-stir bottle was an attempt to approximate conditions in the bayous by adjusting 

the mixing energy to roughly the conditions typically observed. Obviously, there is a wide range 

of variation in the amount of mixing in the bayous and there is no way that a single level of 

mixing could be representative of all conditions or even an “average” condition. Nevertheless, it 

is an intermediate value that is probably in the range of field levels of turbulence. If it were taken 

as an average level of turbulence, the reduction rate that could be attributed to settling would be 
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0.51/day (1.09 - 0.58) for Voss and 0.71/day (1.23 - 0.52) for Piney Point. 

8.3 LEVELS FOLLOWING RAIN EVENT 

Table 8.7 shows data collected from the bayou stations for three days following the last 

sampling event on May 9, 2005. The sample on May 9, 2005 was obtained immediately after a 

rain event. The flow in Buffalo Bayou continued to rise, but it appears that Barker and Addicks 

reservoirs had impounded water and were releasing flow subject to the 2,000 cfs flow limit used 

by the Army Corps of Engineers to regulate releases. This would explain why there was a decline 

in TSS and EC while the bayou flow continued to increase. It can be seen that at both stations 

there is a high degree of correlation between the two parameters, lending further support to the 

relationship between TSS and bacteria.  

8.4 NUTRIENT EFFECT 

Referring to Table 8.1, there was relatively little difference in 

bayou flows or nutrient concentrations in the first four samples. The fifth sample, collected on 

May 9, 2005, was at a flow that was 5 to 10 times higher than the others. The nitrate-N and 

phosphorus levels were one fifth to one tenth that of the dry weather values, suggesting the 

dilution of the nutrient concentrations dominated by wastewater. Interestingly, the ammonia-N 

concentrations did not exhibit a similar reduction, suggesting that the runoff concentration of 

ammonia-N was on the same order as that from wastewater discharge. 

A hypothesis at the start of the tests was that there might be differences in the die-off rates 

that could be related to nutrient concentrations. An examination of the data in Table 8.2 and Table 

8.3 suggests little difference between the die-off rates from the samples on May 9 and those  
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Table 8-7 Bayou TSS and Bacteria Following Rain Events

Voss

Flow
(cfs)

EC
(MPN/dL)

TSS
(mg/L)

EC
(MPN/dL)

TSS
(mg/L)

05/09/05 1,240  15,000  458  15,000  252  

05/10/05 1,520  11,000  167  11,000  192  

05/11/05 1,910  1,500  69  2,000  111  

05/12/05 1,880  560  47  400  60  

Date
Piney Point

109
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obtained from samples on the other dates with higher nutrient concentrations. 

8.5 TEMPERATURE EFFECT 

As noted in the initial results discussion, there was a marked difference in rates between 

the refrigerated and room temperature flasks. While the objective of this project was not to 

develop a rate-temperature relation, there are two fairly robust average rates with no settling 

influence at substantially different temperatures. The conventional characterization of the 

temperature influence on biological rates is often expressed as: 

  Kt = K20 θ (T-20) 

If that functional form is accepted, the available rates can be matched with a K20 of 

0.475/day and θ of 1.09. Figure 8.1 plots this relation with the data points highlighted. 

This relation along with the rate results allows a simple exploration of the effect of 

holding time and temperature. Listed in Table 8.8 are the concentration reductions, exp(-KT) 

results, for 8 hours and one day at a range of temperatures. 

 

 

Table 8.8 Effect of temperature on Concentration Reductions (exp(-KT)) 
 

Temp (°C) 8 hrs 1 day 
0 0.972 0.919 

2.5 0.966 0.9 
4 0.961 0.887 
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Figure 8.2
First-Order Decay As a Function of Temperature
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It can be seen that the difference in expected bacteria results between refrigeration at 4°C 

and icing at 0°C is a one to three percent while the difference in holding time from 8 hours to one 

day is 5.5 to 7.7%. Compared to the variation in any given sample (The first day K results for 

Flask 1 in Table 8.2 and Table 8.3 have an average of 0.105, but range from 0.46 to -0.47. The K 

value of 0.105 yields the 0.900 value after one day at 25°C), the difference between icing and 

refrigeration, and 8 hours and 1 day holding time may be small. If more rate data were collected 

to allow greater confidence in the results, the small percentage differences might be removed with 

a temperature and holding time correction factor. 

8.6 DISCUSSION 

These results provide important confirmation of the importance of settling of particulate 

matter (that includes bacteria) in removing elevated concentrations of bacteria from bayou waters. 

As noted in earlier discussions, the initial field experimental work done on bacteria decay rates 

suffered from a combination of strong flows that prompted the need to reinforce the test 

chambers, which had the effect of limiting the transfer of local turbulence. As a result, the 

chamber tests in 2001 reflected the effect of both die-off and relatively unconstrained settling with 

no way to distinguish between the two. These new data developed by the H-GAC Clean Rivers 

Program and the City of Houston allow more representative rates to be used in the modeling to 

reflect both processes. 

The data provide useful information on the effects of temperature when no settling is 

allowed. While the focus of the study was not temperature, the data allow a preliminary 

exploration of the effects of temperature and holding time that could ultimately prove useful in 

data collection work. For example, the current limitation to an 8 hour holding time for bacteria 
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samples imposes scheduling limitations that ultimately reduces the amount of data that can be 

collected for a given budget. Stated another way, the holding time limit raises the cost of the data.  

The bayou data obtained for three days following a rain event clearly demonstrate the 

relationship between suspended sediment and bacteria levels. The data also provide confirmation 

of the role that the upstream flood control reservoirs play in reducing bacteria concentrations 

following large rain events.   
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CHAPTER 9  

SOURCES OF BACTERIA IN HSPF 

During this work order, the sources of bacteria have been refined to reflect those identified 

as critical by the TCEQ.  These sources include the following: 

Waste Load Allocation 
• WWTP Loads 

o WWTP discharges 
o Biosolids releases 
o Wet weather WWTP loads due to exceeding capacity of the WWTP 

system 
• MS4 Loads 

o Storm water system discharges (wet weather) 
o Dry weather storm sewer discharges 
o Wastewater collection/conveyance system leaks and overflows (dry 

and wet weather) 
• On-site sewage Systems 

Load Allocation 
• Direct deposition into the bayous 
• Bayou sediment. 
 

Several of these sources were already in the models completed in Work Order 6, including 

wastewater treatment plant loads under normal conditions, MS4 loads from dry weather storm 

sewer discharges and storm water system discharges, and also bayou sediment.  Some sources, 

however, were not included or were not explicitly included in the model and thus were added in 

this Work Order.   

In conjunction with adding sources, the HSPF models were updated with a modified 

algorithm for time-varying wastewater treatment plant flows and also were calibrated for in-

stream concentrations of TSS.  The following sections detail these model changes. 
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9.1 TIME-VARYING FLOW REVISION  

During Work Order 6, an algorithm was developed to create a model that predicts daily 

and hourly wastewater treatment plant (WWTP) discharge flows based upon monthly average 

flows.  This model has been refined to reflect new hourly data gathered from additional City of 

Houston WWTPs.  The refinements base hourly flows on randomly generated daily flows.  The 

statistical fit of the generated data is compared against actual data.  Additionally, a spreadsheet 

model to predict daily and hourly flows based on monthly averages was developed and is 

described in further detail in the next section. 

9.1.1  DETERMINATION OF HOURLY FLOW PATTERNS AND COEFFICIENTS  

New hourly flow data were obtained for Turkey Creek, Whiteoak and West District.  Data 

from Park 10 were excluded because it primarily supports business and commercial areas in 

contrast with the other WWTPs.  To check for a common pattern, the first week of January 2003 

for each of 4 WWTPs was compared.  Coefficients were calculated for each of the plants by 

subtracting the hourly flow from the daily average flow, then dividing by the daily average flow.  

This yields a coefficient that can be compared across plants with different average flows and 

allows for comparisons between plants.   

The results are depicted in Figure 9.1.  The data in Figure 9.1 show that although the patterns do 

not match perfectly, the general pattern is the same.  There is an obvious outlier from West 

District that is unreasonably high; however, the cause is unknown.  These outliers will have less 

of an effect when all days of the month are averaged together.  
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NOTE:  Coefficients were calculated for each of the plants by subtracting the hourly flow from the daily average flow, 
then dividing by the daily average flow.  

Figure 9.1.  Comparison of Coefficients Between Plants
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Once it was determined that the plants share a common hourly pattern, hourly coefficients 

for the period from 1999 through 2003 were calculated for each month.  The coefficients for each 

hour were averaged between the plants to calculate an average hourly coefficient for each 24 

hours for each day of the month.  The hourly coefficients were then averaged across all days of 

the month, at each hour, to obtain 24 coefficients total for each month.  Days with rainfall greater 

than 0.2 inches at the nearest rain gauge were not included in the calculation of coefficients.   

Using January of 2003 as an example, Figure 9.2 shows how the patterns between 

WWTPs are similar, and how the calculated January coefficients compare to the actual 

coefficients for each plant. All 31 days of the month are plotted, and although Turkey Creek and 

West District exhibits relatively high coefficients, those coefficients were included anyway.  In 

general, the trend is similar at all plants, although Turkey Creek and West District WWTPs have 

more variable flow than Northwest and Whiteoak.   

9.1.2  DAILY FLOW RANDOM GENERATION  

Due to the fact that there was no discernable pattern common to all waste water treatment 

plants at the daily flow level, a method to develop daily flows was needed.  The previous method 

used a constant monthly average, which was highly skewed when compared to daily and hourly 

values due to the influence of small, extreme peaks in flow.  The approach used employs 

randomly changing intervals to create scatter around the self-reported monthly averages.  

In order to generate the daily flow intervals, random values were generated from the self-

reported monthly flow multiplied by a random number between 0 and 0.3 and that number was 

then added or subtracted from the monthly value.  This interval was used for days with no rain,  
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NOTE:  Coefficients were calculated for each of the plants by subtracting the hourly flow from the daily average flow, 
then dividing by the daily average flow.  
The January coefficient is the average of all plant coefficients for each day of the month to yield 24 coefficients per day

Figure 9.2
Comparison of Coefficients from all WWTPs and the Calculated January Coefficient
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and an interval from 1.1 to 1.3 times the non-rain day interval was used on days with rain events 

greater than 0.2 inches.  This allowed for some scatter around the mean, as the purpose of the 

effort was to develop a method which did not use the monthly average flow as a constant.  Excel 

was used for the random number generation, and a uniform distribution was assumed due to the 

fact that no other information for WWTPs, other than the daily and hourly data from the four City 

of Houston Plants, was available.  Once the daily values were calculated using the random 

number approach, it was noted that there was quite a bit of scatter around the monthly mean.  This 

was determined to be appropriate since most months experience quite a bit of scatter, exhibiting 

one or two high flow events.  The use of random numbers from randomly changing intervals will 

more accurately predict the daily flow values than using the monthly average as a constant value.    

Figure 9.3 shows a graph of White Oak 2003 actual daily flows and monthly average 

flows with randomly generated daily flows overlain on the graph.  Table 9.1 illustrates the fit of 

the randomly generated flows to the actual flows.  The measure of fit between the actual daily 

flows and generated flows was calculated using two approaches: the difference and percent 

difference.  The difference was calculated as the average of the difference between the daily flows 

for a week.  The percent difference was calculated as the difference divided by the monthly self-

reported average.  As can be seen in Table 9.1, the model under-predicts monthly flow by 0.46% 

in March, and over-predicts by 6.2% in February.  This is considered acceptable, considering the 

flow data are randomly  
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Figure 9.3
Whiteoak Monthly Averaged Compared with Observed and Generated Daily Flows
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Month Difference (MGD) % Difference
Jan 0.089 5
Feb 0.145 6
Mar -0.009 -0.5
Apr 0.053 3
May 0.057 3
Jun 0.085 5
Jul 0.045 3

Aug 0.101 6
Sep 0.066 3
Oct 0.006 0.3
Nov 0.088 5
Dec 0.055 3

Note:  Difference calculated as average of differences between daily flows over a 1-wk period
          Percent difference calculated as predicted flow minus actual flow divided by weekly average flow

Table 9.1
Statistical Comparison of Actual 

and Modeled Daily Flows for 
White Oak WWTP during 2003

121



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 109

generated.  It is also important to remember that this measure is a snapshot of potential fits 

because random numbers are re-generated each time the Excel file is used. 

9.1.3  GENERATION OF HOURLY FLOWS  

The calculated hourly coefficients for each month were used to predict hourly flows.  This 

is done by multiplying the coefficient by the randomly generated daily flow and then added to the 

randomly generated daily flow. This was completed for all hours of all days of all months for the 

years 1999 through 2003.  An example, shown in Figure 9.4, for one month in 2003 at the City of 

Houston White Oak Bayou Plant illustrates how well this method works.   

 A look at the fit by week, where the measure of fit is the predicted flow minus the actual 

flow, and then divided by the average weekly flow is summarized in Table 9.2.  According to this 

measure of error, and for most weeks the predicted hourly values are, on average, within 5% of 

the actual hourly values.  An examination of Figure 9.4 shows that although the values do not 

seem to match perfectly, on average the predicted flows are very similar to the actual hourly 

flows.  White Oak flows are also somewhat harder to predict than flows from other plants, as 

there seems to be more variability in the hourly flow, with high flows on days when there does 

not seem to be an explanation from rain.  

9.1.4  FORMULATION OF A TOOL FOR HOURLY FLOW PREDICTIONS  

As the final step, an Excel file was set up which automatically calculates the hourly 

predicted flows by simply changing the monthly average flow and inputting daily rainfall data.  

This tool, referred to as the TVF Excel tool (stands for Time Varying Flow), is included in 

Appendix E.   
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Figure 9.4
January 2003 Actual Hourly flow, Generated Hourly Flow, and Generated Daily Flow for White Oak WWTP
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Week Difference (MGD) % Difference Week Difference (MGD) %  Difference Week Difference (MGD) % Difference
1 0.007 0 17 0.050 3 36 0.066 3
2 0.007 0 18 0.031 2 37 0.062 3
3 0.006 0 19 0.008 0 38 0.053 3
4 0.006 0 20 0.008 0 39 0.049 3
5 0.033 2 21 0.009 0 40 0.068 4
6 0.208 7 22 0.008 0 41 0.078 4
7 0.177 7 23 -0.030 -2 42 0.074 4
8 0.206 7 24 -0.033 -2 43 0.081 4
9 0.153 7 25 -0.031 -2 44 0.069 4

10 0.039 2 26 -0.027 -2 45 0.033 2
11 0.035 2 27 0.106 6 46 0.035 2
12 0.037 2 28 0.171 9 47 0.034 2
13 0.037 2 29 0.163 9 48 0.034 2
14 0.043 2 30 0.156 9 49 0.005 0
15 0.043 3 31 0.145 8 50 0.000 0
16 0.046 3 32 0.096 5 51 0.000 0
17 0.050 3 33 0.103 5 52 0.000 0
18 0.031 2 34 0.096 5 53 0.000 0
19 0.008 0 35 0.098 5 54 0.000 0

Percent error greater than 5%

Note:  Difference calculated as average of differences between daily flows over a 1-wk period
          Percent difference calculated as predicted flow minus actual flow divided by weekly average flow

Measure of Fit for Whiteoak WWTP during 2003
Table 9.2
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9.1.5  IMPLEMENTATION OF TVF IN HSPF MODEL  

The TVF Excel tool was utilized to develop time-varying WWTP flows for all plants in 

Whiteoak Bayou using randomly generated daily flows and employing the developed coefficients 

to convert daily flows to hourly flows.  The new flows were compared to the previous TVFs 

developed using the method described in the Final Report for Work Order 6 as shown in Figure 

9.5 for a period from May 1, 2001 through August 1, 2001 for Whiteoak Bayou and Figure 9.6 for 

Buffalo Bayou.  The Work Order 6 implemented daily flows as a constant value equivalent to the 

monthly self-reported flow and the hourly coefficients were generated only from one plant.  That 

data in Figure 9.5 clearly demonstrate that the flows developed using the TVF Excel tool better 

represent the actual flows observed in hourly WWTP flow data, as evidenced by the much larger 

variation in hourly flows.   

9.2 PRECIPITATION GAGE ADDITIONS 

More precipitation gages were added to the HPSF models for both bayous.  Available 

hourly rainfall data from January 1, 2001 to September 30, 2003 were added to the existing rain 

gages to improve the flow simulations.  Rainfall data were obtained from the Harris County 

Office of Emergency Management (HCOEM).  These data were error checked and converted 

from their current cumulative rainfall totals to rainfall in hourly increments.  Rain data are now 

assigned to subwatersheds as shown in Table 9.3 and the regions covered by the rain gages are 

shown in Figure 9.7. 
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Excel Tool
WO6 Method

Notes:
Work Order 6 (WO6) uses a single set of coefficients over a 24-hour period for each month
and uses those coefficients to convert monthly averages to hourly values.

The Excel tool was developed in Work Order 8.  It employs a random
number generator to supply daily flows about the self-reported average 
and then uses coefficients developed over a 24-hour period for day in the month
 to convert the daily values to hourly values.

Subwatershed ID is in upper left-hand corner

Figure 9.5
Comparison of WO6 and Excel TVF Tool Flow for Whiteoak Bayou
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WO8 Method
WO6 Method

Notes:
Work Order 6 (WO6) uses a single set of coefficients over a 24-hour period 
for each month and uses those coefficients to convert monthly averages 
to hourly values.

The WO8 Method employs a random number generator to supply
daily flows about the self-reported average and then uses
coefficients developed over a 24-hour period for day in the month
 to convert the daily values to hourly values.

Subwatershed ID is in upper left-hand corner

Figure 9.6
Comparison of WO6 and Excel TVF Tool Flow for Buffalo Bayou

Subwatershed 33

0

1

2

3

4

5

6

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 44

0

0.00002

0.00004

0.00006

0.00008

0.0001

0.00012

0.00014

0.00016

0.00018

0.0002

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 53

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 55

0

0.5

1

1.5

2

2.5

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 56

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

0.002

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 104

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 105

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

0.016

0.018

0.02

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 108

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 109

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft

/h
r)

Subwatershed 110

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft/

hr
)

Subwatershed 113

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

5/1/01 5/16/01 5/31/01 6/15/01 6/30/01 7/15/01 7/30/01

Fl
ow

 (a
cr

e-
ft/

hr
)

127



Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Quarterly Report 1

WO8 Method
WO6 Method

Notes:
Work Order 6 (WO6) uses a single set of coefficients over a 24-hour period 
for each month and uses those coefficients to convert monthly averages 
to hourly values.

The WO8 Method employs a random number generator to supply
daily flows about the self-reported average and then uses
coefficients developed over a 24-hour period for day in the month
 to convert the daily values to hourly values.

Subwatershed ID is in upper left-hand corner

Figure 9.6
Comparison of WO6 and Excel TVF Tool Flow for Buffalo Bayou, continued
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WO8 Method
WO6 Method

Notes:
Work Order 6 (WO6) uses a single set of coefficients over a 24-hour period 
for each month and uses those coefficients to convert monthly averages 
to hourly values.

The WO8 Method employs a random number generator to supply
daily flows about the self-reported average and then uses
coefficients developed over a 24-hour period for day in the month
 to convert the daily values to hourly values.

Subwatershed ID is in upper left-hand corner

Figure 9.6
Comparison of WO6 and Excel TVF Tool Flow for Buffalo Bayou, continued
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Table 9.3  Raingage and Subbasin assignments

Subwatershed # Watershed Rain Gage Subwatershed # Watersehd Rain Gage
1 WOB 580 111 BB 2180
2 WOB 3560 112 BB 2180
3 WOB 535 113 BB 2120
4 WOB 550 114 BB 2120
5 WOB 570 115 BB 2120
6 WOB 3650 116 BB 2120
7 WOB 540 117 BB 2180
8 WOB 14 118 BB 2120
9 WOB 14 119 BB 2120

10 WOB 3540 120 BB 2180
11 WOB 14 121 BB 2180
12 WOB 14 122 BB 2180
13 WOB 14 123 BB 2020
17 WOB 14 124 BB 2020
26 BB 32 125 BB 2020
27 BB 31 126 BB 2180
28 BB 30 127 BB 2180
33 BB 31 128 BB 2180
34 BB 30 129 BB 2040
35 BB 2020 130 BB 2040
36 BB 34 131 BB 2020
37 BB 34 132 BB 2020
38 BB 34 133 BB 2020
39 BB 30 134 BB 2040
40 WOB 520 135 BB 2040
41 WOB 34 136 BB 2040
42 WOB 34 137 BB 2040
43 WOB 530 138 BB 2040
44 BB 32 139 BB 2040
45 BB 32 140 BB 2040
46 BB 34 141 BB 2040
47 BB 34 142 BB 2040
48 WOB 34 143 BB 2040
49 WOB 560 144 BB 2040
50 BB 32 145 BB 2040
51 BB 32 146 BB 2020
52 BB 32 147 BB 2020
53 BB 31 148 BB 2020
54 BB 31 149 BB 2020
55 BB 30 150 BB 2020
56 BB 30 151 BB 2040

101 BB 30 152 BB 2040
102 BB 2120 153 BB 2020
103 BB 2120 154 BB 2020
104 BB 2120 155 BB 2020
105 BB 2120 156 BB 2020
106 BB 2120
107 BB 2120
108 BB 2120
109 BB 2120
110 BB 2120

Abbreviations:  BB- Buffalo Bayou, WOB - Whiteoak Bayou
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The new rainfall data that were input into to the model are shown in Figure 9.8.  The 

rainfall during the modeling period averaged 58.2 inches for 2001, 47.2 inches for 2002 and 33.5 

inches in 2003.  The hourly rainfall data were processed using the WDMUtil program into the 

binary WDM files used by HSPF for input time series.   

9.3 TSS CALIBRATION 

The transport of sediment and soil into Buffalo and Whiteoak Bayous and the movement 

of these particles within the bayous have a large impact upon E. coli concentrations due to the 

suspected association of bacteria to soil and sediment.  As a result, it is very important for these to 

be accurately simulated within the TMDL models.  The Hydrologic Simulation Program in 

Fortran (HSPF) simulates the erosion and transport of soil from pervious areas, the wash-off of 

solid material from impervious areas, and the scour, transport, and deposition of sediments within 

reach segments.  Values that determine the magnitude of these processes were calculated from 

land use and soil data obtained from research, previous models, and STATSGO.  The model was 

calibrated according to analysis of the output and comparison to observed data.  

Appendix F presents a list of the sediment parameters, including the group in which each 

of these parameters is located within the model input code, typical, recommended and permitted 

values, as well as notes on the calculation of these values.   

For surficial soils, the percentages of coarse sand, medium sand, fine sand, silt, and clay, 

as well as the average sand diameter, the average sediment diameter, the soil erodibility factor,  
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Figure 9.8  New Precipitation Data for 2001 through 2003
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Figure 9.8  New Precipitation Data for 2001 through 2003, continued
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Figure 9.8  New Precipitation Data for 2001 through 2003, continued
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(KFACT), and the average water capacity were calculated from Natural Resource Conservation 

Service STATSGO data.  Definitions of sediment types adopted by the American Association of 

State Highway and Transportation Officials (AASHTO) were used to define sands, silts, and clays 

using STATSGO data on percentage of sediments passing through different sieves.  The 

definitions of coarse, medium, and fine sand grains adopted by the Unified System were used to 

categorize sand grains.  To calculate the detachment coefficient (KRER) values, the soil 

erodibility factor (KFACT) for each soil type present was calculated and the average was taken 

according to the abundance of the soil types in each subwatershed.  This method was also used to 

calculate the water capacity of each subwatershed.  Using the sediment percentages and 

diameters, the fall velocity was calculated based on Stoke’s Law: 

( )
w

wsgd
ν

ρρω
18

2 −
=  

 Where:    
d = sediment diameter, g = the acceleration due to gravity, ρs = the sediment  
density, ρw = the density of the water, and νw = the viscosity of the water.  

  

For sand, a correction was made to account for irregularities in shape.  The calculation 

was made according to an empirical formula derived by Baba and Koma (1981): 

91309770 .. ωω =i  

 Where: 
   ωi is the fall velocity with shape irregularity taken into account.   

 
For other variables within the pervious, impervious and in-stream simulations, the initial 

model parameter values were estimated according to land use data, calculations made in previous 
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model runs, and from recommended values from the literature.  The final values for the model 

variables were based on model calibration to obtain reasonable amounts of sediment removal 

from the watershed surface and to match observed TSS values in the two bayous. 

The scour and deposition of sediments within a reach are controlled by characteristics of 

the sediment such as diameter and erodibility as well as two key variables within HSPF: TAUCS 

and TAUCD.  These two variables determine the value of shear stress at which deposition and 

scour will occur.  As a result, the suspension of sediments within the reach is heavily dependent 

upon the shear stress acting upon the stream bottom.  TAUCS and TAUCD were set according to 

procedures recommended by model authors, that set the values according to output of the TAU 

time-series (Donigian and Love, 2003).   

The model output for concentration of total suspended solids (parameter SSED4) was used 

to analyze the accuracy of sediment transport in the model. Where observed data were available, 

the observed and modeled data were compared with the calibration goal to achieve the best fit 

possible to observed data.  Where observed data were not available, the calibration goal was to 

achieve reasonable TSS values.  Reasonable TSS values were considered to be those that were 

within the range of reported TSS values for the watershed.   

9.4 MODEL SOURCES 

The HSPF models have been updated to simulate new sources of bacteria.  In addition, 

some sources of bacteria have been explicitly broken down so that they can be separated from 

other sources.  The following section details the development of E. coli source data. 
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9.4.1  WWTP DISCHARGES – NORMAL FLOWS 

WWTP discharges under normal flows is simulated using the time-varying flow (TVF) 

algorithm discussed in Section 9.1.  To develop TVFs for each plant, monthly self-reported flows 

are required for each plant.  Self-reported flows were compiled for the period from December 

2000 through September 2003 using the TCEQ TRACS database as the primary source of flows 

and the EPA Envirofacts database as a secondary database to fill in gaps and confirm data.  Data 

gaps that could not be filled in using the TRACS and Envirofacts databases were treated in one of 

two ways.  If there were four or less months of data missing, the flow for the month prior to the 

missing data was assumed.  If five or more months of data were missing, then the average of all 

available flows was used to fill in gaps.  If there were gaps in flow data but not TSS (or vice 

versa) then the missing data were filled using the above methodology.  If both TSS and flow data 

were not available, then the plant was considered to be out of operation during that period.  This 

usually only occurred for industrial plants. Additionally, the date of permit issuance was also used 

to confirm that plants were operational during the period of time during the gap in reported flows 

as well.  The final self-reported flows are presented in Appendix G.   

The dry weather TVFs for each WWTP were developed using a spreadsheet that 

implements the TVF algorithm.  A single spreadsheet was developed for each plant.  A list of the 

plants that were simulated in the watershed is presented in Table 9.4.  As there are random 

numbers that change every time a calculation is implemented in the TVF algorithm, a summary 

spreadsheet of flows was developed to “freeze” the TVF for each plant.  If the TVF spreadsheet 

were to be used again, the simulated TVF would be similar, but the hourly values would not be 

exactly the same.  The final TVF values were then converted from MGD to acre-ft/hr, the 
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appropriate unit for flow input into HSPF. 

Dry weather, or typical, concentrations of TSS and bacteria were also determined for each 

WWTP in the watershed.  Bacteria concentrations were determined using the time-varying flow 

along with the measured concentration from the plant collected by UH personnel in 2001, if 

available. If observed concentrations were not available, then the geometric mean of the entire 

watershed was implemented for the plant instead.  A summary of the concentrations used for each 

plant is presented in Table 9.5.   

The final dry weather bacteria load was determined using the following algorithm.  For 

hours between 06:00 – 09:00 and 17:00-24:00, the peak concentrations were applied.  For the 

remaining time period, the off-peak concentrations were applied.  The dry weather flow was 

multiplied by the appropriate concentration and a conversion factor to obtain loads in MPN/hr.   

TSS concentrations were developed using self-reported TSS concentrations.  This database was 

developed in a similar fashion to that for self-reported flows, using the TCEQ TRACS database as 

the primary database with supplementary information being obtained from the EPA Envirofacts 

database.  A summary of the self-reported TSS concentrations is presented in Appendix G. The 

TSS loads were determined by matching the self-reported concentration for each month to the 

appropriate day/hour combination and then multiplying by the flow and conversion factor to 

obtain the TSS load in ton/hr.   

Once complete, these data were processed into Watershed Data Management files, or 

WDM files. 
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Table 9.4  Wastewater treatment plants simulated in HSPF model

PERMIT # EPA 
PERMIT

Permitted 
Flow (MGD)

Subbasin Water-
shed

PERMIT # EPA 
PERMIT

Permitted 
Flow (MGD)

Subbasin Water-
shed

2229-000 TX0079057 0.0300 145 BB 12304-001 TX0085588 0.9000 113 BB
2710-000 TX0095435 0.0020 4 WOB 12310-001 TX0085871 0.0300 113 BB
2731-000 TX0087416 0.0120 27 BB 12342-001 TX0085821 0.0450 4 WOB
3014-000 TX0103594 unknown 4 WOB 12346-001 TX0086185 0.5000 35 BB
3153-000 TX0074292 0.1000 104 BB 12355-001 TX0086177 0.0050 56 BB
4760-000 TX0089940 0.0108 4 WOB 12356-001 TX0086690 0.7100 146 BB
10495-030 TX0063002 26.4000 33 BB 12370-001 TX0087157 0.175 135 BB
10495-076 TX0063011 18.0000 2 WOB 12397-001 TX0087416 0.0120 10 WOB
10495-099 TX0057347 4.0000 7 WOB 12427-001 TX0088218 0.0010 35 BB
10495-109 TX0035017 12.0000 55 BB 12443-001 TX0088676 0.0024 4 WOB
10495-135 TX0026395 3.5000 35 BB 12447-001 TX0088838 0.5000 116 BB
10495-139 TX0026875 0.9950 1 WOB 12465-001 TX0088927 0.0350 13 WOB
10584-001 TX0047457 3.0500 53 BB 12466-001 TX0089061 0.0030 105 BB
10706-001 TX0025747 3.4500 136 BB 12474-001 TX0089494 0.1250 108 BB
10876-001 TX0022853 1.6000 13 WOB 12479-001 TX0089346 1.3000 147 BB
10876-002 TX0091804 3.0000 13 WOB 12516-001 TX0089907 0.0020 123 BB
10932-001 TX0068047 0.0420 106 BB 12552-001 TX0090115 0.0100 4 WOB
11005-001 TX0020095 0.2800 17 WOB 12552-002 TX0117064 0.0100 4 WOB
11051-001 TX0075841 0.0300 4 WOB 12573-001 TX0090735 0.0120 9 WOB
11152-001 TX0021512 6.4800 153 BB 12574-001 TX0091316 0.3400 10 WOB
11188-001 TX0026697 0.4900 4 WOB 12681-001 TX0092606 0.8000 10 WOB
11193-001 TX0075434 0.8000 2 WOB 12682-001 TX0092584 0.4000 35 BB
11273-001 TX0026352 0.7500 4 WOB 12685-001 TX0093581 0.1000 113 BB
11284-001 TX0053091 1.2000 124 BB 12714-001 TX0092908 0.2500 9 WOB
11290-001 TX0046621 5.1000 106 BB 12726-001 TX0100161 0.6400 115 BB
11375-001 TX0026247 0.1370 4 WOB 12795-001 TX0093726 0.4650 11 WOB
11389-001 TX0075736 0.0450 4 WOB 12802-001 TX0093891 0.3500 124 BB
11414-001 TX0104795 0.0600 113 BB 12830-001 TX0094056 0.0060 56 BB
11472-001 TX0026263 0.9800 113 BB 12834-001 TX0094307 0.2940 119 BB
11485-001 TX0062235 0.7500 4 WOB 12841-001 TX0097373 0.2500 119 BB
11486-001 TX0062031 1.2000 110 BB 12858-001 TX0094579 0.0260 133 BB
11523-001 TX0052906 1.3000 108 BB 12927-001 TX0095532 0.4800 108 BB
11538-001 TX0057029 3.2000 4 WOB 12949-001 TX0095702 0.1000 119 BB
11563-001 TX0053325 1.7500 10 WOB 13021-001 TX0096911 0.3000 35 BB
11598-001 TX0058408 2.0000 150 BB 13172-002 TX0098965 0.9100 133 BB
11670-001 TX0063479 0.9900 4 WOB 13228-001 TX0100137 0.0900 35 BB
11682-001 TX0064734 2.0000 110 BB 13245-001 TX0099856 0.9000 133 BB
11696-002 TX0112585 0.4000 123 BB 13328-001 TX0101371 1.1000 116 BB
11792-002 TX0070971 1.2500 120 BB 13433-001 TX0103705 0.1000 4 WOB
11836-001 TX0091626 0.6450 109 BB 13484-001 TX0104311 0.1250 105 BB
11883-001 TX0071625 1.3670 149 BB 13509-001 TX0092746 0.0280 4 WOB
11893-001 TX0074004 3.0000 155 BB 13558-001 TX0098957 3.3000 133 BB
11906-001 TX0074896 1.2000 117 BB 13578-001 TX0118583 0.0080 4 WOB
11917-001 TX0074403 0.7000 126 BB 13623-001 TX0109126 0.2500 4 WOB
11935-001 TX0075981 0.3300 109 BB 13674-001 TX0118541 0.0510 155 BB

141
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Table 9.4  Wastewater treatment plants simulated in HSPF model

PERMIT # EPA 
PERMIT

Permitted 
Flow (MGD)

Subbasin Water-
shed

PERMIT # EPA 
PERMIT

Permitted 
Flow (MGD)

Subbasin Water-
shed

11947-001 TX0075884 6.7000 113 BB 13689-001 TX0111937 1.0000 4 WOB
11969-001 TX0076660 2.0000 131 BB 13727-001 TX0113697 0.0350 4 WOB
11979-002 TX0076651 0.4000 10 WOB 13764-001 TX0092932 0.1500 42 WOB
11989-001 TX0076775 0.5330 125 BB 13775-001 TX0115894 0.3500 135 BB
12110-001 TX0079201 0.1000 124 BB 13778-001 TX0097985 0.0100 108 BB
12121-001 TX0079146 2.5000 11 WOB 13807-001 TX0082597 0.0030 4 WOB
12124-001 TX0079707 0.6750 108 BB 13921-001 TX0117421 0.0200 122 BB
12128-001 TX0079537 0.9500 113 BB 13939-001 TX0082988 0.0030 4 WOB
12132-001 TX0079634 0.0590 40 WOB 13983-001 TX0095435 0.0020 4 WOB
12139-001 TX0081256 0.0400 2 WOB 13996-001 TX0117684 0.0498 2 WOB
12140-001 TX0079618 0.5000 125 BB 14011-001 TX0118109 0.1500 135 BB
12189-001 TX0082830 0.1500 125 BB 14070-001 TX0089940 0.0108 56 BB
12209-001 TX0083500 0.5000 119 BB 14072-001 TX0082317 1.5000 10 WOB
12222-001 TX0083950 0.2500 2 WOB 14109-001 TX0119121 0.0750 151 BB
12223-001 TX0083496 0.3500 114 BB 14117-001 TX0119571 0.4500 56 BB
12233-001 TX0083933 0.0050 44 BB 14134-001 TX0119873 0.4000 135 BB
12247-001 TX0084468 0.2750 125 BB 14182-001 TX0122536 0.0750 35 BB
12289-001 TX0085332 0.9900 148 BB 14359-001 TX0119431 0.1000 9 WOB
12298-001 TX0085448 0.2000 134 BB 14538-001 TX0020788 3.0000 9 WOB
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Table 9.5.  EC Values (MPN/dL) used for bacteria loading calculations

Peak3 EC Off-Peak3 EC Peak3 EC Off-Peak3 EC
WQ0002229-000 TX0079057 145 2.4 1.4 BB
WQ0002710-000 TX0095435 4 4.0 3.0 WOB
WQ0002731-000 TX0087416 27 2.4 1.4 BB
WQ0003014-000 TX0103594 4 4.0 3.0 WOB
WQ0003153-000 TX0074292 104 0.5 2.7 BB
WQ0004760-000 TX0089940 4 4.0 3.0 WOB
WQ0010495-030 TX0063002 33 2.4 1.4 BB
WQ0010495-076 TX0063011 2 4.0 3.0 WOB
WQ0010495-099 TX0057347 7 4.0 3.0 WOB
WQ0010495-109 TX0035017 55 2.4 1.4 BB
WQ0010495-135 TX0026395 35 4.1 8.5 BB
WQ0010495-139 TX0026875 1 0.5 0.5 WOB
WQ0010584-001 TX0047457 53 2.4 1.4 BB
WQ0010706-001 TX0025747 136 2.4 1.4 BB
WQ0010876-001 TX0022853 13 2.7 6.1 WOB
WQ0010876-002 TX0091804 13 9.5 1.0 WOB
WQ0010932-001 TX0068047 106 2.4 1.4 BB
WQ0011005-001 TX0020095 17 2.1 0.5 WOB
WQ0011051-001 TX0075841 4 49.4 44.1 WOB
WQ0011152-001 TX0021512 153 2.4 1.4 BB
WQ0011153-001 TX0020788 9 4.0 3.0 WOB
WQ0011188-001 TX0026697 4 0.5 0.5 WOB
WQ0011193-001 TX0075434 2 1295.8 126.9 WOB
WQ0011273-001 TX0026352 4 1.6 0.5 WOB
WQ0011284-001 TX0053091 124 8.2 7.9 BB
WQ0011290-001 TX0046621 106 2.4 1.4 BB
WQ0011375-001 TX0026247 4 32.3 3.4 WOB
WQ0011389-001 TX0075736 4 0.5 3.1 WOB
WQ0011414-001 TX0104795 113 0.5 0.5 BB
WQ0011472-001 TX0026263 113 0.5 0.5 BB
WQ0011485-001 TX0062235 4 0.5 1.0 WOB
WQ0011486-001 TX0062031 110 2.4 1.4 BB
WQ0011523-001 TX0052906 108 33.3 28.6 BB
WQ0011538-001 TX0057029 4 4.0 3.0 WOB
WQ0011563-001 TX0053325 10 15.4 13.3 WOB
WQ0011598-001 TX0058408 150 55.1 1.4 BB
WQ0011670-001 TX0063479 4 15.4 18.5 WOB
WQ0011682-001 TX0064734 110 2.4 1.4 BB
WQ0011696-002 TX0000000 123 2.4 1.4 BB
WQ0011792-002 TX0070971 120 2.4 1.4 BB
WQ0011836-001 TX0091626 109 2.4 1.4 BB
WQ0011883-001 TX0071625 149 0.5 0.5 BB
WQ0011893-001 TX0074004 155 2.4 1.4 BB
WQ0011906-001 TX0074896 117 0.5 0.5 BB
WQ0011917-001 TX0074403 126 0.6 0.5 BB
WQ0011935-001 TX0075981 109 0.7 0.5 BB
WQ0011947-001 TX0075884 113 2.4 1.4 BB

Watershed
Assumed EC2

Permit # NPDES ID Subbasin
Measured EC1

143
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Peak3 EC Off-Peak3 EC Peak3 EC Off-Peak3 EC
Watershed

Assumed EC2

Permit # NPDES ID Subbasin
Measured EC1

WQ0011969-001 TX0076660 131 24.7 28.1 BB
WQ0011979-002 TX0076651 10 4.0 3.0 WOB
WQ0011989-001 TX0076775 125 0.5 0.5 BB
WQ0012110-001 TX0079201 124 0.5 0.5 BB
WQ0012121-001 TX0079146 11 21.0 5.6 WOB
WQ0012124-001 TX0079707 108 2.4 1.4 BB
WQ0012128-001 TX0079537 113 10.5 26.8 BB
WQ0012132-001 TX0079634 40 0.5 3.0 WOB
WQ0012139-001 TX0081256 2 2076.0 3.7 WOB
WQ0012140-001 TX0079618 125 0.5 1.4 BB
WQ0012189-001 TX0082830 125 2.4 1.4 BB
WQ0012209-001 TX0083500 119 2.4 1.4 BB
WQ0012222-001 TX0083950 2 22027 7597 WOB
WQ0012223-001 TX0083496 114 7.4 0.5 BB
WQ0012233-001 TX0083933 44 2.4 1.4 BB
WQ0012247-001 TX0084468 125 0.5 0.5 BB
WQ0012289-001 TX0085332 148 5.8 1.4 BB
WQ0012298-001 TX0085448 134 0.5 0.5 BB
WQ0012304-001 TX0085588 113 3.1 0.5 BB
WQ0012310-001 TX0085871 113 0.5 0.5 BB
WQ0012342-001 TX0085821 4 2.0 0.5 WOB
WQ0012346-001 TX0086185 35 0.5 1.4 BB
WQ0012355-001 TX0086177 56 2.4 1.4 BB
WQ0012356-001 TX0086690 146 2.4 1.4 BB
WQ0012370-001 TX0087157 135 2.4 1.4 BB
WQ0012397-001 TX0087416 10 4.0 3.0 WOB
WQ0012427-001 TX0088218 35 4.5 0.5 BB
WQ0012443-001 TX0088676 4 0.5 14.3 WOB
WQ0012447-001 TX0088838 116 2.4 1.4 BB
WQ0012465-001 TX0088927 13 0.5 193.0 WOB
WQ0012466-001 TX0089061 105 295.2 3.8 BB
WQ0012474-001 TX0089494 108 2.4 1.4 BB
WQ0012479-001 TX0089346 147 54.3 1.4 BB
WQ0012516-001 TX0089907 123 2.4 1.4 BB
WQ0012552-001 TX0090115 4 4.0 3.0 WOB
WQ0012552-002 TX0117064 4 4.0 3.0 WOB
WQ0012573-001 TX0090735 9 4.0 3.0 WOB
WQ0012574-001 TX0091316 10 0.5 2.1 WOB
WQ0012681-001 TX0092606 10 4.0 3.0 WOB
WQ0012682-001 TX0092584 35 0.5 0.5 BB
WQ0012685-001 TX0093581 113 0.5 0.5 BB
WQ0012714-001 TX0092908 9 2.0 0.5 WOB
WQ0012726-001 TX0100161 115 65.8 96.5 BB
WQ0012795-001 TX0093726 11 30.1 322.1 WOB
WQ0012802-001 TX0093891 124 8.6 0.5 BB
WQ0012830-001 TX0094056 56 2.4 1.4 BB
WQ0012834-001 TX0094307 119 0.5 0.5 BB
WQ0012841-001 TX0097373 119 2.4 1.4 BB
WQ0012858-001 TX0094579 133 2.4 1.4 BB
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Peak3 EC Off-Peak3 EC Peak3 EC Off-Peak3 EC
Watershed

Assumed EC2

Permit # NPDES ID Subbasin
Measured EC1

WQ0012927-001 TX0095532 108 2.4 1.4 BB
WQ0012949-001 TX0095702 119 0.5 1.4 BB
WQ0013021-001 TX0096911 35 2.4 1.4 BB
WQ0013172-002 TX0098965 133 2.4 1.4 BB
WQ0013228-001 TX0100137 35 2.4 1.4 BB
WQ0013328-001 TX0101371 116 2.4 1.4 BB
WQ0013245-001 TX0099856 133 2.4 1.4 BB
WQ0013433-001 TX0103705 4 0.5 0.5 WOB
WQ0013484-001 TX0104311 105 0.5 0.5 BB
WQ0013509-001 TX0092746 4 74.1 68.3 WOB
WQ0013558-001 TX0098957 133 2.4 1.4 BB
WQ0013578-001 TX0097098 4 0.5 0.5 WOB
WQ0013623-001 TX0109126 4 0.5 0.5 WOB
WQ0013674-001 TX0118541 155 2.4 1.4 BB
WQ0013689-001 TX0111937 4 314.4 38.5 WOB
WQ0013727-001 TX0113697 4 0.5 0.5 WOB
WQ0013764-001 TX0092932 42 4.0 3.0 WOB
WQ0013775-001 TX0115894 135 2.4 1.4 BB
WQ0013778-001 TX0097985 108 2.4 1.4 BB
WQ0013807-001 TX0082597 4 0.5 0.5 WOB
WQ0013921-001 TX0117421 122 0.5 3.0 BB
WQ0013939-001 TX0082988 4 4.0 3.0 WOB
WQ0013983-001 TX0095435 4 4.0 3.0 WOB
WQ0013996-001 TX0117684 2 4.0 3.0 WOB
WQ0014011-001 TX0118109 135 2.4 1.4 BB
WQ0014070-001 TX0089940 56 0.5 0.5 BB
WQ0014072-001 TX0082317 10 17.3 0.5 WOB
WQ0014109-001 TX0119121 151 2.4 1.4 BB
WQ0014117-001 TX0119571 56 2.4 1.4 BB
WQ0014134-001 TX0119873 135 2.4 1.4 BB
WQ0014182-001 TX0122536 35 2.4 1.4 BB
WQ0014316-001 TX0123650 4 4.0 3.0 WOB
WQ0014359-001 TX0119431 9 4.0 3.0 WOB

Notes:
1.  Values measured in Summer/Fall of 2001, results reported in Work Order 2 Final Project Report
2.  If a plant was not sampled, then the geometric mean of the peak/off-peak samples for each watershed
     was used for loading calculations instead.  The values (MPN/dL) are shown in the table below.
     Outliers, defined as those concentrations that were greater than the overall average by 3 times the
     standard deviation, were excluded from watershed geomean calculations.

Peak Off-Peak
Whiteoak 4.0 3.0
Buffalo 2.4 1.4

3.  Peak concentrations were applied to the hours 6-9am and 17-24, other hours were considered off-peak
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9.4.2  WWTP DISCHARGES – BIOSOLIDS AND WET WEATHER CONDITIONS  

One of the sources in the HSPF model that was present to some extent was the wet 

weather/biosolids discharges.  Wet weather was previously simulated for the WWTP using a 

factor to increase WWTP flows when there was more than 0.1 inches of rainfall.  This method 

was modified to provide a more accurate means of estimating wet weather WWTP flows.  In 

addition, the model now simulates biosolids releases under intense rainfall conditions.   

9.4.2.1  WET WEATHER FLOW DEVELOPMENT 

Ten-minute data from four City of Houston plants was used to develop a method to 

estimate wet weather flows from WWTPs.  Two plants were excluded:  Park 10 (10495-135) as it 

serves primarily commercial facilities and West Way (10495-139) as it demonstrates wide 

variations that did not appear correlated with rainfall.  A summary of the remaining four plants, 

10495-076, 10495-099, 10495-109, and 10495-030 is presented in Table 9.6.  The rainfall gage 

listed in the table is the gage used to determine rainfall impacts; it is the same gage as that used in 

HSPF.  The permitted flows of these plants are quite varied, with flows ranging from 4 MGD to 

26.4 MGD.  The collection system areas are also quite different, with areas ranging from 2,293 

acres at plant 10495-099 to 14,352 acres at plant 10495-076.  

Table 9.6 Summary of City of Houston Plant Data 
 

Plant Name Permit # Rainfall Gage  Permitted 
Flow (MGD) 

Collection System 
Area (acres) 

Northwest 10495-076 HCOEM 3560 18.0 14,352 
Whiteoak 10495-099 HCOEM 540 4.0 2,293 
West District 10495-030 COH Gage 21 26.4 11,201 
Turkey Creek 10495-109 COH Gage 30 12.0 3,087 
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Using the ten-minute data, the area under the curve (AUC) between the ten-minute data 

and TVF was determined.  Then, a relationship between the amount of rainfall that occurred at the 

plant and the AUC was determined using regressions.  All regressions were developed as follows: 

1.  Rainfall events were determined using previous 12 hours of rainfall; 

2.  Positive area under the curve was tabulated for the rainfall events;  

3.  Monthly self-reported flows were obtained and used to normalize the total area under 

the curve (one month, August, was incorrectly reported in the permit compliance 

system (PCS) for Turkey Creek.  Daily values reported from COH were used to 

determine this flow);  

4.  Outliers were identified by taking the average + 3 ×  standard deviation for both rain 

and flow;  

5.  Any events identified as outliers for rain or flow were excluded (generally just one 

event from November 2003 was excluded); 

6.  Power law regression was used, as data closer to normal distribution when log-

normalized; and 

7.  All regressions were checked to ensure they are significant with p < 0.05. 

The regressions for the four plants are shown in Figure 9.9, with the independent variable 

being rainfall and the dependent variable being area under the curve (AUC) normalized by self-

reported flow.  As shown in Figure 9.9, the intercept (or value multiplied by x) ranges from 0.164 

to 0.394, while the exponents range from 0.759 to 1.42.  It should be noted that plant 10495-099, 

the plant with the lowest permitted flow, exhibits the lowest intercept and the highest slope.   

An analysis of variance analysis (ANOVA) was used to determine if these plants could be 
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grouped together.  The ANOVA was run in two different ways to find the best way to group the 

data, as presented in Table 9.7.   

Based upon the data presented in the table, that data can be grouped together if all rainfall 

events with less than 0.1 inches are excluded from the regression.  This finding makes sense, as 

most rainfall events less than 0.1 inches would not be expected to impact the flow to WWTPs.  In 

addition, the normalization by the self-reported flows takes out any bias in flows.  It does not, 

however, account for the fact that larger plants would be expected to have a higher amount of 

inflow during large rainfall events due to the larger service areas.  

The data from all four plants were grouped together based upon the ANOVA findings.  

Rainfall events less than 0.1 inches were excluded.  The final regression, using the grouped data 

normalized by self-reported flow, is presented in  Figure 9.10.  The data set was examined for 

outliers, but none were present in the data set as a whole.  Figure 9.11 presents the same 

regression as in  Figure 9.10, but with the data from the individual plants presented in different 

colors/shapes.  In addition, the plot was graphed on a log-log scale to aid in visualizing the data.  

From the chart, it can be seen that AUC/SR Flow from plant 10495-109 is generally under 

predicted using the regression, while low flows from plant 10495-099 are overpredicted.  High 

flows from 10495-099 appear to be overpredicted to some degree.  The two remaining plants, 

10495-030 and 10495-076 appear to be well represented by the regression line, with an even 

distribution of points above and below the line. Although there are some deficiencies in this 

approach, it was determined that the regression developed using all the plants would be more 

representative of typical WWTP response to rainfall than the regression from a single plant. 
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Table 9.7 Results from ANOVA 
 
 

 Rain AUC/Flow Conclusions 
 F sig(F) F sig(F)  
all data 0.291 0.590 4.016 0.046 Plants are significantly different 
> 0.1 rainfall  0.001 0.973 0.377 0.540 Plants can be grouped 
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Figure 9.9  Individual Regressions for City of Houston Plants
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Figure 9.11.  Regression from all plants - with individual plant data points noted

Figure 9.10.  Regression using data from all plants
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Figure 9.12  Comparison of Observed, Predicted and Time-varying flows (TVF) for City of Houston WWTPs
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Figure 9.12  Comparison of Observed, Predicted and Time-varying flows (TVF) for City of Houston WWTPs
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Figure 9.12  Comparison of Observed, Predicted and Time-varying flows (TVF) for City of Houston WWTPs
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To prevent any excessive flow estimations that may occur, the COH data were examined 

to determine the maximum flows that would be expected from the plants.  It has been noted that 

plants can occasionally show extremely high flow events when the bayou is backing up into the 

plant rather than the plant discharging the high flow rates.  It was determined that maximum flows 

reported in the observe data were about 3 times the permitted flow of the WWTP.  Therefore, 

three times the permitted flow of the wastewater treatment plant was implemented as a maximum 

flow limit for the wet weather estimates.   

The grouped plant regression, normalized by self-reported flows, was employed for the 

prediction of wet weather flows for all non-COH WWTPs.  To estimate wet weather flows, 

rainfall data for each plant based upon the HSPF watershed, self-reported flows, and permitted 

flows were used.  A spreadsheet model was developed to implement the algorithm and predict 

wet weather flows based upon rainfall, self-reported flows and the regression relationship.   

Since observed data were available for the COH plants, a slightly different method was 

employed to estimated wet weather flows from these plants.  For 2003, the time-period when ten-

minute data were available, the wet weather flows were determined as follows: 

1. The hourly flow was determined from the ten-minute data; 

2. The difference between TVF and the hourly flow was computed; 

3. When there is not a rainfall event (i.e., rainfall > 0.1 in has not occurred in the 

previous 12 hours), then the hourly flow is the normal WWTP flow and wet weather 

flows are 0; and 

4. When there is a rainfall event, the TVF is considered the normal WWTP and wet 

weather flows are equal to the difference between TVF and hourly flows. 
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This method produces flows that very closely match the observed 10-minute flows as shown in 

Figure 9.12.  For years 2000-2002, a slightly different approach was required since only daily 

values were available for that time period.  For these dates, wet weather flows were determined as 

follows: 

1. The hourly flow was determined using the TVF Excel tool and the daily data from the 

COH (observed TVF); 

2. Hourly flows not influenced by rainfall were determined using the TVF Excel tool 

without the use of observed data (dry TVF); 

3. When there is not a rainfall event (i.e., rainfall > 0.1 in has not occurred in the 

previous 12 hours), then the hourly flow is the hourly flow from the TVF Excel tool 

and wet weather flows are 0;  

4. When there is a rainfall event, the dry TVF is considered to be the normal WWTP 

flow and wet weather flows are predicted using plant specific regressions developed 

using the 2003 data; 

There were some occasions in the 2000-2002 where observed TVF flows from the COH 

plants exhibited high flows outside of the defined rain event periods.  This appeared to be a 

timing issue, with the rainfall gages used in the model not reflecting the heterogeneity in 

precipitation across the watershed.  In addition, since the daily flows were used to generate hourly 

flows, the daily flows would reflect higher levels of flow even after rainfall periods.  Thus these 

higher flows typically occurred just prior to or just after a rainfall event.  These periods were 

treated as follows: 

a) The rainfall for the previous 24 hours and subsequent 12 hours was determined. 
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b) If the hourly flows exceeded the permitted flow and the rainfall calculated in step (a) 

was greater than zero, the normal WWTP flow is the dry TVF and the wet weather 

flow is the difference between observed hourly and dry TVF. 

c) The data were then examined visually for any remaining peaks.  If there were extreme 

peaks left in the data, these were removed in the manually, with flows being assigned 

as described in step (b). 

This separation of wet and dry flows allows for the simulation, if desired, of low flow 

conditions only without impacts from WWTP due to rainfall. 

9.4.2.2  BIOSOLIDS/EXCEEDANCE OF CAPACITY LOAD DEVELOPMENT 

After the wet weather flows were developed, the next step was to determine 

biosoldis/exceedance of WWTP capacity loads for both TSS and EC.  Although there are 

differences between loads associated with biosolids and those related to exceedance of capacity of 

the WWTP system, these two loads were not separated.  This is because these sources stem from 

the same root case, namely precipitation, and there are no data that distinguish the two from each 

other.   Therefore, the following discussion treats both of these sources as a single source. 

Biosolids releases and capacity exceedances were assumed to occur under conditions 

when WWTPs are overloaded.  Therefore, it was assumed that these discharges only occurred for 

rainfall events that exceeded 0.5 inches of rain over a 12 hours period.   

The concentrations that were associated with the biosolids releases are based upon data 

collected from actual biosolids releases by the TCEQ, as shown in Table 9.8.  This table presents 

results from sampling biosolids release at the WWTPs listed in the table.  The data in the table are  
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Table 9.8.  Sampling data from reported biosoldis releases

FC (cfu/dL) EC (MPN/dL)1 TSS (mg/L)
5/17/2001 153000 96390
5/23/2001 4500 2835
10/29/2002 10000 6300
12/17/2002 464

11673-001 3/18/1999 2950 1858.5 1010
3/8/2000 100 63 13
3/25/1999 19000 11970 17

11325 11/29/1999 1460
12571 5/12/1999 80000 50400 43

4/20/1999 1800 1134 26
5/12/1999 90 56.7 32

10495-002 1/9/2002 3000 1890 31
27444 17290 344
4146 2612 82
2950 1859 32

1 FC converted to EC through the use of the ratio of the standards, 126/200 (0.63)
Highlighted cells were values used for HSPF models.

Average
Geomean
Median

13765-001

11720

10436-001

158
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derived from several different plants over the course of four years.  The final values used in the 

model shaded on the table.  The geometric mean value, 2612 MPN/dL, was selected for EC data, 

while the median value, 82 mg/L, was chosen for TSS.   

To calculate the biosolids load, first rainfall events with total precipitation greater than 0.5 

inches were identified.  Next, wet weather flows for these events were multiplied by the bacteria 

and TSS concentrations described above.  A conversion factor was used to obtain the loads in the 

appropriate units and zeros were placed in any hour where the rainfall event did not have more 

than 0.5 inches of rainfall.  For rainfall events that fell below the biosolids range (i.e., 0.1 in to 

0.5), the dry weather concentrations for these two constituents were used to determine a load. The 

selection of dry weather EC and TSS concentrations for load development is described in Section 

9.4.1   

  

9.4.3  MS4 LOADS  

An MS4, or municipal separate storm sewer system, according to 40 CFR 122.26(b)(8), is 

a “conveyance or system of conveyances (including roads with drainage systems, municipal 

streets, catch basins, curbs, gutters, ditches, man-made channels, or storm drains):  

(i) Owned or operated by a state, city, town, borough, county, parish, district, association, 

or other public body (created to or pursuant to state law, including special districts under 

state law such as a sewer district, flood control district or drainage district, or similar 

entity, or an Indian tribe or an authorized Indian tribal organization, or a designated and 

approved management agency under section 208 of the Clean Water Act that discharges 

into waters of the United States.  
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(ii) Designed or used for collecting or conveying stormwater;  

(iii) Which is not a combined sewer; and  

(iv) Which is not part of a Publicly Owned Treatment Works (POTW) as defined at 40 

CFR 122.2.” 

In order to comply with EPA National Pollutant Discharge Elimination System (NPDES) 

regulations, operators of MS4s are required to obtain permits. These permits address both dry and 

wet weather discharges and have extensive sampling requirements.   

 Most of the areas that are within the Buffalo and Whiteoak Bayou watersheds have an 

MS4 permit, NPDES Permit # TXS001201.  The entity that is responsible for carrying out this 

permit is the Joint Task Force (JTF) which is comprised of the City of Houston, Harris County, 

Harris County Flood Control District, and Texas Department of Transportation Storm Water 

Management Programs.   

 The EPA considers MS4 discharges to be part of the waste load allocation.  This 

component of runoff is a point source load just like the WWTP flow.  Most models, however, 

including HSPF calculate runoff assuming overland flow paths for all runoff.  Thus, runoff 

estimates in HSPF would include MS4 loads as well as direct overland flow to the bayous.   

9.4.3.1  STORM WATER SYSTEM DISCHARGES 

Wet weather loads associated with storm water system discharges are simulated in HSPF 

through a build-up/wash-off process, where the accumulation is specified in terms of number of 

bacteria per day per acre. The accumulation of bacteria is simulated as a sediment-associated 

process as well as process where bacteria are not associated with sediment. The accumulation that 

is specified in the model is based upon calibration to match in-stream concentrations under two 
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conditions:  when flow is greater than the median flow and when flow is greater than the 85th 

percentile.  The observed and modeled concentrations under these two conditions are evaluated 

and the nonpoint source accumulation is adjusted until adequate agreement is achieved between 

the two concentrations.   

To determine the HPSF loads, all potential sources were input into the model and the 

model was then calibrated to match in-stream concentrations by adjusting the nonpoint source 

values.  The primary values of concern were concentrations under higher flows, such as those 

greater than the median flow.  It should be noted that NPS runoff can affect periods when flows 

are less than the median as runoff can take several days to reach the bayou. 

NPS loads were additionally estimated using event mean concentrations (EMCs) from the 

study area and compared to those calculated by HSPF.  Land use data were obtained from Harris-

Galveston Area Council (HGAC) for 2002.  These data have a total of nine different land use 

types as shown in Table 9.9.  Event mean concentrations (EMCs) were obtained from several 

Houston-specific sources and used to estimate concentrations of runoff for each type of land use.  

Curve numbers (Table 9.10), obtained from the NRCS technical document TR-55 (1986), were 

used to estimate flows from the watersheds.  The NPS loads estimated using EMCs are shown in 

Table 9.11 as well as those from HSPF.  It can be seen that the loads are different between the 

two approaches.  The loads in Buffalo Bayou are different because the EMC approach does not 

take into account the presence of upstream reservoirs that may act to settle out some of the 

bacteria.  In Whiteoak Bayou, differences between the two loads are most likely a function of the  
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Table 9.9  EMCs and Land Use  for NPS load calculation

HGAC LU EC EMC FC EMC Source
(MPN/dL) (MPN/dL) % BB % WOB

1 Low Intensity Developed 45,034 71,482 15% 35% JTF
2 High Intensity Developed 252,326 40,052 18% 30% JTF
3 Cultivated 15,750 2,500 8% 0% Newell et al
4 Grassland 15,750 2,500 38% 21% Newell et al
5 Woody land 219,650 34,865 17% 13% JTF
6 Open - - 1% 0.3% -
7 Woody Wetland - - 3% 0.5% -
8 Nonwoody Wetland - - 1% 0.4% -
9 Bare/Transitional 219,650 34,865 0.2% 0.1% JTF

Notes:
1.  EMCs were in FC, EC EMCs calculated using ratio of standards (126/200)
2.  Wetland land uses were not included in the NPS load calculations
3. BB - Buffalo Bayou, WOB- Whiteoak Bayou

Description Land Use
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Table 9.10 Curve numbers used for HGAC Land uses

HGAC LU Curve Number 
1 85
2 89
3 84
4 83
5 77
6 86
7 -
8 -
9 94

Notes:  
1.  Curve numbers determined from NRCS publication TR-55
2.  Assumed all soils were in good hydrologic condition and that soil was "type D"

Table 9.11.  NPS loads for Buffalo and Whiteoak Bayou 

Watershed EMC Method 
(MPN/yr)

HSPF Method 
(MPN/yr)

BB 1.45E+17 3.76E+13
WOB 9.15E+16 5.58E+20

Notes: 
1.   NPS Load from HSPF converted from MPN/acre/day using size of watershed
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differences in stream characteristics (i.e., concrete lined channels) that cannot be accounted for in 

the EMC approach.   

9.4.3.2  DWSS DISCHARGES 

Dry weather loads consist of the dry weather storm sewer (DWSS) discharges sampled in 

2000-2001 by UH personnel.  These discharges were discussed in Work Order 2, but the results 

will be presented again in this chapter for completeness. 

Sampling was conducted over a several month period, traversing both bayous either on 

foot or by canoe.  Samples were collected at any pipe that was discharging to the stream under dry 

weather conditions, which were defined as a period of three or more days without rain.  The 

results of the sampling were tabulated to calculate the flows and loads presented in Table 9.12.   

9.4.4  WASTEWATER COLLECTION/CONVEYANCE SYSTEM LEAKS AND 

OVERFLOWS 

The EPA has identified Sanitary Sewer Overflows (SSOs) as a possible source of fecal 

pathogens to surface bodies of water.  SSOs are point source releases of partially treated or 

untreated wastewater including domestic, commercial, and industrial wastewater.  These releases 

usually occur as the result of a break, stoppage, or exceedance of capacity in the system that 

conveys wastewater from the source to the site of treatment, usually a wastewater treatment plant 

or pretreatment facility.  After the wastewater has been received by the treatment plant, any 

releases are no longer considered SSOs and will be modeled as biosolid releases in the Buffalo 

and White Oak Bayou models.  The Federal Water Pollution Control Act (FWPCA) passed by  



Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Final Report

Subwatersheds Dry Weather Storm Sewer Watershed
Load (cfu/hr) Flow (MGD)

34 8.50E+07 3.27E-02 BB
35 1.05E+06 2.97E-02 BB
39 8.38E+06 1.70E-01 BB
44 2.46E+04 2.41E-04 BB
45 5.12E+08 3.25E-02 BB
47 4.87E+05 4.26E-04 BB
50 4.93E+06 3.78E-03 BB
52 1.81E+09 6.44E-02 BB
53 1.55E+07 6.12E-03 BB
54 5.90E+09 1.10E-01 BB
55 6.80E+08 4.11E-02 BB
4 3.67E+05 2.96E-03 WOB
7 1.25E+06 1.07E-02 WOB

10 4.23E+07 1.96E-02 WOB
11 5.93E+05 1.01E-02 WOB
13 2.85E+05 8.49E-03 WOB
40 1.61E+07 1.13E-01 WOB
41 1.41E+08 4.71E-02 WOB
42 7.44E+08 1.39E-01 WOB
43 7.32E+09 2.52E-01 WOB

Note:  This table is the same as Table 5.16 in Work Order 2 Final Report

TABLE 9.12
Dry Weather Storm Sewer Flow Model Input
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Congress in 1948 prohibits SSOs and other point source discharges unless permitted specifically by an 

NPDES permit (EPA 2004). 

Storm sewer overflows occur during both wet and dry weather conditions. During wet weather 

conditions, SSOs often result from an exceedance of the sewer conveyance capacity due to sharp 

increases in water volumes from inflow and infiltration into the system. These releases are often 

characterized by large volumes of discharge with lower concentrations of fecal pathogens that result 

from mixing of untreated wastewater with storm water. During dry weather conditions the releases 

can result from a variety of causes including pipeline leakage, damage to the system, blockages, and 

malfunctioning equipment. The storm sewer overflows that occur during dry weather periods exhibit a 

large amount of variability in both discharge volume and fecal pathogen concentrations (EPA 2004). 

For the “Report to Congress: Impacts and Control of CSOs and SSOs,” the EPA analyzed 

storm sewer overflow data from twenty-five states over a three year period. The EPA found a strong 

correlation between the cause of the overflow and both the volume of wastewater discharged and the 

concentration of the contaminants in the wastewater. Each overflow was grouped by cause into one of 

five categories: blockages, wet weather and infiltration/inflow, mechanical or power failures, line 

breaks, and miscellaneous. Table 9.13 shows the average discharge volumes and the expected fecal 

pathogen concentrations by cause for the data that the EPA obtained. Wet weather and 

inflow/infiltration sanitary sewer overflows produce the highest volume of discharge per event at an 

average of 360,000 gallons per event and account for 14% of the overall SSO events. Blockages in the 

sanitary sewer system account for the largest percent of SSO events (74%) yet produce the smallest 

volumes of discharge per event with an average of 5,900 gallons per event (EPA 2004).   
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Table 9.13 Event Discharge Volumes and Expected Concentrations from EPA Data 
Event 
Number Type Volume (gallons) Concentration (#/mL) 
                1  Blockage 5,900 10,000,000 

                2 
Wet Weather – 
Inflow/Infiltration 360,000 500,000 

                3 Mechanical or Power 63,000 10,000,000 
                4 Line Break 172,000 10,000,000 
                5 Miscellaneous 260,000 1,000,000,000 

 

 

The EPA found a strong correlation between the frequency of SSO events and both the 

size of the population served by a sanitary sewer system and the size of the sanitary sewer 

system(s).  The city of Houston sanitary sewage system was designed to convey sewage and 

storm water separately.  The system contains 5,700 miles of pipeline, provides service for 1.72 

million people, and extends throughout 600 square miles of the city (Bastad 1997).  The City of 

Houston collects data on SSOs that occur within its borders including the locations, causes, and 

reported discharge volumes.  Data were obtained for the subbasins of the Buffalo and White Oak 

Bayou watersheds that fall within the area monitored by the City of Houston for the period of 

3/12/2000 through 12/8/2003.  To determine the fecal pathogen load from SSOs for each 

subwatershed individually, the number of events and the cause of each event were evaluated.  The 

reported volumes for each of the events may be inaccurate due to the fact that volumes for each 

event are only measured after the discharge has been reported and workers travel to the location 

of the discharge.  For this reason, the discharge volumes calculated by the EPA and shown in 

Table 9.13 for each type of SSO event were used as the total volume of each overflow.  In 

addition, the concentrations reported by the EPA (also shown in Table 9.13) were used to 
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calculate the fecal pathogen loads to the bayous for each subwatershed. The loads have been 

separated for wet and dry weather conditions so that the inputs under each of these conditions can 

be analyzed separately. The dry weather SSO events for each subwatershed are maintained at a 

constant rate throughout the model time period. The wet weather caused SSO events have been 

calculated as a separate time series that inputs discharges to the bayous during wet weather 

conditions only. 

Several subwatersheds within the Buffalo and White Oak Bayous Watershed do not lie 

within the City of Houston and, consequently, no SSO event data were collected for those. The 

EPA found that SSO frequency correlated positively with population density and exhibited 

regional trends (EPA 2004).  A statistical analysis of the occurrence of storm sewer overflows and 

the population for the data obtained from the City of Houston, as well as, the land use data for the 

region was performed using regression analysis. No relationship of significance was found 

between the occurrence of overflows and neither population density nor land use. As an 

alternative, because the EPA found that regional trends often dictate the frequency of overflows, 

the percent occurrence for each category of event was calculated for the subwatersheds with 

reported data. Table 9.14 lists the percentages for each type of event based upon data obtained 

from the City of Houston. Blockages produced the highest percentage of SSO events in the region 

accounting for slightly over 90% of the total. Line breaks account for the second highest 

percentage with about 7% of the total.  From these data, the frequency of events per square mile 

for the region was calculated. The number of events within subwatersheds without reported data 

was calculated using the average frequency of events for the City of Houston multiplied by the 

area of each subwatershed. The loads for SSOs within these subwatersheds was then calculated by 
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multiplying the number of events by the percentages for each type of event and the known 

discharge volumes and concentrations for each of these categories. 

 

 

 

Table 9.14 Discharge Volumes and Expected Concentrations for the City of Houston 

Event Cause 
Percent 
Occurrence

Volume 
(gallons) 

Concentration 
(#/100mL) Load/Event (#)

Blockage 90.40% 5,900 10,000,000 2.01E+12 
Wet Weather – 
Inflow/Infiltration 0.57% 360,000 500,000 3.91E+10 
Mechanical or Power 1.38% 63,000 10,000,000 3.29E+11 
Line Break 7.19% 172,000 10,000,000 4.68E+12 
Miscellaneous 0.24% 260,000 1,000,000,000 2.40E+13 
SSOs per Acre 0.0149216  Load Per Event: 3.11E+13 

 

 

 

Table 9.15 and Table 9.16 show the calculated loads and flows for both the Buffalo Bayou 

and White Oak Bayou watersheds. The dry and wet weather loads are tabulated separately to 

allow the analysis of each separately. Dry weather conditions for the subwatersheds that lie within 

the Buffalo Bayou watershed produce the largest sanitary sewer overflow load, 3.96x1014 E. coli 

per year. Wet weather conditions produce an additional average load of 6.8x1011 E. coli per year 

per subwatershed. The average load for subwatersheds in the White Oak Bayou watershed during 

dry weather is less than half of that for Buffalo Bayou at 1.79x1014 E. coli per year. The loads 

produced by overflows in wet weather conditions in Whiteoak Bayou add an average of 4.49x1011 

E. coli per year per subwatershed to the bayous. 
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Table 9.15.  Calculated Flow and Loads for Sewer Leaks and Overflows in Buffalo Bayou

Subwatershed 
Number

Dry Weather SSO 
Volumes (MGD)

Dry Weather SSO 
Loads    

(E.coli /year)

Wet Weather SSO 
Volumes (MGD)

Wet Weather SSO 
Loads    

(E.coli /year)
26 7.851E-04 1.085E+14
27 1.443E-04 1.994E+13
28 4.612E-05 6.372E+12
33 1.123E-04 1.552E+13
34 2.160E-05 2.984E+12
35 6.640E-04 9.175E+15
36 3.814E-04 5.270E+13
37 2.771E-04 3.828E+13 5.271E-04 3.641E+12
38 5.030E-04 6.950E+13
39 1.944E-04 2.685E+13
44 5.857E-04 8.093E+13
45 1.158E-03 1.600E+14
47 3.887E-05 5.371E+12
50 3.296E-04 4.554E+13
51 1.044E-03 1.443E+14
52 1.542E-03 2.130E+14 7.524E-04 5.198E+12
53 1.622E-04 2.241E+13 4.498E-04 3.107E+12
54 1.756E-04 2.426E+13
55 4.751E-05 6.564E+12
56 2.824E-05 3.902E+12

101 7.573E-04 4.476E+14 8.159E-05 5.636E+11
102 2.184E-04 1.291E+14 2.353E-05 1.626E+11
103 1.315E-04 7.770E+13 1.416E-05 9.785E+10
104 2.370E-04 1.401E+14 2.554E-05 1.764E+11
105 2.801E-04 1.655E+14 3.017E-05 2.084E+11
106 1.173E-03 6.930E+14 1.263E-04 8.727E+11
107 2.856E-04 1.688E+14 3.077E-05 2.126E+11
108 4.051E-04 2.395E+14 4.365E-05 3.015E+11
109 1.645E-04 9.726E+13 1.773E-05 1.225E+11
110 8.395E-04 4.962E+14 9.044E-05 6.248E+11
111 7.914E-04 4.678E+14 8.526E-05 5.890E+11
112 9.657E-04 5.708E+14 1.040E-04 7.188E+11
113 8.392E-04 4.960E+14 9.041E-05 6.246E+11
114 5.062E-04 2.992E+14 5.454E-05 3.768E+11
115 7.455E-04 4.406E+14 8.032E-05 5.549E+11
116 4.384E-04 2.591E+14 4.723E-05 3.263E+11
117 8.614E-04 5.091E+14 9.280E-05 6.411E+11
118 4.206E-04 2.486E+14 4.531E-05 3.130E+11
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Table 9.15.  Calculated Flow and Loads for Sewer Leaks and Overflows in Buffalo Bayou, contd.

Subwatershed 
Number

Dry Weather SSO 
Volumes (MGD)

Dry Weather SSO 
Loads    

(E.coli /year)

Wet Weather SSO 
Volumes (MGD)

Wet Weather SSO 
Loads    

(E.coli /year)
119 9.281E-04 5.486E+14 9.999E-05 6.908E+11
120 6.414E-04 3.791E+14 6.910E-05 4.774E+11
121 1.348E-03 7.967E+14 1.452E-04 1.003E+12
122 5.476E-04 3.237E+14 5.900E-05 4.076E+11
123 8.821E-04 5.214E+14 9.503E-05 6.565E+11
124 4.268E-04 2.523E+14 4.598E-05 3.177E+11
125 6.538E-04 3.864E+14 7.044E-05 4.866E+11
126 1.155E-03 6.826E+14 1.244E-04 8.595E+11
127 8.719E-04 5.154E+14 9.394E-05 6.489E+11
128 7.971E-04 4.711E+14 8.588E-05 5.933E+11
129 2.576E-04 1.523E+14 2.775E-05 1.917E+11
130 4.433E-04 2.620E+14 4.776E-05 3.300E+11
131 3.174E-04 1.876E+14 3.419E-05 2.362E+11
132 1.535E-03 9.075E+14 1.654E-04 1.143E+12
133 1.407E-03 8.318E+14 1.516E-04 1.047E+12
134 1.395E-03 8.247E+14 1.503E-04 1.038E+12
135 1.830E-03 1.082E+15 1.972E-04 1.362E+12
136 1.420E-04 8.394E+13 1.530E-05 1.057E+11
137 2.250E-04 1.330E+14 2.424E-05 1.675E+11
138 3.452E-04 2.040E+14 3.719E-05 2.569E+11
139 4.156E-04 2.457E+14 4.478E-05 3.093E+11
140 3.278E-04 1.938E+14 3.532E-05 2.440E+11
141 2.308E-03 1.364E+15 2.486E-04 1.718E+12
142 1.755E-04 1.038E+14 1.891E-05 1.306E+11
143 1.603E-03 9.478E+14 1.728E-04 1.193E+12
144 9.536E-04 5.636E+14 1.027E-04 7.097E+11
145 1.309E-03 7.739E+14 1.411E-04 9.745E+11
146 3.505E-04 2.072E+14 3.776E-05 2.609E+11
147 1.580E-04 9.342E+13 1.703E-05 1.176E+11
148 5.445E-04 3.218E+14 5.866E-05 4.052E+11
149 1.584E-04 9.365E+13 1.707E-05 1.179E+11
150 3.515E-04 2.078E+14 3.787E-05 2.616E+11
151 4.775E-04 2.822E+14 5.144E-05 3.554E+11
152 4.083E-04 2.413E+14 4.399E-05 3.039E+11
153 2.337E-04 1.381E+14 2.518E-05 1.739E+11
154 2.108E-04 1.246E+14 2.271E-05 1.569E+11
155 1.996E-04 1.180E+14 2.151E-05 1.486E+11
156 8.027E-04 4.744E+14 8.648E-05 5.974E+11

Minimum 2.160E-05 2.984E+12 1.416E-05 9.785E+10
Average 5.967E-04 4.250E+14 9.822E-05 6.786E+11

Maximum 2.308E-03 9.175E+15 7.524E-04 5.198E+12
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SSO Loads to the Buffalo and White Oak Models

Table 9.16.  Calculated Flow and Loads for Sewer Leaks and Overflows in Whiteoak Bayou

Subwatershed 
Number

Dry Weather 
SSO Volumes 

(MGD) 

Dry Weather SSO 
Loads    

(E.coli /year)
Wet Weather SSO 
Volumes (MGD)

Wet Weather SSO 
Loads    

(E.coli /year)
1 6.253E-04 8.640E+13
2 8.171E-05 1.129E+13
3 1.126E-03 1.556E+14
4 3.434E-04 4.745E+13
5 1.903E-03 2.629E+14
6 2.546E-04 3.518E+13
7 1.917E-04 2.649E+13
8 2.950E-04 4.076E+13
9 6.895E-04 4.076E+14 7.42862E-05 5.132E+11

10 1.003E-03 5.931E+14 0.000108112 7.469E+11
11 3.251E-04 1.921E+14 3.50233E-05 2.420E+11
12 3.672E-04 2.171E+14 3.95658E-05 2.733E+11
13 6.323E-04 3.737E+14 6.81199E-05 4.706E+11
17 3.997E-04 5.523E+13
40 4.203E-04 5.807E+13
41 2.339E-04 3.232E+13
42 7.462E-04 1.031E+14
43 5.505E-04 7.606E+13
46 7.116E-04 9.833E+13
48 1.192E-03 1.647E+14
49 1.132E-03 1.564E+14

Minimum 8.171E-05 1.129E+13 3.502E-05 2.420E+11
Average 5.884E-04 1.789E+14 6.502E-05 4.492E+11

Maximum 1.903E-03 5.931E+14 1.081E-04 7.469E+11
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9.4.5  OSSFS 

On-site sewage facilities (OSSFs) are wastewater systems that treat and dispose of sewage 

produced by households and limited to treating less than 5,000 gallons per day. OSSFs may be a 

septic tank with later lines, an aerobic surface application system or one of many other approved 

methods of treating household sewage. OSSFs are permitted by Harris County and the permits 

required regular maintenance be performed to keep the systems operating up to an adequate level. 

OSSFs were evaluated under Work Order 1 to determine if they were a potential source of 

EC to the Buffalo and Whiteoak Bayou watersheds. One region was noted to have the potential to 

have “problem” sewer systems, but it was determined that septic systems did not constitute a 

significant source of bacteria to the bayous.  Since this initial assessment, the reservoirs above 

Buffalo and Whiteoak Bayous have been added to the study area. These regions are much more 

rural in nature when compared to the remaining Buffalo and Whiteoak Bayou watersheds and 

thus pose a larger potential for septic system impacts on the bayous. 

A database of septic systems was requested from Harris County Permits and Engineering. 

This database provides a summary of all new permits issued between 1991 to 2004. The database 

is not GIS-based, and thus, the data do not have latitude/longitude coordinates for plotting. 

Instead, the database was queried for any permits that were within the zip codes of the Buffalo 

Bayou region. Primary zip codes were preferentially used, but if no primary zip codes were 

available then the secondary and tertiary zip codes listed in the database were used instead. Based 

upon this query, there were 5,441 permits in the two watersheds. A distribution of the plants 

across the watersheds is shown in Figure 9.13. The figure was developed from the permit 

database using data from the entire county. There are a limited number of permits in the lower 
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portions of both Buffalo and Whiteoak Bayous, but in the upper watersheds there are some zip 

codes that have more than 100 permitted systems within the boundaries. This map is intended to 

provide an estimate of the number of septic systems in the region. Some facilities may have been 

converted over to city sewers or the areas may have been developed into a subdivision with 

wastewater treatment plants.  

Although there are numerous OSSFs in the two watersheds, the potential for these plants 

to impact bayou water quality is not clear. There have been documented impacts of these facilities 

on ground water systems, but their impact on surface water has not been quantified. Even if the 

impact of septic systems on the bayous was quantifiable, another difficulty is determining which 

facilities are malfunctioning. Harris County Permits and Engineering does system inspections 

upon the installation of the facilities, but there are no routine follow-up visits to the septic systems 

once installed. Only if a complaint is called in will an inspector make another visit to the site. 

Thus, OSSFs were not included as a bacteria source in the model due to lack of data on 

performance and effects on water quality.   



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 162

 

 

 

77423

77484

77469

77447

77493

77429

77494

77084

77441

77433

77485

77449

77450

77041

77094

77032

77478

77064
77095

77073

77040

77070

77093

77024

77088

77445

77039
77038

77338

77082

77066

77474

77083

77007

77055

77379

77077

77065 77060

77092

77045

77079

77036

77014

77072

77051

77090

77091

77043

77018
77080

77008

77086

77021

77099

77037

77009

77096

77042

77026

77033

77022

77375

77074
77054

77067

77004

77035
77477

77076

77063

77069

77057

77071

77025

77023
77401

77048

77019

77068

77020

77056

77005
77030

77031

77003

77081

77016

77027 77006

77002

77087

77085

77098

77047

77028

77489

77046

Legend
County Lines

Watershed  Boundaries

Zip Codes - # Permits
1 - 6

7 - 21

22 - 47

48 - 77

78 - 201

202 - 439

440 - 788

789 - 1454

0 4 82 Miles

 

 

Figure 9.13 Permitted Septic Systems from 1991-2004 in Harris County 
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9.4.6  DIRECT DEPOSITION INTO THE BAYOUS 

Direct deposition is currently not simulated in the model.  

9.4.7  INSTREAM BAYOU SEDIMENT 

The transport of sediment within the bayous is simulated in both the Buffalo and 

Whiteoak Bayou HPSF models.  HSPF simulated the transport of three sediment classes, sand, silt 

and clay.  The sediment that comes from the watersheds is input into the stream, where the 

sediment can either be carried downstream or settle out, depending upon the flow in the bayou.  

Under high flow conditions that cause elevated shear stress conditions, the sediment that settled to 

the bottom of the stream can also be resuspended.  In addition to simulating sediment, the models 

also have bacteria associated with the sediment particles.  The transport/settling/resuspension 

process is thus carried out for both bacteria and sediment.   This process was calibrated to match 

observed TSS values in stream, as described in Section 9.3  

All the sources described in this chapter have been implemented for use in allocation 

analysis.   
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CHAPTER 10  

LOAD ALLOCATIONS 

The final step in the TMDL process, prior to implementation, is the development of 

allocation scenarios.  These scenarios should reflect the impact of the various sources identified in 

the TMDL and propose reductions to achieve the goals.  In this project, two models have been 

developed for Buffalo and Whiteoak Bayou watersheds.  In addition to these models, a 

spreadsheet tool has been developed to guide the allocation process.  The following section 

discusses how these tools will be employed and how the allocation scenarios will be developed. 

10.1 SPREADSHEET TOOL 

Excel was used to develop a calculation tool that estimates sources for various flow 

conditions in the bayous and required reductions to meet standards.  Tables 10.1 through 10.4 

illustrate TMDL calculations for three different flow conditions: dry weather with the only flow 

coming from WWTPs, median flow with a small contribution of runoff but most being from 

WWTPs, and a larger runoff event—a 2-Yr 24-Hr event. In addition, both contact and non-

contact recreational standards are assessed under median flow conditions as well.  These tables 

are included for illustration purposes but do not represent the load allocations for the project at 

this time.   

 

 



Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Final Report

TMDL = WLA + LA + MOS

BB WO
WLA = WWTPs 9 4 1

WWTP Biosolids Releases 2
Sanitary Sewer releases

Dry Weather 604 452 3
Wet Weather (SSOs) 4

Bypasses 5
MS4 Discharges

Runoff 7
Dry Weather 203 24 8

LA = Sediment contributions 0.39 0.01 9
OSSFs 0.001 0.001 6
NPS direct input to bayous 1,850      850       10

MOS = Assume 5% (goal is 120 MPN/dL) 11           5           11

Total Load 2,666      1,330    12
Calc. Bayou Conc (MPN/dL) 1,502      1,499    13

Target Load 213         107       14

Percent Reductions Needed 92.0% 92.0% 15

1

2 No biosolids release in dry weather
3 Calculated from sewer overflow data assuming all volumes get to bayous
4 No wet weather SSOs in dry weather
5 No bypasses in dry weather
6 Assumed values, no data on septic tank contribution
7 No runoff in dry weather
8 UH sampling data for dry weather stormsewer flows
9

10

11 Flow x [126 *0.05] MPN/dL
12 Dry weather flow times 1,500 MPN/dL
13 Expected bayou concentrations, assuming target load and dry weather bayou flows
14 Dry weather flow times 120 MPN/dL
15 Percent reduction needed to achieve 120 MPN/dL.

Table 10.1 Dry Weather Contact Recreation Standard Analysis

Notes

Average flows with 2001 sampling showing concentration < 5 MPN/dL. Loads in BB reflect plants 
upstream of reservoirs.

Nonpoint direct inputs estimated as difference needed to achieve typical dry weather concentration of 
1,500 MPN/dL

(Billion MPN/day)

Sediment input taken from bottom area and assumed rate. Area of 43 km x 3m for BB and 15 km x 1 
m for WO, with BB at 3,000 MPN/M2-day and WO at 500 MPN/M2-day, reflecting concrete lining 
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TMDL = WLA + LA + MOS

BB WO
WLA =WWTPs 9            4            1

WWTP Biosolids Releases 2
Sanitary Sewer releases

Dry Weather 604        452        3
Wet Weather (SSOs) 4

Bypasses 5
MS4 Discharges

Runoff 3,350     1,675     7
Dry Weather 203        24          8

LA = Sediment contributions 0.65 0.02 9
OSSFs 0.001 0.001 6
NPS direct input to bayous 1,847     853        10

MOS = Assume 5%  (goal 575 MPN/dL) 73          37          11

Actual Bayou Loads 6,013     3,008     12
Calc. Bayou Conc (MPN/dL) 2,459     2,460     13

Target Bayou Loads 1,110     555        14

Percent Reductions Needed 81.5% 81.5% 15

1

2 No biosolids release in relatively dry weather
3 Calculated from sewer overflow data assuming all volumes get to bayous
4 No wet weather SSOs in relatively dry weather
5 No bypasses in relatively dry weather
6 Assumed values, no data on septic tank contribution
7 Median flows for each bayou, w/ runoff fraction at 5,000 MPN/dL, low end of runoff range
8 UH sampling data for dry weather stormsewer flows
9

10 Values taken from dry weather calculations, assumed the same for median flows
11 Noncontact criterion is 605 MPN/dL, and 5% is 30 MPN/dL. Flow x (605-575) MPN/dL
12 Sum of above loads, yielding concentrations of about 2500 MPN/dL
13 Expected bayou concentrations, assuming target load and median bayou flows
14 Target concentration of 454 times median flows
15 Percentage reduction needed to reach 454 MPN/dL

(Billion MPN/day)

Average flows with UH sampling showing EC concentrations <5 MPN/dL. Loads in BB reflect plants 
upstream of reservoirs.

Sediment input taken from bottom area and assumed rate. Area of 43 km x 3m for BB and 15 km x 1 m 
for WO, w/ BB at 5,000 MPN/M2-day and WO at 1,000 MPN/M2-day reflecting concrete lining of 

Table 10.2  Median Flow Non-Contact Recreation Standard Analysis

Notes

Bacteria TMDL Project - Contract# 582-0-80121/Work Order# 582-0-80121-08 - Final Report
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TMDL = WLA + LA + MOS

BB WO
WLA = WWTPs 9             4          1

WWTP Biosolids Releases 2
Sanitary Sewer releases

Dry Weather 604         452      3
Wet Weather (SSOs) 4

Bypasses 5

MS4 Discharges
Runoff 3,350      1,675   7
Dry Weather 203         24        8

LA = Sediment contributions 0.65 0.02 9
OSSFs 0.001 0.001 6
NPS direct input to bayous 1,847      853      10

MOS = Assume 5%, goal is 120 MPN/dL 15           8          11

Total Load 6,013      3,008   12
Calc. Bayou Conc (MPN/dL) 2,459      2,460   13

Target Load 293         147      14

Percent Reductions Needed 95.1% 95.1% 15

1
2 No biosolids release in relatively dry weather
3 Calculated from sewer overflow data assuming all volumes get to bayous
4 No wet weather SSOs in relatively dry weather
5 No bypasses in relatively dry weather
6 Assumed values, no data on septic tank contribution
7 Median flows for each bayou, w/ runoff fraction at 5,000 MPN/dL, low end of runoff range
8 UH sampling data for dry weather stormsewer flows
9

10 Values taken from dry weather calculations, assumed the same for median flows
11 Flow x [126 *0.05] MPN/dL
12 Sum of above loads, yielding concentrations of about 2500 MPN/dL
13 Target concentration of 120 times median flows
14 Expected bayou concentrations, assuming target load and median bayou flows
15 Percentage reduction needed to reach 120 MPN/dL

Sediment input taken from bottom area and assumed rate. Area of 43 km x 3m for BB and 15 km
for WO, w/ BB at 5,000 MPN/M2-day and WO at 1,000 MPN/M2-day reflecting concrete lining

Notes

Table 10.3  Median Flow, Contact Recreation Standard Analysis

(Billion MPN/day)

Average flows with UH sampling showing EC concentrations <5 MPN/dL. Loads in BB reflect p
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TMDL = WLA + LA + MOS

BB WO
WLA = WWTPs 444 222 1

WWTP Biosolids Releases 888 444 2
Sanitary Sewer releases

Dry Weather 604 452 3
Wet Weather (SSOs) 6,039 4,523 4

Bypasses 2 1 5

MS4 Discharges
Runoff 1,142,600 1,469,144 7
Dry Weather 203 24 8

LA = Sediment contributions 13 0 9
OSSFs 0 0 6
NPS direct input to bayous 1,847 853 10

MOS = Assume 5%, goal is 120 MPN/dL 776 954 11

Total Load 1,152,639 1,475,663 12
Calc. Bayou Conc (MPN/dL) 9,361 9,750 13

Target Load 14,776 18,162 14

Percent Reductions Needed 98.7% 98.8% 15

1 Assume chlorination functions and EC concentrations at 50 MPN/dL with flow 5x average
2 Assumed some biosolids release in wet weather, concentration of 100 MPN/dL
3 Calculated from sewer overflow data assuming all overflow volumes get to bayous
4 Wet weather SSOs assumed 10x dry weather
5 Assumed value--plants not actually capable of bypassing
6 Assumed values, no data on septic tank contribution
7 Modeled flows for each bayou, w/ runoff fraction at 10,000 MPN/dL, low end of runoff conc. range
8 UH sampling data for dry weather stormsewer flows
9

10 Values taken from dry weather calculations, assumed the same for large runoff flows
11 Flow x [126 - (126*0.05)] MPN/dL
12 Sum of all loads--concentration slightly under 10,000 MPN/dL
13 Expected bayou concentrations, assuming target load and bayou flows for 2-yr, 24-hr event
14 Target Load, Flow times 120 MPN/dL
15 Percentage reduction needed to hit target

Assumes 43 km x 3m for BB and 15 km x 1 m for WO, with BB at 100,000 MPN/M2-day 
reflecting scour conditions, and WO at 10,000 MPN/M2-day, reflecting scour and concrete lining.

(Billion MPN/day)

Table 10.4  Heavy Runoff, Contact Recreation Standard Analysis

Notes
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The reductions predicted by the spreadsheet tool will be used in conjunction with the 

HSPF models in the project.  The spreadsheets will provide the initial estimates of reductions 

required for the sources.  These reductions will then be implemented in the HPSF model to 

determine if the reductions allow bayou concentrations to meet the target concentration of 120 

MPN/dL (126 MPN/dL + 5% margin of safety).  These allocation tables are used in conjunction 

with HSPF because the tables do not account for spatial and temporal variability across the 

watersheds. In addition, HSPF accounts for many more processes (such as die-off of bacteria) 

than the spreadsheets.  The use of HSPF and the spreadsheet tools together will provide more 

realistic scenarios of how the reductions will really affect the Buffalo and Whiteoak Bayou 

systems.   

10.2 ALLOCATION SCENARIOS 

The allocation assessments will be conducted at three different allocation points:  Dairy 

Ashford, the mouth of 1013 and the mouth of 1017.   Dairy Ashford is currently a sampling 

location with existing data and also located at the boundary of a subwatershed.  The mouth of 

1013 and 1017 do not have monitoring data but are located at the end of subbasins.  The 

allocations will be expressed as a percent reduction and the allocations will be examined at 

median flows and below in the bayou.  The tidal variation present in segment 1013 of Buffalo 

Bayou will not be considered in the HSPF models.   

Allocations will be developed by first looking at hourly data for all conditions over the 

simulation period.  These data provide the basic data for the analyses.  Next, the hourly (and 

possibly daily) EC concentrations for median flows and below will be calculated and compared to 
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the concentrations for all flow conditions.  After determining the concentrations, the next step is 

to calculate a moving 91-day moving geometric mean of the EC concentrations.  The frequency of 

exceedances for average and geometric mean concentrations under all flows and median flows 

will assessed using box plots, cumulative frequencies or other methods.   

This analysis and associated calculations is ongoing. 
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CHAPTER 11 FUTURE WORK 

During the coming fiscal year (September 1, 2005 through August 31, 2006), the project 

team will focus on the following activities: 

• Complete the development of the allocation spreadsheets; 

• Calculate load reductions for the three allocation points in Buffalo and Whiteoak Bayous 

for various flow conditions; and  

• Run HSPF with reduction scenarios and predict bayou water quality conditions. 
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APPENDIX A 

STAKEHOLDER SLIDES 

 

Please see Appendix A Directory on Attached CD 
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APPENDIX B 

QUALITY ASSURANCE PROJECT PLAN 

 

Please see Appendix B Directory on Attached CD 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 –Final Report 

 
 

APPENDIX C  

QUALITY CONTROL/QUALITY ASSURANCE ASSESSMENT 

 

Please see Appendix C Directory on Attached CD 
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APPENDIX D 

SAMPLE BST PRINTOUTS AND RESULTS 

 

 

• Please see Appendix D Directory on Attached CD, file name SampleGelImage.jpg for 

sample gel image. 

• Please see Appendix D Directory and subdirectory Additional Files for all other BST 

results 

• The 6-way results are presented in the pages subsequent to this title page. 
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APPENDIX D 

BACTERIA SOURCE TRACKING RESULTS USING 6-WAY ANALYSIS  

(bird vs. cow vs. dog vs. horse vs. bat vs. human) 

 

LIBRARY ISOLATES 

Table D-1 Summary Table Of Initial Library (2004) - Percent ARCC And RCC For Six-Way 
Classifications (Bird Vs. Cow Vs. Dog Vs. Horse Vs. Bat Vs. Human).  

 

 
 

Human vs. Non-
human 

Human S vs. Human P 
vs. Non-human 

Human P only vs. 
Non-human  

% All 
Antibiotic  

Wilks- 
lambda 
(stepwise)

All 
Antibiotic  

Wilks- 
lambda 
(stepwise)

All 
Antibiotic  

Wilks- 
lambda 
(stepwise) 

ARCC 38.1 34.2 36.8 31.6 39.9 36.5 
Bird 45.6 46.2 45.0 43.3 45.6 41.5 
Cow 37.9 38.4 34.2 34.2 36.5 38.8 
Dog 37.9 35.2 37.4 34.6 37.4 35.2 
Horse 48.5 42.0 47.0 38.5 45.0 36.5 
Bat 34.8 20.1 31.9 16.2 35.3 30.4 
Human 25.2 25.2     
Human-S   16.0 11.3   
Human-P   39.6 39.6 41.1 37.9 
Cross-val. 
ARCC 

34.9 33.4 33.7 30.3 37.3 35.7 

 
Notes:   
1.  Human-P = human isolates from portable toilets only 
2.  Human-S=isolates from sewage line only.  
3.  All antibiotic  indicates the analysis was conducted using all the antibiotics.  
4.  Wilks-lambda (Stepwise) indicates that a stepwise method was used in which the program may 
remove some antibiotics from the analysis if they do not contribute to the classifications. 
5.  Abbreviations:  ARCC – Average Rate of Correct Classification; RCC – Rate of correct 
classification 
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Table D-2  Comparison of Discriminant Analysis Results Of The Revised Library Database 
Using ARP, CSU And A Combination Of All Data For Six-Way Analysis, Between The 
Human/Sewage Isolates Collected Only In 2005 And The Human/Sewage Isolates Collected in 
Both 2004 and 2005.  

 

 ARP only CSU only ARP+CSU 
% Correct 
classification 

HS 2004 
and 2005 

HS 2005 
only 

HS 2004 
and 2005 

HS 2005 
only 

HS 2004 
and 2005 

HS 2005 
only 

ARCC 40.2 44.1 62.4 67.2 67.9 72.2 
Human 35.2 52.0 71.2 93.0 74.9 94.7 
 
Non human 

  
 

  
 

  
 

Bird 44.3 45.5 59.3 61.7 65.3 65.3 
Cow 40.4 41.3 62.4 68.5 70.0 74.6 
Dog 40.0 41.2 59.4 62.9 68.2 72.4 
Horse 50.8 49.7 56.5 57.0 62.2 63.2 
Bat 35.6 35.6 56.5 61.8 59.7 64.4 
Cross-val. 
ARCC 

38.0 41.7 52.7 55.7 56.5 59.9 

 
Abbreviations:  ARP – antibiotic resistance profiles, CSU – carbon source utilization, HS – 
Human/Sewage 
 

Note: Using the ARP+CSU combined database with the 2005 Human/Sewage isolates only,  
94.7% of the human/sewage isolates were classified correctly. Use of the CSU data alone also 
provided a high level of correct classification for human; however there was a lower level of 
correct classification for the animals than the combined database. 
Results of cross-validation (also known as resubstitution analysis or leave-one-out method) 
showed only a slightly reduced ARCC for the ARP while for the CSU the difference was greater. 
This is partially an effect of the number of variables in the database (95 for CSU, 115 for 
combined ARP/CSU cf. 20 for ARP).  
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UNKNOWN SAMPLE ISOLATES 

 

Unknown source sample isolates were analyzed using by six-way classification using the 

2005 human/sewage ARA + CSU library as this provided the highest RCCs for the six-way 

classification. 

Six-way classifications found relatively similar proportions of human source isolates as 

the two-way analysis. (
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Table D-3; Figures D-1 to D-18)  Isolates identified as other animal sources varied by sample. It 

should be noted that Discriminant Analysis identifies a source for each isolate so isolates from 

sources other than those included in the library will identify as one of those in the library. For 

example, the lack of wildlife in the library will result in any wildlife isolates being classified 

perhaps as bird or bat. There were a limited number of isolates for each water/sediment sample so 

small differences in percent may only reflect a difference of one or two isolates.  
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Table D-3  Six-way percent classification of unknown source isolates from each sample as 
Human (Sewage), Bird, Bat, Cow, Horse or Dog identified using the library including the 2005 
sewage only. 
 

%Isolates Date 
received 

Sample ID Matrix 
Human 

/ 
Sewage

Bird Cow Horse Dog Bat 

Water 17.4 23.9 6.5 10.9 37 4.3 1 
Sediment 24.1 24.1 3.4 20.7 10.3 17.2 
Water 15 35 15 2.5 27.5 5 2 
Sediment 18.8 21.9 6.3 18.8 3.1 31.3 
Water 5.3 42.1 5.3 21.1 15.8 10.5 3 
Sediment 16.3 20.4 2 8.2 28.6 24.5 
Water 18.2 13.6 18.2 13.6 18.2 18.2 

8/3/2004 
(Dry 
Weather)  

7 
Sediment 20.7 6.9 6.9 20.7 37.9 6.9 

4 Water 43.3 3.3 18.3 30 5 0 
Water 31.9 10.6 10.6 21.3 10.6 14.9 5 
Sediment 33.3 6.1 3 21.2 15.2 21.2 

9 Water 58.8 3.9 13.7 5.9 7.8 9.8 

3/16/2005  
(Dry 
Weather) 

10 Water 59.1 2 8.2 12.2 10.2 8.2 
7 Water 42.9 21.4 7.1 8.9 1.8 17.9 
8 Water 41.5 17 3.8 18.9 9.4 9.4 
9 Water 77.6 10.2 0 2 4.1 6.1 

4/26/2005 
(Wet 
Weather) 

10 Water 52.6 8.8 3.5 8.8 15.8 10.5 
5/17/2005  
(Dry 
Weather) 

11 Sediment 74.5 2.1 0 17 2.1 4.3 

7/13/2005  
(Wet 
Weather) 

5 Water 51.9 7.7 15.4 15.4 3.8 5.8 

7/14/2005  
(Wet 
Weather) 

11 Water 67.3 7.7 3.8 11.5 1.9 5.8 

 

*as described on chain of custody forms received from UH with the samples 
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Six-way Classification % of Site 1 Sediment 
(08-03-04) n = 29
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Figure D-1 Six-way classification of E. coli isolates from Site 1 sediment 08/03/04 

 

 

Six-way Classification % of Site 1 Water 
(08-03-04) n = 46
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Figure D-2  Six-way classification of E. coli isolates from Site 1 water  08/03/04 
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Six-way Classification % of Site 2 Sediment 
(08-03-04) n = 32
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Figure D-3 Six-way classification of E. coli isolates from Site 2 sediment 08/03/04 

 

 

 

Six-way Classification % of Site 2 Water 
(08-03-04) n = 40
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Figure D-4 Six-way classification of E. coli isolates from Site 2 water 08/03/04 
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Six-way Classification % of Site 3 Sediment 
(08-03-04) n = 49
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Figure D-5 Six-way classification of E. coli isolates from Site 3 sediment 08/03/04 

 

 

Six-way Classification % of Site 3 Water 
(08-03-04) n = 38
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Figure D-6 Six-way classification of E. coli isolates from Site 3 water  08/03/04 
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Six-way Classification % of Site 7 Sediment 
(08-03-04) n = 29
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Figure D-7 Six-way classification of E. coli isolates from Site 7 sediment  08/03/04 

 

 

Six-way Classification % of Site 7 Water 
(08-03-04) n = 22
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Figure D-8 Six-way classification of E. coli isolates from Site 7 water   08/03/04 
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Six-way Classification % of Site 4 Water 
(03-16-05) n = 60
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Figure D-9 Six-way classification of E. coli isolates from Site 4 water   03/16/05 
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Figure D-10 Six-way classification of E. coli isolates from Site 5 water  03/16/05 
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Six-way Classification % of Site 5 Sediment 
(03-16-05) n = 33
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Figure D-11 Six-way classification of E. coli isolates from Site 5 sediment  03/16/05 
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(03-16-05) n = 51
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Figure D-12 Six-way classification of E. coli isolates from Site 9 water  03/16/05 
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Six-way Classification % of Site 10 Water 
(03-16-05) n = 49
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Figure D-13 Six-way classification of E. coli isolates from Site 10 water  03/16/05 

 

 

Six-way Classification % of Site 7 Water 
(04-26-05) n = 56
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Figure D-14 Six-way classification of E. coli isolates from Site 7 water  04/26/05 
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Six-way Classification % of Site 8 Water 
(04-26-05) n = 53
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Figure D-15 Six-way classification of E. coli isolates from Site 8 water    04/26/05 
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Figure D-16 Six-way classification of E. coli isolates from Site 9 water    04/26/05 
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Six-way Classification % of Site 10 Water 
(04-26-05) n = 57
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Figure D-17 Six-way classification of E. coli isolates from Site 10 water   04/26/05 

Six-way Classification % of Site 11 Sediment 
(05-17-05) n = 47
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Figure D-18 Six-way classification of E. coli isolates from Site 11 sediment 05/17/05 

 

 



Contract # 582-0-80121/ Work Order # 582-0-80121-08 – Draft Final Report 

 
 

 
20

Six-way Classification % of Site 5 Water 
(07-13-05) n = 52
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Figure D-19 Six-way classification of E. coli isolates from Site 5 water  07/13/05 
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Figure D-20 Six-way classification of E. coli isolates from Site 11 water  07/14/05 
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APPENDIX E 

TIME VARYING FLOW EXCEL TOOL 

 

 

Please see Appendix F Directory on Attached CD 
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APPENDIX F 

HSPF SEDIMENT PARAMETERS 

 

Please see Appendix F Directory on Attached CD 
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APPENDIX G 

SELF-REPORTED FLOWS USED FOR FLOW AND TSS LOAD 

DEVELOPMENT 

 

 

Please see Appendix G Directory on Attached CD 

 




