
The authors are solely responsible for the content of this technical presentation. The technical presentation does not necessarily reflect the 
official position of ASAE or CSAE, and its printing and distribution does not constitute an endorsement of views which may be expressed. 
Technical presentations are not subject to the formal peer review process, therefore, they are not to be presented as refereed publications. 
Citation of this work should state that it is from an ASAE/CSAE meeting paper. EXAMPLE: Author's Last Name, Initials. 2004. Title of 
Presentation. ASAE/CSAE Meeting Paper No. 04xxxx. St. Joseph, Mich.: ASAE. For information about securing permission to reprint or 
reproduce a technical presentation, please contact ASAE at hq@asae.org or 269-429-0300 (2950 Niles Road, St. Joseph, MI 49085-9659 
USA). 

 

                 
 

An ASAE/CSAE Meeting Presentation                                                   Paper Number: 044071 

Evaluation of Stream Sampling Methodologies For 
Fecal Coliform Bacteria 

M.R. Monroe, Graduate Student 
West Texas A&M University 
Department of Life, Earth and Environmental Sciences 
Canyon, TX  
 

W.J. Rogers, Ph.D. 
West Texas A&M University 
Department of Life, Earth and Environmental Sciences 
Canyon, TX  
 

D.B. Parker, Ph.D., P.E. 
West Texas A&M University 
Canyon, TX  
 

Written for presentation at the 
2004 ASAE/CSAE Annual International Meeting 

Sponsored by ASAE/CSAE 
Fairmont Chateau Laurier, The Westin, Government Centre 

Ottawa, Ontario, Canada 
1 - 4 August 2004 

Abstract. The agricultural community and its effect on surface water quality is coming under 
increased public and regulatory scrutiny. One key component of water quality monitoring is the 
assessment of organisms that indicate the presence of  fecal material and the possible presence of 
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pathogenic organisms.  Coliform bacteria and Escherichia coli are the two primary freshwater 
indicator organisms monitored by regulatory agencies.  Demonstration of compliance with surface 
water quality standards requires the development of sampling strategies that provide defensible and 
cost effective results.  While sample handling and analysis have been addressed in detail, little 
attention has been given to sample site selection and collection of representative samples.  The 
current EPA recommendation is that, for compliance samples, a minimum of 5 single samples over a 
30-day period should be used.  There is no guidance on sample site location.  Concern has been 
voiced over the wide range and representativeness of the results using this approach.  Research 
was conducted at four study areas within the Texas Panhandle to evaluate stream morphology-
based judgmental sampling methodologies.  Stream concentration estimates of the standard 
freshwater indicator organism Escherichia coli,  produced by various judgmental sample 
combinations, were compared to average stream concentrations determined from randomly selected 
samples collect over the same stream stretch.  Results from stream morphology-based samples 
were compared to statistically defensible stream sampling results to determine if a representative, 
defensible and cost effective sampling methodology could be developed.  Results demonstrated the 
possibility of obtaining a wide range of concentration estimates using the EPA approach and that a 
judgmental, three-event mid-run sampling methodology may provide representative results. 

Keywords. stream sampling, sampling methodology, Escherichia coli, Colilert 
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Introduction 
The impact of the agricultural industry on water quality has become a primary concern of the 
regulatory community, the public and the water supply industry.  Activities such as confined 
animal feeding operations have been required to conduct monitoring of their operations to 
ensure they are not contaminating surface waters. One of the primary concerns is the potential 
impact of runoff on bacteria levels in surface water.  Regulatory agencies have established 
limits for surface water bacterial concentrations based on use classification. For example, in 
Texas the maximum allowable concentration for Escherichia Coli (E. coli) in contact recreational 
water is 126 colonies per 100 ml and no single sample can exceed 394 colonies per 100 ml.  
While standard methods have been developed for laboratory analysis techniques and sample 
handling, no procedures or protocols have been adopted addressing the collection of a 
representative stream sample.  For example, the Texas Commission on Environmental Quality’s 
(TCEQ)  "Surface Water Quality Monitoring Procedures Manual RG-415" (December, 2003) 
states that the samples are, "to be collected at established monitoring stations," and new 
stations should be "representative of water quality conditions of an entire water body.”  The 
guidance further states that the samples should be collected from the “centroid”, or that area 
containing approximately 50% of the flow.  Specific guidance on how to select sampling 
locations is not addressed. The previous TCEQ (1999) guidance stated that no less than 5 
samples collected over a 30-day period were needed to determine standard compliance.  The 
current TCEQ Surface Water Quality Monitoring Procedures Manual (2003) gives no guidance 
as to the number of samples needed to determine standard compliance.  A review of other 
state’s regulations revealed similar lack of detailed recommendations, with either no 
recommendations of sampling number to a range of one to five.  Recent field sampling by West 
Texas A&M University (Barrachina, 2001) has shown that fecal coliform concentrations can vary 
significantly based on the sampling location within a stream segment. 

The objective of this research was to determine if a judgmental stream segment sampling 
protocol, based on stream morphology, could be developed that would be both efficient and 
representative of the statistically defensible stream segment results.  Stream segments were 
sampled to assess the variability in coliform concentrations within those segments based on 
stream morphology and characteristics such as riffles, runs and pools.  Judgmental sampling 
protocols were tested and compared to the statistically defensible stream segment estimates to 
determine if such streamlined sampling protocols produced representative and defensible 
results.   

  

LITERATURE REVIEW 
Regulatory guidelines establishing acceptable water quality standards have been implemented 
at both the national and state levels.  One component of water quality monitoring involves 
testing waters to determine if pathogenic microorganisms are present.  In 1976 the United 
States Environmental Protection Agency (USEPA) recommended using fecal coliforms as 
indicators of recreational water quality (USEPA, 1976). Coliforms are defined as facultative 
anaerobic, gram-negative, non-spore forming, rod-shaped bacteria that ferment lactose with gas 
and acid formation within 48 hours at 35 °C (Standard Methods for the Examination of Water 
and Wastewater, 1998) and as β-galactosidase-positive bacteria belonging to the family 
Enterobacteriaceae (Leclerc et al., 2001).  “Fecal coliform” is the term used to describe 
thermophillic coliforms which are indigenous to the intestinal tract of warm blooded organisms. 
In 1986, the EPA recommended the use of two specific “indicator” bacteria for monitoring 
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recreational water quality.  Enterococci were recommended as indicator organisms for marine 
waters and freshwaters and E. coli for freshwaters only.  This recommendation was based on a 
study that found a high correlation between the number of swimming-associated gastrointestinal 
illnesses and the concentration of E. coli or enterococci at freshwater beaches (USEPA, 1984).  
E. coli  is useful as an indicator organism as it naturally occurs almost completely within the 
intestinal tracts of humans and warm blooded organisms (Leclerc et al., 2001)  Its presence in 
water indicates fecal contamination and the potential presence of pathogenic organisms (An et 
al., 2002).  Sources of E. coli  in surface water include municipal wastewater discharges, septic 
leachate, agricultural and storm runoff, wildlife populations and other non-point sources (An et 
al., 2002).  States have been mandated by the United States Congress to develop ambient 
water quality standards (40 CFR 131(A)(a)) that protect the water’s designated use ( 40 CFR 
131.2).  In Texas, the acceptable concentration of E. coli in contact recreational waters is 126 
colonies/100ml (geometric mean) with no single sample exceeding 394 colonies/100ml (30 TAC 
307.7(b)(1)(A)(i)). TCEQ guidance is silent on the numbers of samples and sample site 
selection, other than that the samples should be collected from the centroid of the flow. The 
guidance only states that sampling locations are to be at “established monitoring stations”, and 
that new monitoring stations are to be “representative of all areas of the water body”. 
(TCEQ,2003).  

Research has indicated a high degree of variability in coliform concentrations in streams based 
on stream morphology and characteristics (Parker and Rogers, 2000).  Barrachina (2001) found 
that a combination of samples from the run of a stream, or from the middle of the mid-points of 
the riffle, run and pool were most likely to reflect the mean concentration of the stream.  
Barrachina (2001) also found that when sampling a riffle-run-pool stream segment, twelve 
random samples typically provided a high degree of statistical confidence in determining stream 
coliform concentrations in that segment.  This research expands upon the work of Barrachina 
(2001). 

MATERIALS AND METHODS 

LOCATION OF STUDY AREAS 

Four streams located in the Texas Panhandle were selected for this study.  The first stream was 
the Prairie Dog Town Fork of the Red River (PDC) in Randall County.  The study area was 
located in Palo Duro Canyon State Park at a point upstream from Water Crossing #1.  The 
second was Wolf Creek (WOLF) in Ochiltree County.  The study area was located on a private 
ranch south of Follett, Texas.  The third was Skillet Creek (SKILLET) in southeastern Gray 
County.  The study area was located on a private ranch south of McLean, Texas.  The fourth 
was Buck Creek (BUCK) in Collingsworth County.  The study area was located on public right-
of-way beneath a bridge on U.S. Highway 62.   

STUDY AREA DESCRIPTIONS 

The four study sites sampled in this study represented varying levels of flow, human/animal 
usage and expected coliform concentration.  All four sites have perennial flow, except during 
times of drought.  The water in the Buck Creek, Wolf Creek and Skillet Creek sites comes from 
springs and precipitation runoff.  The water in the Prairie Dog Town Fork of the Red River 
comes from runoff, springs and wastewater discharge from the city of Amarillo.  The Wolf Creek 
and Skillet Creek study areas are subject to direct usage by cattle and have relatively little 
human usage.  The area upstream of Buck Creek area is used for cattle grazing but the area 
immediately around the study area is not grazed.  The Palo Duro Canyon study area is a 
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popular recreation area with little or no cattle livestock use in the immediate area.  The 
variations in exposure and nature of flow were chosen in an attempt to sample streams with 
high, medium and low levels of coliform concentration.    

SITE ASSESSMENT 

Three sampling events were conducted at each study area.  Each sampling event at each study 
area was conducted on different days, with the exception of Skillet Creek.  The three sampling 
events at Skillet Creek were all conducted on the same day at different locations.  The same 
segment at each study area was sampled during each of the sampling events, with the 
exception of Skillet Creek.  At each site, a visual inspection was first conducted to characterize 
the stream’s riffle-run-pool pattern and to then locate a representative segment of the stream 
containing a control and an associated riffle-run-pool subsegment-sequence.  In this study a 
riffle was considered to be a subsegment of rapid, uniformly shallow flow with visible 
disturbance of the surface by gravel, rubble or boulders found at and immediately below a 
hydraulic control in the stream.  A run was considered a subsegment with visible water 
movement, usually deeper than the riffle but shallower than the pool, where the surface was no 
longer broken by the underlying substrate.  A pool was considered to be a subsegment 
immediately downstream from the run, immediately above the next hydraulic control.  Pools are 
typically deeper than the riffle and run, with little visible flow.  Once the segment was selected 
the downstream and upstream hydraulic controls were identified for the stream segment.  A 100 
m field tape was unrolled in an upstream-to-downstream manner, parallel to the segment, from 
the uppermost portion of the controls (Figure 1).  Survey flags were then placed to identify the 
upstream and downstream ends of the segment and the locations of each subsegment. 

 

 
Fig. 1.0 Diagram of Site Assessment Setup 

The mid point of the riffle, run and pool subsegments was then located and flagged.  The length 
of the entire stretch, the beginning and ending of each riffle, run and pool and the distance of 
each mid-point were noted and recorded.  The pH, temperature and conductivity were 
measured and recorded along with weather conditions, sampling date and time.  A general 
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description of the study area, including recent human and animal activity, noticeable aquatic life, 
stream bank condition and any unique factors which might influence results were also recorded.  
Table 1.0 lists the lengths, range in width, temperature, pH and conductivity for each of the 
three sampling events at all four study areas.   

 

Table 1.0: Physical and chemical data for each sampling event. 

Study Area 
Length 

(meters) 
Width Range 

(meters) 
Temperature 

(Celsius) pH Conductivity 
PDC 1 12.8 1.2 - 2.1 23.3 9.05 1743 µs/cm 
PDC 2 13.1 1.4 - 2.4 15.6 8.6 1.98 ms/cm 
PDC 3 12.4 1.2 - 2.4 28.3 8.3 1914 µs/cm 
WOLF 1 19.9 0.9 - 2.4 24.3 8.25 913 µs/cm 
WOLF 2 19.7 1.2 - 2.5 23.2 8.5 n/a 
WOLF 3 20.7 0.9 - 2.7 27.2 8.15 1058 µs/cm 
SKILLET 1 21.9 1.21 - 2.4 10.5 8.48 2.2 ms/cm 
SKILLET 2 22.9 1.5 - 2.4 11.9 8.18 2.17 ms/cm 
SKILLET 3 8.8 2.4 - 2.7 12.3 8.37 1853 µs/cm 
BUCK 1 30.5 2.1 - 4.6 30.6 7.65 3.59 ms/cm 
BUCK 2 28.9 0.6 - 3.0  32.9 7.3 3.84 ms/cm 
BUCK 3 17.9 0.6 - 4.6 23.1 8.06 3.25 ms/cm 

 

SAMPLE COLLECTION  

Sampling was conducted in a downstream-to-upstream manner.  Samples were collected in 
pre-labeled, plastic, sterile, one-hundred milliliter bottles that were pre-treated with sodium 
thiosulfate (Na2S2O3) to neutralize any chlorine which might be present in the sample.  The 
sampler faced upstream and collected the samples standing immediately downstream from the 
sampling spot.  The sampler wore sterile gloves and collected the samples at approximately 
one-half the depth of the water.  Sample bottles were only opened underwater and were closed 
once filled.  In shallow water care was taken to ensure sediments were not incorporated into the 
samples.  Occasionally debris or sandbars were encountered at the identified sample collection 
location. In such cases, the sampler obtained the sample from the nearest accessible point on 
either the left or right side of the sampling location.  Upon completion of sampling, all samples 
were placed on ice in a cooler and maintained at 4 degrees centigrade for transport back to the 
laboratory.  Sample collection, transport, processing and incubation were all completed within 
the required six hours of sample collection.  

RANDOM SAMPLING 

Twelve random samples were collected in each stream segment.  The collection location of 
each random sample was determined by a set of x-y coordinates derived from a table of random 
numbers which was generated using Microsoft’s EXCEL.  The x-coordinate established the 
distance of the sample downstream from the beginning of the segment (i.e. the riffle).  The 
distance was measured using the field tape on the streambank.  The y-coordinate established 
the distance of the sample along a line perpendicular to the spot on the bank denoted by the x-
coordinate.  Twelve pairs of x-y coordinates were generated, one set for each random sample.  

JUDGMENTAL SAMPLING 

Nine judgmental sampling locations were selected for sampling.  These sampling locations were 
based on work conducted by Barrachina (2001) and consisted of a right and left edge and a 
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midstream sample at a transect across the midpoint of the segment riffle, run and pool (Figure 
1).  The collection location of the judgmental samples was visually determined by noting the 
position of the survey flag that had been placed next to the field tape at the mid-points of each 
stream subsegment.  The y-coordinate of each judgmental sample depended on the sampler’s 
selection of spots at midpoint and then at arm’s reach from each edge.   

QUALITY CONTROL SAMPLES 

Quality control (QC) samples were collected during sampling to ensure sampling integrity. 
These samples included blank samples, media blanks, equipment blanks, sequential duplicates 
and split samples.   

Blank samples included trip blanks and media blanks.  Trip blanks were samples that were 
prepared in the laboratory with autoclaved water and were handled in that same manner as the 
random and judgmental samples but were not opened in the field. These QC samples were 
used to assure that no contamination occurred during sample transport or during sample bottle 
preparation and analysis.  Media blanks were samples collected at the sample site that were 
incubated without the addition of growth media.  These samples were used to ensure that the 
water was free of any substances that might produce florescence.  Equipment blanks were 
samples which tested the sterility of the enumeration trays used in the Colilert process.   

Sequential duplicate samples were collected at the same in-stream location, at the same depth, 
in as fast a manner as possible to test the variability of coliform concentrations at the same in-
stream location from moment to moment.   

Split samples were 100 ml samples, collected at the same location as one of the random or 
judgmental samples, which were split into two 50 ml fractions prior to analysis and analyzed 
separately.  

SAMPLE ANALYSIS 

Samples were analyzed in a laboratory at West Texas A&M University using the Colilert® 
Quanti-Tray 2000® method. Samples were opened and excess sample was removed to the 100 
ml mark on the sample bottle.  Colilert reagent was added to each sample.  This involved the 
addition of the entire contents of one snap-packet of Colilert reagent.  Samples were poured into 
pre-labeled multiple-well trays.  Once a sample was completely emptied into the tray, the tray 
was sealed using an IDEXX Laboratories sealer.  Samples were then placed into a large 
THELCO® 32M incubator and incubated at thirty-five degrees (Celsius) for twenty-four hours.    
After incubation the trays were inspected for florescence under a long wave UV lamp. Each 
Quanti-Tray 2000 tray is divided into ninety-seven “wells” of two sizes, forty-eight small wells, 
forty-eight large wells and a large overflow well at one end of the tray.  Wells that fluoresced 
were marked.  The large and small wells on each tray which were yellow and which had 
fluoresced were then counted and the totals were recorded on a results sheet.  The two 
numbers—the number of small wells that were positive and the number of large numbers that 
were positive—were cross-referenced on a IDEXX most probable number (MPN) sheet to 
determine the most probable number of E. coli colonies in each sample.  

COLILERT® 

Colilert® is a process developed by IDEXX Laboratories (Westbrook, ME) which uses Defined 
Substrate Technology® (DST®) to simultaneously detect and enumerate coliforms and 
Eschrichia coli (E. coli) in water.  The Colilert method is approved by the EPA for the detection 
of total coliforms(40 CFR 141.21(f)(6)(iii)) and E. coli (40 CFR 141 (f)(6)(iii)) as well as by the 
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TCEQ (2003).  Colilert utilizes technology that provides a hydrolyzable substrate which serves 
as a specific indicator nutrient for target microbes (Edberg et al., 1988).  Colilert has been tested 
for effectiveness in drinking water (Edberg et al., 1988), treated wastewater and surface water 
(Elmund et al., 1999).  Colilert uses a patented media that supports the growth of target 
organisms while suppressing the growth of non-target organisms.  The media used in Colilert 
provides two substances that serve as the primary carbon sources for target organisms.  The 
first substance, used to detect the presence of coliforms, is orthonitrophenyl galactosidase 
(ONPG).  ONPG is hydrolyzed by coliforms to produce galactopyranoside, which is further 
metabolized by the organism, and orthonitrophenyl, which is a chromagen.  The presence of 
orthonitrophenyl causes the sample to turn yellow.  The second substance, used to detect the 
presence of E. coli, is 4-methylumbelliferryl-β-D-glucuronide (MUG).  MUG is cleaved by the 
enzyme β-glucuronidase to yield glucuronide, which is further metabolized by E. coli, and 
methylumbelliferone, a substance which fluoresces when subjected to long wavelength (366-
nm) ultraviolet light.  Fluorescence indicates the presence of E. coli.  The Colilert method has 
been compared to other coliform detection methods in many different studies.  Studies have 
shown that the Colilert method is capable of detecting coliform concentrations at 1 colony per 
100ml (Edberg et al., 1988; Fricker et al., 1995; Covert et al., 1992), that the method supports 
the growth of injured coliforms (Edberg et al., 1988), and that the Colilert method is not 
adversely affected by false negatives or false positives resulting from interference by 
heterotrophic bacteria (Covert et al., 1989; Edberg et al., 1988; Elmund et al., 1999).  The 
Colilert method, which can be used in either presence/absence tests or most-probable-number 
tests (Covert et al., 1989), has been compared to the multiple-tube-fermentation method (Covert 
et al., 1992; Edberg et al., 1988; Ellgas et al.,1993; Jacobs et al., 1986) and to membrane 
filtration methods (Jacobs et al., 1986; Fricker et al., 1995, 1996; Francy and Darner, 1999). 

DATA ANALYSIS 

First the variability within each study area was determined by identifying the high and low 
random samples from each sampling event, and boxplots were constructed to illustrate the 
variability within each set of random samples and each judgmental sampling combination.  
Second, the geometric mean bacterial concentration of each study area was calculated from the 
three grouped sets of twelve random samples (n=36) as recommended by both the EPA and 
TCEQ to determine stream compliance.  Research by Barrachina (2001) indicated that twelve 
random samples was an adequate number of samples for the determination of a statistically 
significant geometric mean bacterial concentration in streams. For analysis of various stream-
morphology based sampling methodologies, the judgmental samples were grouped into sets of 
three (one per day for three days) and sets of nine (three per day for three days) and the 
geometric mean of each group was calculated.  The three-sample judgmental sampling groups 
were: 1)right edge riffle; 2)left edge riffle; 3)midstream riffle; 4)right edge run; 5)left edge run; 
6)midstream run; 7)right edge pool; 8)left edge pool and 9)midstream pool (See Figure 1).  The 
grouping was based on two assumptions.  The first assumption was that the investigator was 
required to collect three samples from a study area for a determination of the stream’s 
geometric mean concentration.  Three samples was considered to be the minimum required to 
obtain a statistically significant sample under the best of conditions and the basis for the three 
sample judgmental approach.  The second assumption was that the investigator collected each 
of the three samples from roughly the same physical location within the stream (mid-run, edge 
of the pool, etc.).  This assumes that a sampler would use either the recommended centroid 
approach (50% of the flow and typically a mid run, riffle or pool) or a convenient most accessible 
edge sample.  The nine-sample judgmental sampling groups were: 1)mid riffle, mid run, mid 
pool; 2)left edge, midstream, right edge riffle; 3)left edge, midstream, right edge run; 4)left edge, 
midstream, right edge pool; 5)left edge riffle, run, pool; 6)right edge riffle, run, pool (See Figure 
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1.0).  The nine-sample judgmental sampling groups were assessed to determine if any benefits 
were produced through a daily increase in sampling size.  The Relative Percent Difference 
(RPD) of the geometric mean of each judgmental sample combination from the geometric mean 
of the random samples was then determined using the following equation (Csurous,1994): 

[1]    
( )
A B
A B

−
+ ×

2

100  

RESULTS 
A total of nearly 300 samples were collected and analyzed during this study.  Each sampling 
event involved the collection of twelve random samples, nine judgmental samples, and QC 
samples.  All of the QC samples collected during the study (trip blanks, media blanks and 
equipment blanks) tested negative for coliforms and fluorescence.  The results from the random 
and judgmental sampling were compiled and analyzed as described previously.  A review of the 
data produced by the analysis was conducted to determine how much variability could be 
expected between individual samples taken within any given stream segment and within the 
three sampling events at that segment.  In many cases single samples at a single monitoring 
station have been used for stream characterization and monitoring of coliform concentrations.  
The high and low sample values from each of the three sampling events at the four study areas 
are shown in Table 2.0. 

Table 2.0: High and low E. coli concentrations (colonies/100ml) from each study area. 

SITE Event LOW HIGH SITE Event LOW HIGH 
PDC 1 2.0 9.7 WOLF 1 55.4 107.6 
  2 21.6 36.4   2 15.5 45.0 
  3 135.4 344.1   3 5.2 28.8 
BUCK 1 57.3 121.1 SKILLET 1 178.9 325.5 
  2 25.6 387.3   2 162.4 307.6 
  3 17.3 37.9   3 70.6 178.9 

 

On average, the highest observed value at any of the sites was between two and five times 
greater than the lowest observed value.  In one extreme case, Buck Creek 2, the highest 
observed value, a run, was fifteen times greater than the lowest observed value, which was 
found in the riffle.  Table 3.0 lists the distribution of high and low samples (as determined by 
their E. coli concentration) from all four study areas among the riffle, run and pool subsegments.   

 

Table 3.0: Number of high and low samples in each subsegment. 

GROUP Riffle Run Pool
Low 5.5 2.5 4 
High 1.5 3 7.5 

 

More low values were observed in the riffle subsegments than in the run or pool subsegments, 
and more high values were observed in the pools than in either the riffles or the runs.  The 
observation of high and low samples was not exclusive to any one subsegment.  
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Figures 2.0,2.1, 2.2,and 2.3 show boxplots for each study area.  The boxplots represent the 
random samples (n=36) and three-sample judgmental sampling combinations (n=3).   

 
Fig. 2.0 Palo Duro Canyon         Fig. 2.1 Buck Creek 

 
    Figure 2.2 Skillet Creek           Figure 2.3 Wolf Creek 

In three out of four study areas the ranges of all judgmental combinations (n=3) fell within the 
range covered by the random samples (n=36).  The variance within each of the judgmental 
combinations was not uniform among all sample groups.  In three of the study areas, edge 
sample combinations (n=3) displayed the lowest variance; however, in some instances the edge 
samples opposite the low-variance edge sample (left edge or right edge) had a very high 
sample variance. Low variance was not exclusive to edge sample groups, nor was it a 
commonality.  Rather, edge sample combinations also displayed the highest variance among all 
judgmental sample combinations.  In one instance, the mid run sample combination had the 
lowest variance.  The midstream sample groups (riffle, run and pool) never displayed the 
highest variance.   

Figures 3.0, 3.1, 3.2, 3.3 show boxplots for each study area.  The boxplots represent the 
random samples (n=36) and the nine-sample judgmental sampling combinations (n=9).   
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Fig. 3.0 Palo Duro Canyon          Fig. 3.1 Buck Creek 

 
    Fig. 3.2 Skillet Creek            Fig. 3.3 Wolf Creek 

In three of the study groups, the range of all judgmental sampling combinations (n=9) fell within 
the range of the study area (n=36).  The variance within each of the judgmental sampling 
combinations was not uniform.  The samples from the run (n=9) had the lowest variance in three 
of the study areas and never had the highest variance.   

Table 4.0 shows the geometric means and descriptive statistics for the study areas (n=36) and 
the three sample judgmental sampling combinations (n=3).   

 

Table 4.0: Geometric means and descriptive statistics for the study areas and the three-sample 
judgmental combinations. 

SITE  

Study 
Area 

Riffle- 
Right 
Edge 

Riffle- 
Left 

Edge 

Mid-
Riffle 

Run-
Right 
Edge 

Run-
Left 

Edge 

Mid-    
Run 

Pool-
Right 
Edge 

Pool- 
Left 

Edge 

Mid 
Pool 

 Sample Size n=36 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 
PDC Low 2 2 5.2 8.4 4.1 3.1 5.2 6.3 5.2 3.1 

 High 344.1 172.3 285.1 220.9 178.2 224.7 190.4 272.3 248.1 187.2 
 GeoMean (GM) 31.2 21.7 37.6 39.1 30.9 26.3 32.4 37.2 34 24.2 
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Difference 
From Study 

Area GM 
 -9.5 6.4 7.9 -0.3 -4.9 1.2 6 2.8 -7 

 

Relative % 
Difference 

(RPD) 
 22.6% 12.8% 15.6% 0.6% 11.0% 2.5% 12.0% 5.8% 16.2% 

 RPD Rank  9 6 7 1 4 2 5 3 8 
 Median 27.2 29.5 35.9 32.3 40.4 26.2 34.5 30.1 30.5 24.3 
 Std. Dev 101.67 91.42 153.5 116.4 91.84 121.82 99.55 147.89 133.53 100.73 
 Variance 10338 8358 23564.5 13549 8436 14840 9910 21663 17831 10146 

Buck Low 17.3 32.7 18.7 17.1 24.6 21.3 33.2 24.3 27.8 26.2 
 High 387.3 88.8 43.5 56.1 73.3 65.7 48.9 86.5 120.1 88.2 
 GeoMean (GM) 54.9 52.2 26.4 31.9 49.1 30.8 37.9 51.1 64.5 57.5 

 

Difference 
From Study 

Area GM 
 -2.7 -28.5 -23 -5.8 -24.1 -17 -3.8 9.6 2.6 

 

Relative % 
Difference 

(RPD) 
 3.3% 41.9% 32.5% 7.3% 34.3% 23.0% 4.7% 11.0% 3.1% 

 RPD Rank  2 9 7 4 8 6 3 5 1 
 Median  48.9 22.6 33.7 65.7 21.3 33.6 63.3 80.5 88.2 
 Std. Dev  28.87 13.34 19.57 26.6 25.75 8.95 31.43 46.3 34.21 
 Variance  833 177 383 686 663 80 988 21444 1171 

Skillet Low 70.6 62 77.1 90.7 83.9 73.3 82 98.5 75.4 88.2 
 High 325.5 290.9 365.4 235.9 214.3 298.7 272.3 272.3 298.7 275.5 
 GeoMean (GM) 172.4 131.4 185.9 167.3 151.1 168.6 168.5 188.3 155.5 143.3 

 

Difference 
From Study 

Area GM 
 -41 13.5 -5.1 -21.3 -3.8 -3.9 15.9 -16.9 -29.1 

 

Relative % 
Difference 

(RPD) 
 17.2% 5.1% 2.0% 8.6% 1.5% 1.5% 6.0% 6.8% 11.9% 

 
RPD Rank  8 3 2 6 1 1 4 5 7 

 Median 186.4 125.9 228.2 218.7 191.8 218.7 214.3 248.9 166.9 121.1 
 Std. Dev 70.35 118.1 144.2 79.33 69.7 114.27 97.54 94.31 112.25 100 
 Variance 4950 13950 20795 6293 4858 13057 9513 8895 12601 10000 

Wolf Low 5.2 10.9 13.4 7.4 12.2 13.5 10.9 6.3 7.4 13.4 
 High 107.6 69.7 72.3 60.5 70.3 45.2 52 58.8 82 64.5 
 GeoMean (GM) 29.3 28.3 32.9 24.1 27.6 26.4 29.4 19 24.8 30.1 

 

Difference 
From Study 

Area GM 
 -1 3.6 -5.2 -1.7 -2.9 0.1 -10.3 -4.5 0.8 

 

Relative % 
Difference 

(RPD) 
 2.3% 7.9% 12.6% 3.9% 6.8% 0.2% 26.5% 10.8% 1.8% 

 
RPD Rank  3 6 8 4 5 1 9 7 2 

 Median 30.95 29.8 36.8 31.4 24.6 31.1 45 18.5 25 31.4 
 Std. Dev 27.96 30.01 29.66 26.59 30.6 15.86 21.99 27.47 38.99 25.92 
 Variance 781 901 879 707 936 251 483 754 1520 671 

The sample group from mid-run ranked the lowest in Relative Percent Difference (RPD) from 
the geometric mean of the study area 50% of the time and had the lowest average RPD rank 
among all nine three-sample combinations.  When each sample group’s RPD was averaged, 
the right edge run sample groups had the lowest average RPD and the mid run sample group 
had the second lowest average RPD.  Table 5.0 lists the geometric means for the study areas 
(n=36) and the nine-sample judgmental sampling combinations (n=9).  

  

Table 5.0: Geometric means and descriptive statistics for the study areas and the nine sample 
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judgmental sampling combinations.  

Site  Study 
Area Mids Riffle Run Pool L. Edge R. Edge 

 Sample Size n=36 n=9 n=9 n=9 n=9 n=9 n=9 
PDC Low 2 3.1 2 3.1 3.1 3.1 2 

 High 344.1 220.9 285.1 224.7 248.1 285.1 272.3 
 Geomean 31.2 31.3 31.7 29.8 31.3 32.3 29.2 

 
Relative % 
Difference 

(RPD) 
 0.21% 1.06% 3.04% 0.21% 2.32% 4.37% 

 RPD Rank  1(tie) 2 4 1(tie) 3 5 
 Median 27.2 32.3 32.3 34.5 30.1 30.5 30.1 
 Std. Dev 101.67 91.92 108.08 91.21 112.29 119.03 99.45 
 Variance 10338 8449 11680 8319 12608 14168 9895 

Buck Low 17.3 17.1 17.1 20.9 24.3 18.7 24.3 
 High 387.3 88.2 88.8 65.7 120.1 120.1 88.8 
 Geomean 54.9 41.1 35.3 38.6 57.4 37.4 50.8 

 
Relative % 
Difference 

(RPD) 
 18.29% 27.02% 21.97% 2.99% 23.78% 5.11% 

 RPD Rank  3 6 4 1 5 2 

 Median 63.1 33.7 33.7 33.6 80.5 27.8 63.3 
 Std. Dev 69.83 24.75 22.65 20.81 33.73 35.24 25.09 
 Variance 4875 612 513 433 1137 1241 629 

Skillet Low 70.6 82 62 73.3 75.4 73.3 62 
 High 325.5 275.5 365.4 298.7 298.7 365.4 290.9 
 Geomean 172.4 159.3 159.9 162.5 161.3 169.5 155.2 

 
Relative % 
Difference 

(RPD) 
 5.20% 4.95% 3.90% 4.39% 1.13% 6.88% 

 RPD Rank  5 4 2 3 1 6 

 Median 175.5 214.3 218.7 214.3 166.9 218.7 191.8 
 Std. Dev 70.36 81.29 105.12 84.21 90.87 109.41 86.24 
 Variance 4950 6607 11051 7090 8256 11970 7437 

Wolf Low 5.2 7.4 7.4 10.9 7.4 7.4 6.3 
 High 107.6 64.5 72.3 70.3 82 82 70.3 
 Geomean 29.3 27.7 28.2 27.8 24.2 27.8 24.6 

 
Relative % 
Difference 

(RPD) 
 3.71% 2.53% 3.47% 12.32% 3.47% 11.30% 

 RPD Rank  3 1 2(tie) 4 2(tie) 5 

 Median 75.9 31.4 31.4 30.1 25 30.1 24.6 
 Std. Dev 27.96 21.63 25.16 20.68 27.56 26.24 25.8 
 Variance 781 468 633 427 759 688 665 

When groups of nine samples were analyzed instead of three samples, the pool sample group’s 
RPD from the study area geometric mean ranked or tied for the lowest 50% of the time. In 
Skillet Creek the left edge’s RPD ranked the lowest, and in Wolf Creek the riffle ranked the 
lowest.  Samples from midstream tied with the pool sample group in lowest RPD at the Palo 
Duro Canyon study area.  When the all sample group’s RPD’s were averaged, the pool had the 
lowest average, and the sample group from midstream had the second lowest average.   

DISCUSSION 
Research by Parker and Rogers (2000) and Barrachina (2001) indicated significant variability in 
stream coliform counts within stream segments based on stream morphology and 
characteristics.  A review of over 180 samples collected on the four study streams indicated a 
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single sample variability of up to 15x within a single stream segment.  A stream could be 
deemed “non-compliant” if any single sample or combination of samples demonstrated an E. 
coli concentration higher than the regulatory values.  TCEQ guidance states that samples 
should be collected that are representative of the entire water body.  It is possible that a  
sampler could overestimate or underestimate a stream segment’s E. coli concentration if 
judgmental samples are not based on a stream sampling protocol.  Collecting more samples at 
the wrong location would not significantly improve the representativeness of the data as 
indicated by the comparison of more samples (Table 4).  It has been recommended that 
samples be collected from the “centroid” (TCEQ, 2003) or the “middle of the stream” (Standard 
Methods for the Examination of Water and Wastewater, 20th ed.); however, no guidance on 
sample numbers or approach has been adopted.  As indicated by this research, E. coli 
concentrations within a stream segment can vary significantly.  The collection of statistically 
significant random samples (i.e. 12 samples), while preferable, is undoubtedly beyond both the 
staffing and budgetary resources of both the regulatory and regulated community.  It is therefore 
necessary to determine if judgmental sampling protocol can be developed to provide 
representative results which can be applied consistently over numerous sites to assure 
consistency in regulatory oversight and comparison of results to regulatory values.  Previous 
work by Barrachina (2001) found that a combination of samples from the run of a stream, or 
from the middle of the mid-points of the riffle, run and pool were most likely to reflect the mean 
concentration of the stream.  This study has shown 1) the possibility for a wide variance 
between single sample values within a stream segment and 2) in three of the four study areas a 
three-sample sampling methodology involving the collection of three mid run samples provided 
estimates that ranked or tied as the lowest (0.2%, 1.5%) or second lowest (2.5%) among all 
sample groups in relative percent difference from the geometric mean stream concentration. 

Conclusion 
This research indicated that a mid-run sampling protocol could provide reasonably close and 
representative estimates of a stream E. coli  concentration estimate when compared to a 
random sample design.  While this approach cannot be considered statistically defensible, it 
does provide a consistent and replicable approach to stream sampling based on stream 
morphology which could be a useful, cost effective approach to monitor stream E. coli 
concentrations.  The mid-run, three event judgmental sampling protocol provided samples that 
approximated the stream segment estimates derived from random sampling.  The judgmental 
protocol, while not entirely statistically defensible, does provide a consistent sampling approach 
which could provide consistent data for stream monitoring purposes.  This data shows that 
merely increasing numbers of judgmental samples at the wrong locations does not necessarily 
increase the representativeness of the samples.  This supports the old axiom that “the result of 
any testing method can be no better than the sample on which it is performed” (Standard 
Methods for the Examination of Water and Wastewater, 1998) 
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