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The Environmental Monitoring and Assessment Program (EMAP) site selection

protocol was used to generate a random sample of streams throughout the state of

Oregon. One hundred and forty-six selected streams were sampled during the summer,

low-flow period of 1997. Traditional microbial public health indicators, including

heterotrophic plate counts (HPC), total coliforms (TC), fecal coliforms (FC) and E. coli,

were enumerated using the membrane filtration technique. Nearly 17% (3.4 - 23.6%,

95% C.I.) of streams exceeded the current state of Oregon standard for water-contact

recreation. Levels of bacteria were also shown to differ significantly by ecoregion. The

Cascades ecoregion had low levels of all types of bacteria. The Willamette Valley,

Columbia Plateau and Snake River Basin had high levels of one or more groups of

bacteria measured. Twenty-six sites were resampled and FC and E. coli estimates were

not significantly different for the different sampling dates.

Biolog GN plates were used to provide a measure of the functional diversity of

microbial communities for the same streams as above. Two groups were formed based

on inoculum density and Biolog GN plates were analyzed using principal component
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analysis (PCA). The first few principal components explained nearly half of the variation 

of the data in both groups. Principal components were correlated with the average carbon 

source utilization, levels of coliform bacteria, and ecoregions. These results indicate that 

patterns produced by Biolog GN plates may be useful in the assessment of ecological 

condition of freshwater streams. Subsequent publications will explore the relationships 

between the pattern of substrate utilization of Biolog GN plates with other indicators of 

ecological function. 
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Preliminary Investigation of Microbial Indicators in the
 
Assessment of Oregon Streams
 

INTRODUCTION 

The Clean Water Act of 1972 had as an explicit mandate the restoration and 

maintenance of the chemical, physical, and biological integrity of the nation's water. The 

Act, as later amended, additionally established a goal of achieving water quality that 

provides for the protection and propagation of fish and provides for recreation in and on 

the water (CWA, 1987). While the goals of this legislation are quite specific, the means 

by which to attain these goals remain elusive. Although a great deal of water quality data 

has been collected, there is little consistent understanding or consensus about the 

ecological condition of aquatic resources on a regional or national scale. Many scientific, 

political, and public forums have highlighted the need for better information on the status 

and trends of our nation's ecological resources (Larsen et al., 1994). The method of 

choosing sites to be monitored, recognizing natural variation, and employing appropriate 

indicators to measure condition are all important to the process of understanding aquatic 

resources. 

Traditional monitoring of water resources has centered around evaluating and 

understanding individual locations (Paulsen and Linthurst, 1994). However, simply 

aggregating point specific information does not answer questions about the status of 

aquatic resources over larger spatial scales. In addition, generalizing point specific 

information to describe trends over time can be misleading. Random sample (or 

probability-based) techniques applied to monitoring efforts can be used to make 
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generalized inferences about the condition of aquatic resources (Larsen, 1997). Using 

sample surveys and monitoring over time can ensure that representative information 

about the status of aquatic resources is collected and that changes can be evaluated. The 

Environmental Monitoring and Assessment Program (EMAP) developed by the U.S. 

Environmental Protection Agency (EPA) uses the sample survey technique to provide 

unbiased estimates of status and trends of ecological resource conditions on a regional 

basis with known confidence (Paulsen and Linthurst, 1994). The primary goal of EMAP 

is to provide environmental decision makers with statistically valid reports that describe 

the current status, changes, and trends in the nation's ecosystems (Whittier and Paulsen, 

1992). A wide variety of chemical, physical and biological indicators have been 

employed in EMAP surveys, but this research is the first to measure in-stream microbial 

levels as a part of the suite of EMAP indicators. 

Public health protection of water supplies has relied on microbial indicator 

organisms to measure the sanitary quality of water (Hendricks, 1978). The coliform 

group, which consists of several genera of the bacterial family Enterobacteriaceae, has 

been the primary basis for standards of bacteriological quality of water supplies. Fecal 

coliforms, a sub-group of the coliform group capable of fermenting lactose at 44.5°C, had 

been regarded as a specific indicator of recent fecal pollution (Grabow et al., 1981), but 

the ability of some members of the fecal coliform family to multiply in water (Dutka, 

1973; WHO, 1993) and their presence in "pristine" locations (Rivera et al., 1988) have 

raised questions about the adequacy of the fecal coliform test. Methods that are specific 

for Escherichia coli, the predominant member of the fecal coliform family, are now being 

used to indicate fecal contamination (OAR, 1997; Standard Methods, 1995). While the 
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above mentioned indicator microorganisms have been valuable in providing a basis for 

water quality standards for public health protection, these indicators have not been 

formally evaluated for their ability to distinguish the ecological condition of aquatic 

resources. 

The paucity of successful indicators to monitor long-term trends in the ecological 

condition over broad spatial scales has been a hindrance to determining the quality of 

aquatic resources. Throughout the 1970s, technology advances made chemical and 

physical indicators the primary tools for the protection of water resources (Karr, 1991). 

The inability of these indicators to measure if a system could support and maintain a 

balanced, integrated and adaptive community of organisms led to the development of 

biological indicators (Karr, 1991). Biological indicators of water quality typically 

examine several different species of aquatic and land animals in order to assess the 

aquatic environment. They generally rely on a combination of variables that relate 

biodiversity to ecosystem function and structure. These types of studies have historically 

focused on macroorganisms (Ricklefs and Schulter, 1993). Microorganisms have 

received little consideration even though they perform key ecological roles including the 

breakdown of wastes and the cycling of nutrients (Parkinson and Coleman, 1991). 

Research Approach 

Microbial indicators have long been used as indicators of the sanitary quality of 

water, however their relationship to the ecological condition of waters is not well 

understood. To begin to evaluate the utility of microbial indicators in determining 

stream condition, an EMAP pilot study was undertaken in 1996 for a limited number of 
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streams in the Willamette Valley and the Cascades ecoregions (Hendricks et al., 

submitted). In that study, levels of heterotrophic plate count bacteria, total coliforms, and 

fecal coliforms were found to differ significantly between the two ecoregions. Plate 

counts were additionally noted to correlate with other indicators of human disturbance 

including levels of chloride, percent of agricultural land use, and a quantitative ranking 

that indicated human disturbance. The current study extends the scope of this research to 

the entire state of Oregon and employs and additional indicator test for E. coli. 

Heterotrophic plate count bacteria, total coliforms, fecal coliforms, and E. coli were 

enumerated for 146 Oregon streams chosen through the U.S. EPA's EMAP site selection 

protocol. Using the above mentioned traditional public health indicators, this research 

describes the differences in microbial indicator levels in streams in the eight ecoregions 

of Oregon (Omernick, 1987). 

Newly developed approaches which provide estimates of the in situ community-

level functional diversity of microbes could also prove to be useful in the evaluation of 

stream condition. The Biolog system (Biolog, Inc., Hayward, CA) has been used to 

demonstrate the functional diversity of different microbial communities in selected soil 

and water samples (Garland and Mills, 1991; Kersters et al., 1997; Zak et al., 1994). 

This system however, has not previously been applied to monitoring efforts of freshwater 

streams. Biolog GN plates were used to produce measures of microbial community 

functional diversity for the same streams mentioned above. The utility of the Biolog GN 

estimates of functional diversity to distinguish differences in community structure in 

freshwater streams is evaluated by this research. 
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Statement of Purpose 

The purpose of this research was to: 1) provide quantitative estimates of the levels 

of microbial indicators of public health significance in streams throughout the state of 

Oregon, 2) explore differences in stream bacterial levels in Oregon ecoregions, and 3) 

investigate the relationship between bacterial functional diversity and ecoregions. 

Research Questions and Study Objectives 

The following research questions directed the study: 

1.	 What bacterial levels are present in Oregon streams during the summer, low-

flow period? 

2. What differences in mean microbial levels exist between ecoregions? 

3.	 Does the microbial community functional diversity (as indicated by the Biolog 

GN system) differ by ecoregion?
 

The objectives of the study are outlined below:
 

1.	 Estimate the levels of heterotrophic bacteria, total coliforms, fecal coliforms, 

and E. coli present in Oregon streams. 

2.	 Describe the relationships between ecoregions and microbial public health 

indicator organisms in Oregon streams. 

3.	 Determine whether significant differences exist for repeat measures of 

heterotrophic bacteria, total coliform, fecal coliform, and E. coli. 

4.	 Determine whether a measure of microbial community functional diversity is 

useful in distinguishing between ecoregions. 
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This study is exploratory research to gather new data that may be useful to state, 

county, and local agencies to assist them in making water management decisions. 

Additionally, the data from this study will subsequently be used to evaluate the ability of 

these microbial indicators to measure ecological condition. 

Definition of Terms 

Average Well Color Development (AWCD): the average standardized optical density of 

wells A2-H12 of a Biolog plate. Standardization is accomplished by subtracting 

the optical density of the control well (Al) from each of the experimental wells 

(A2-H12) (Garland and Mills, 1991). 

Colony Forming Unit (CFU): a term for enumerating bacteria that is descriptive of the 

method used (pour plates, spread plates or membrane filter method). Bacterial 

colonies may arise from pairs, chains, clusters, or single cells, all of which are 

included in the term colony forming unit (APHA, 1995). 

Escherichia coli: a member of the family Enterobacteriaceae and of the fecal coliform 

group of bacteria; its presence is indicative of fecal contamination. E. coli is 

functionally defined as any coliform that demonstrates the presence of the enzyme 

13-glucuronidase by hydrolyzing 4-methylumbelliferyl-B-D-glucuronide (MUG) to 

produce a blue fluorescence around the periphery of the colony when grown on 

EC-MUG medium at 44.5°C (APHA, 1995; Mates and Shaffer, 1989). 

Ecoregions: geographic regions of relative homogeneity based on physical 

characteristics such as climate, geology, geomorphology, vegetation, soil and land 

use, and hydrology (Clarke and Bryce, 1997). 
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Fecal (thermotolerant) coliforms (FC): a sub-group of coliform organisms that are able 

to ferment lactose at 44-45°C. The genus Escherichia, and to a lesser extent, 

species of Enterobacter, Klebsiella, and Citrobacter are represented (WHO, 

1993). 

Heterotrophic Plate Count (HPC) bacteria: the number of live heterotrophic bacteria 

estimated by incubating a sample on nutrient-rich media (APHA, 1995). 

Total Coliforms (TC): a heterogeneous group of facultative anaerobic, gram-negative, 

non-spore-forming, rod-shaped bacteria capable of growth in the presence of bile 

salts and able to ferment lactose at 35-37°C. Coliforms generally belong to the 

bacterial taxonomic family Enterobacteriaceae. The genera Enterobacter, 

Klebsiella, Citrobacter, and Escherichia are usually represented in the majority of 

isolations made from surface water including raw and treated municipal water 

supplies (APHA, 1995; WHO, 1993). 
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LITERATURE REVIEW
 

Water of sufficient quality is critical to all life. Especially in industrialized 

nations the integrity of public waters is seriously threatened due to the great number of 

water bodies that are being intensively disturbed (Hughes and Noss, 1992). The National 

Water Quality Inventories compiled by the U.S. Environmental Protection Agency (EPA) 

continue to indicate that a large percentage of the nation's waters remain unsafe for 

fishing, swimming, and other uses (Adler et al., 1993). An estimated one third of the 

nation's rivers, half of the estuaries, and more than one-half of lakes are not meeting the 

criteria to support balanced ecosystems or provide safe drinking water (Alder et al., 

1993). Devegetation, agriculture, grazing, industrial discharge, urbanization, water-

projects dams, water withdrawals, and channel modification all contribute to water 

degradation and threaten the safety of water supplies. 

The threats to water safety in the U.S. have not gone unnoticed. Public concern 

over environmental degradation ushered in major environmental legislation in the 1970s 

(Fisher, 1994; Wiant, 1993). The Clean Water Act (CWA, 1972) had as an explicit 

mandate the restoration and maintenance of the chemical, physical, and biological 

integrity of the nation's water. The Act, as later amended, additionally established a goal 

of achieving water quality that provides for the protection and propagation of fish and 

provides for recreation in and on the water. While the goals of the legislation are quite 

explicit, the means by which to attain these goals remain elusive. 

The Clean Water Act requires states to monitor water quality. However, states are 

not able to monitor all of their waters and the methods of each state are not uniform 
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(Fisher, 1994). As a result, it is difficult to compare water quality estimates from one 

state or region to another. The need for comparable information is growing both within 

our nation and internationally (Larsen, 1997). Thus, the design of monitoring efforts and 

research studies that aim to measure vast ecological resources is of paramount 

importance. The sampling protocol, the method chosen to stratify variance, and the 

indicators chosen to measure condition all determine the extent to which the collected 

data can be extrapolated and the conclusions that can be drawn. 

Sample Surveys and the Environmental Monitoring and Assessment Program 

Within the state of Oregon there are an estimated 150,000-185,000 kilometers of 

continuous and intermittent streams (ODEQ, 1994). Realistically every stream cannot be 

sampled at every location, therefore traditional monitoring efforts have focused on 

specific points of interest. Because of the biased nature of this type of sampling 

selection, results from specific locations cannot be extrapolated to the entire resource in 

question. It is also difficult to determine if management actions are having the desired 

effect at any points beyond the locations where monitoring is actively taking place. In 

other words, information from site-specific monitoring is impossible to summarize into 

statements about the condition of water-quality or long-term trends at a regional or 

national level (Larsen et al., 1991). Since it is not feasible to sample every stream, 

estimates must still be made from incomplete information. If sampling sites are chosen at 

random from a population, then the sampling sites are representative of that larger 

population from which they were drawn (Ramsey and Schafer, 1997). Statistical theory 
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developed over the past century allows the interpretation of results from samples drawn 

at random to be extrapolated to the defined population with known confidence (Larsen, 

1997). 

Sample surveys have been used with great effectiveness in a variety of fields, 

however their use in characterizing ecological resources has been limited (Larsen et al., 

1991). The U.S. EPA has developed and is implementing the Environmental Monitoring 

and Assessment Program (EMAP) which uses the sample survey technique to answer 

questions about the current status, changes, and trends in indicators of ecological 

condition of the nation's ecosystems (Messer et al., 1991). EMAP uses a common 

sample survey design that is applicable to a wide variety of ecological resources -

forests, arid lands, agricultural systems, wetlands, lakes, streams, estuaries and coastal 

waters (Larsen et al., 1994). EMAP is intended to provide the U.S. EPA Administrator, 

the Congress, and the public with statistical data summaries and periodic interpretative 

reports on ecological conditions and trends (Larsen et al., 1991). The statistical design of 

EMAP provides a basis for estimating uncertainty associated with quantitative 

measurements thereby allowing valid interpretation of environmental data (Larsen et al., 

1991). EMAP surface water studies have been used to assess the trophic condition of 

lakes in the Northeastern U.S. (Larsen, et al., 1994), explore the relationship between 

stream chemistry and land cover (Herlihy et al., 1998), and is currently conducting 

surveys to evaluate newly developed indicators of environmental condition (Hendricks et 

al., submitted; Herlihy et al., 1997; Larsen, 1997; Pan et al., 1998). 
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The Use of Ecoregions to Classify Sampling Sites 

Ecological regionalization is a spatial classification where boundaries are drawn 

around relatively homogenous areas (Clarke and Bryce, 1997). In developing ecoregion 

boundaries, regional patterns of climate, soils, vegetation, physiography, hydrology and 

landuse are identified and aggregated through map analyses, literature reviews, the 

collaboration of regional experts and field validation. Ecoregion maps developed by 

Omernik (Omernick, 1987) and others (US EPA, 1995; Pater et al., 1998) provide a 

geographic framework to stratify variance by defining areas of similar landscape 

characteristics that reflect similarities in ecosystem type (Hughes et al., 1994). Ecoregion 

classification can be useful in the design of research studies to develop relevant 

questions, predict the likelihood of encountering organisms of interest, and anticipate the 

probable conditions to be encountered. Ecoregion frameworks can also assist in 

determining the area over which results can be meaningfully extrapolated (Hughes et al., 

1994). Additionally, an ecoregion framework is useful for setting criteria, interpreting 

relative health of resources and setting appropriate management goals. If water quality 

standards are set regionally rather than using a nation-wide or state-wide standard, 

streams and rivers will be less likely to be over- or under-protected (Clarke and Bryce, 

1997). 

The hierarchical nature of the ecoregion framework allows the scale of ecoregions 

to be chosen to fit a particular project (Clarke and Bryce, 1997). Levels I and II 

ecoregions are relatively coarse designations that separate North America into 15 and 51 

regions, respectively (US EPA, 1995). Level III ecoregions divide the continental U.S. 

into 98 regions. There are eight Level III ecoregions in the state of Oregon: Coast 
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Range, Willamette Valley, Cascades, Klamath Mountains, Eastern Cascade Slope and 

Foothills, Columbia Plateau, Blue Mountains, and the Snake River Basin (US EPA, 

1995). A brief description of each of these ecoregions appears in Appendix I. 

Indicator Choice 

A major difficulty in assuring high water quality is the lack of successful 

indicators to monitor water quality. Throughout the 1970s, technological advances made 

chemical and physical indicators the primary tools for the protection of water resources 

(Karr, 1991). However, chemical and physical tests have severe limitations, including: 

1) detection limits for pollutants may be higher than the critical levels for aquatic or 

human life, 2) they often do not consider combined effects, 3) organic pollutants emerge 

faster than analytical capabilities, 4) subtle changes in water quality are often unnoticed, 

and 5) they cannot measure complex attributes such as ecological structure and function 

(Fore et al., 1995; Hughes and Noss, 1992; Karr et al., 1985; Meybeck and Helmer, 

1989). Despite the hundreds of millions of dollars spent by government agencies on 

chemical monitoring and waste treatment, the biological condition of the nation's waters 

remains a cause for concern (Hughes et al., 1992). Eutrophication, once restricted to 

lakes and reservoirs, has now expanded to rivers (Meybeck and Helmer, 1989). Fishery 

potential of stream segments with water resource degradation is reduced (Karr, 1991). In 

the Pacific Northwest the decline of salmon represents an economic loss of more than one 

billion dollars and 60,000 jobs (Fore et al., 1996). While some progress has been made 

in addressing chemical insults to water bodies since the passage of the Clean Water Act, 

it has not been enough to preserve high water quality. 
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The limitations of chemical and physical indicators led to new methods of water 

quality analysis that included biological indicators (Karr and Dudley, 1981). These 

indicators measure the biological integrity of an ecosystem. Biological integrity is 

defined as "the capability or supporting and maintaining a balanced, integrated, adaptive 

community of organisms having a species composition, diversity, and functional 

organization comparable to that of the natural habitat of the region" (Karr & Dudley, 

1981). Biological indicators of water quality typically examine several different species 

of aquatic and land animals to assess the aquatic environment. They generally rely on a 

combination of variables including taxa richness and diversity, taxonomic tolerance and 

intolerance, feeding ecology, and population attributes. When the variables are combined 

into an index, they can characterize the biological integrity and ecological health of a 

water body in much the same way that a battery of medical tests can indicate individual 

health (Karr, 1991). An index of biotic integrity (IBI) is therefore useful for providing 

guidance for the prevention of water degradation and in indicating programs for 

remediation. 

The U.S. EPA has called for the inclusion of biological criteria in its water quality 

standards program (US EPA, 1988). Because the very presence or absence of species is 

geographically dependent, biological criteria must be regionally defined. For example, 

application of a fish IBI has successfully been used as a water quality indicator in 

Midwestern streams. However, application of a fish IBI in the Pacific Northwest is 

hindered by three problems: 1) streams in the Pacific Northwest have few species of fish, 

2) many fish spend a substantial portion of their life cycle in ocean waters, and 3) the 

dominant fish types in most streams are affected by harvesting and stocking (Fore et al., 
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1996). The development of additional indicators of biological integrity are needed that 

are both sensitive and can be used in sites that are naturally low in species diversity (Fore 

et al., 1995). 

A variety of macroorganisms has been used to study biodiversity and its 

relationship to ecosystem health (Ricklefs and Schulter, 1993). Although 

microorganisms perform important ecological roles, microbial indicators have received 

little consideration as indicators of ecological change due in part to a lack of taxonomic 

understanding and their small size (Garland and Mills, 1991; Parkinson and Coleman, 

1991; Zak et al., 1994). The use of microbial indicators has, however, had a long and 

successful history in the monitoring and public health protection of drinking water 

supplies (Hendricks, 1978). Methods for enumerating indicator organisms of public 

health significance have been standardized (APHA, 1995) and therefore allow 

comparisons to occur between different monitoring efforts and research studies. While 

the public health significance of indicator organisms in drinking water has been well 

researched, the relationship of indicator organisms to the ecosystem health of water 

bodies is not well understood and requires further research (Hendricks et al., submitted). 

Public Health Indicators of Water Quality 

Numerous human and animal pathogens are known to survive and multiply in 

freshwater (WHO, 1993). The time and cost to test for each pathogen individually, as 

well as the lack of methods to isolate or culture some pathogens, led to the adoption of 

indicator organisms to assess the sanitary quality of water. Fecal contamination is the 

major route of human infection, therefore most microbial indicator organisms are 
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associated with fecal sources. The methods for defining and enumerating indicator 

organisms are based on the best techniques available, however there is no single indicator 

organism that can assure water quality. While the use of indicator organisms has been 

successful for the public health protection of waters, their limitations must also be 

recognized. 

Heterotrophic plate counts (HPCs), formerly known as standard plate counts, 

estimate the number of live heterotrophic bacteria by incubating a sample on a nutrient 

rich media (APHA, 1995). HPC enumeration is commonly used to estimate bacterial 

density in drinking water, to measure changes during water treatment and distribution, 

and for monitoring recreational waters. The availability of nutrients in water and the 

presence of opportunistic pathogens may be provided by HPCs (WHO, 1993). In 

streams, bacterial density has been shown to vary in apparent response to the availability 

of dissolved organic carbon (Haack et al., 1988). Water level, temperature, channel 

substrate, and chemical characteristics such as conductivity, chloride, total phosphorous 

and nitrate concentrations have also been correlated to bacterial numbers, but these 

relationships are not always consistent (Osgood and Boylen, 1990; Hendricks et al., 

submitted). Estimates of HPC bacteria are additionally useful for interpreting data from 

other microbiological tests. 

The total coliforms (TCs) are a heterogeneous group of bacteria generally 

belonging to the family Enterobacteriaceae. Historically, TCs had been used as an 

indicator of fecal pollution, but both false-negative (lactose negative coliform bacteria) 

and false positive (non-fecal bacteria that exhibit the properties of coliforms) limit the use 

of this group as an indicator of fecal pollution. Verification tests for TCs can be 
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performed to evaluate the specificity of the TC enumeration (APHA, 1995). Despite the 

limitations of TCs as an indicator of fecal contamination, correlations between TCs in 

drinking and recreational waters and gastrointestinal illness have been reported 

(Stevenson, 1953; Kay et al., 1994). 

Fecal coliforms (FCs), or thermotolerant coliform bacteria, are a sub-group of 

TCs that are able to ferment lactose at 44-45°C (APHA, 1995). FCs are primarily 

comprised of bacteria in the genus Escherichia and to a lesser extent species of 

Enterobacter, Klebsiella and Citrobacter. Some FCs not of fecal origin may be present 

in industrial effluents (Hendry et al., 1982) or from decaying plant material and soils 

(Rivera et al., 1988), however, concentrations of FCs are generally related to that of E. 

coli and the use of FCs in assessing water quality is considered acceptable (WHO, 1993). 

Outbreaks of gastrointestinal illness and skin and wound infections have repeatedly been 

associated with recreational contact of fecally contaminated surface waters (Drenchen, 

1994; MMWR, 1982; MMWR, 1996). 

The state of Oregon, prior to 1996 when it adopted an E. coli standard for 

recreational water, used a FC standard to monitor waters used for the "beneficial use" of 

water-contact recreation. The FC standard was defined as the geometric mean at least 5 

data points being greater than 200 FC per 100 ml of water or a single measurement 

surpassing 400 FC per 100m1 (ODEQ, 1994). Specific sites were defined as either 

supporting water-contact recreation when less than 10% of the samples exceeded the 

maximum or mean FC value, partially supported when 10-25% of the samples exceeded 

the maximum FC value, or not supported when 25% or more of the samples exceeded the 

maximum FC value (ODEQ, 1994). The 1994 Oregon 305(b) report found that 14% of 
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the river and stream miles assessed had some degree of beneficial use impairment based 

on standard which included FC levels as well as oxygen deficiency, nuisance aquatic 

growth, excessive nutrients, solids and temperature, flow alteration and habitat alteration 

(ODEQ, 1994). 

Escherichia coli are present in the gastrointestinal tract and are the major 

bacteriological component in fecal matter of warm-blooded animals; its presence is 

therefore considered indicative of fecal contamination (APHA, 1995). E. coli are a 

member of the family Enterobacteriaceae and of the FC group of bacteria. Ninety-four to 

97% of non-pathogenic E. coli strains have been reported to contain glucuronidase 

(Frampton and Restaino, 1993). E. coli are functionally defined as any coliform that 

produces the enzyme glucuronidase and hydrolyzes 4-methylumbelliferyl-13-D

glucuronide (MUG) to produce a blue fluorescence around the periphery of the colony 

when grown in EC-MUG medium at 44.5°C (APHA, 1995). The membrane filtration 

EC-MUG test for E. coli is a confirmatory test and has been reported to recover 98% of 

E. coli from water samples without false-positives (Mates and Shaffer, 1989). Some 

strains of Salmonella and Shigella also exhibit glucuronidase activity (Manafi et al., 

1991), but these organisms are not able to grow on media selective for coliforms 

(Frampton and Restaino, 1993; Manfi et al., 1991). One strain of Citrobacter fruendii 

was found to test positive for glucuronidase (McDaniels et al., 1996) and therefore may 

constitute a false-positive E. coli definition. Until recently, all U.S. strains of 

enterohemmorhagic E. coli 0157:H7 have been reported to be glucuronidase negative 

(McDaniels et al., 1996) and grow poorly at 44°C and above (Coia, 1998); routine use of 

EC-MUG media would therefore not be useful in isolating E. coli 0157:H7. Alternate 
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isolation media (Chapman et al., 1991; Smith and Scotland, 1993), antiserum screening 

(Farmer and Davis, 1985) or genotypic and phenotypic assays for glutamate 

decarboxylase (Mc Daniels et al., 1996) may be more useful in studies where E. coli 

0157:H7 is the organism of interest. Genotypic assays are in general thought to provide 

superior confirmational detection of E. coli, however these tests are currently costly and 

require a great deal of technical expertise and therefore limit their applicability to routine 

water analyses (McDaniels et al., 1996). 

The state of Oregon currently has an E. coli standard for streams to support the 

"beneficial use" of water-contact recreation during the period from June 1 to September 

31. The upper limit for the standard used to determine whether freshwater streams are 

suitable for water-contact recreation is a geometric mean of 126 E. coli per 100 ml from 

at least five samples collected over a 30-day period. Additionally, a single sample should 

not exceed 406 E. coli per 100 ml (OAR, 1998). Although streams included in this and 

other surveys are not always used for water-contact recreation, the state standard for E. 

coli and the previously mentioned FC standard remain useful for comparison purposes. 

The above microbial indicators have had a rich history in public health protection. 

They have provided a cost-effective means for evaluating recreational and drinking 

waters for sanitary quality, however their usefulness in assessing the ecological health of 

water bodies is not well understood. Biotic integrity, trophic condition, and fishability 

are three endpoint measurements of ecological condition that are often used to evaluate 

the ecological health of freshwaters and drive the selection of appropriate indicators 

(Paulsen and Linthurst, 1994). Heterotrophic plate counts may give insights to the 

trophic condition and fishability of waters. The coliform organisms are related to fecal 
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contamination and may thereby provide a measure of anthropogenic stress. The above 

public health indicators are applicable to a broad range of surface water types and 

sampling and laboratory procedures are easily implemented. Information on the extent to 

which these indicators can provide early warnings of deleterious change, their 

reproducibility and variability, and their relationship to other indicators used to assess 

ecological health is needed. 

Microbial Functional Diversity 

Biodiversity and biotic integrity of microbial communities are far more complex 

issues that are difficult to approach through the isolate-based methods. All culture media, 

even seemingly non-selective media, exclude some portion of endogenous microbes and 

therefore do not allow for an evaluation of heterotrophic microbial community structure 

(Roszak and Colwell, 1987). Direct microscopic examination can provide an estimate of 

bacterial numbers, but the metabolic ability of a community does not necessarily equate 

to the abundance of microbes. Still, microorganisms perform key ecological roles and 

are as important as primary production to the long-term functioning of ecosystems (Zak 

et al., 1994). As in other systems, microbial communities of freshwater streams are 

fundamental to nutrient cycling. Microbial conditioning of leaf litter and organic matter 

is important to the nutrient quality available for higher organisms, especially in heavily 

shaded streams where primary production is low (Petersen and Cummins, 1974). 

Microbial communities are also known to respond rapidly to environmental change and 

microbial activity in streams has been shown to change in response to anthropogenic 

stress. Greater understanding of microbial functions in freshwater streams may therefore 
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provide ecologically meaningful measures of microbial community structure and its 

relationship to ecosystem functioning. 

Microbial communities can be regarded as units that can be characterized through 

their functional properties such as their ability to utilize certain compounds (Wunsche et 

al., 1995). Methods relying on the different abilities of microbes to use sole carbon 

sources have been used to distinguish among bacterial types for over 50 years (Garland, 

1997). Since the late 1980s, Biolog, Inc. (Hayward, CA) has produced microtiter plates 

for tests of sole carbon source utilization to identify isolated bacteria. The Biolog GN 

plate detects the utilization of sole carbon sources by gram-negative bacteria. Ninety-five 

individual wells on the plate contain the redox indicator dye tetrazolium violet and 

dehydrated carbon sources; one well of the microtiter plate acts as a control well 

containing the redox dye but no carbon source. (For a complete listing of the carbon 

sources used in the Biolog GN plate, see Appendix II). The ability of bacteria to use a 

carbon substrate results in its oxidation and is indicated by the development of a purple 

color from the corresponding reduction of the tetrazolium violet dye. 

Research conducted by Garland and Mills (1991) introduced the use of Biolog 

GN plates for the characterization of microbial communities rather than specific isolates. 

Using disparate aquatic, soil and rhizosphere samples, they found that the Biolog pattern 

of carbon source utilization distinguished between these samples and among sample 

types within these categories. The finding that this approach could resolve microbial 

community-level profiles from within habitat types resulted in the application of this 

system to a variety of ecological samples. The Biolog GN system has since been used to 

characterize the microbial communities of soil (Campbell et al., 1997; Hitzl et al., 1997; 
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Zak, 1994), rhizospheres (Garland, 1996; Grayston and Campbell, 1996) and activated 

sludge (Guckert et al., 1996; Smalla et al., 1998; Victorio et al., 1996). The system has 

been further used to detect changes in microbial communities as a result of environmental 

pollution (Fritze et al., 1997; Wunsche et al., 1995) and the impact of genetically 

engineered microbes (Vahjen et al., 1995). Biolog GN plates were used in a pilot study 

to profile the bacterial communities of freshwater streams (Hendricks et al., submitted), 

and these profiles were found to relate to several physical properties such as stream 

temperature and streambed substrate. Further research is needed to relate the profiles 

generated by Biolog GN plates to other indicators of ecosystem function. 

The specific methods of inoculum preparation and inoculum size must be 

addressed in any study that uses Biolog GN plates to characterize microbial populations. 

For soil and rhizosphere samples, the preparation methods generally involve several steps 

that may alter the numbers or composition of microbes present in the original samples 

(Konopka et al., 1998). Aquatic samples, however, rarely require preparation steps and 

therefore can be inoculated directly onto Biolog plates. Inoculum density has been 

shown to influence the patterns of substrate utilization generated by Biolog GN plates in 

pure cultures and model communities (Kersters et al., 1997). If a representation of 

underlying functional diversity is the primary question of interest, differences in patterns 

due solely to inoculum density are considered confounding. Some researchers have 

recommended that inoculum density be standardized before Biolog plates are used 

(Haack et al., 1995). However, as above, preliminary processing of microbial 

communities may alter the community in unknown ways. Other means to correct for 

effects of inoculum density have been proposed that rely on multiple readings of Biolog 
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plates to reach set point in average color development or standardizing the color 

development in each well with the average color development of the entire plate 

(Garland, 1996). Alternately, if the number of samples under investigation is large 

enough, grouping samples by inoculum density may allow for analyses that are not 

confounded in this way. 

Multivariate statistical analysis procedures provide a way to determine if the 

patterns of substrate utilization differ between Biolog plates. Principal component 

analysis has been widely used to characterize the differences in patterns of substrate 

utilization. Differences in substrate utilization reflect the population in situ. Previous 

research has shown that the patterns of Biolog substrate utilization by microbial 

communities are reproducible (Haack et al., 1996; Verschuere et al., 1997). Differences 

in patterns of substrate utilization therefore most likely reflect real differences in the 

underlying community composition (Kersters et al., 1997). Larger questions about the 

ecological relevance of substrate utilization patterns can be addressed by comparing the 

results of Biolog analyses to other defined indicators of ecological condition. If the 

Biolog system is useful in characterizing the ecological condition of streams, further 

investigation may lead to greater insights about microbial community functioning and 

general ecosystem health. 
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METHODS 

In order to describe characteristics of a population using the information taken 

from a sample, the sample must be representative of that population (Pagano and 

Gauvreau, 1993). Sample surveys that employ randomization in the sample-selection 

process can produce a sample that is unbiased. Although sample surveys have been 

widely used in a variety of research applications, their use in characterizing natural 

resources has been limited (Larsen, 1995). The U.S. EPA's Environmental and 

Assessment Program (EMAP) employs a random sample design to chose sampling sites 

and thereby provides a method to estimate the condition of ecological resources with 

known confidence. In the 1997 Oregon EMAP Stream Survey, a variety of physical, 

chemical and biological indicators were employed to evaluate the condition of Oregon 

streams and rivers. The research reported here focuses on the results of traditional 

microbial public health indicators and measures of microbial functional diversity from 

the 1997 EMAP Oregon Stream Survey. 

Site Selection 

Stream and river sample sites were chosen using a systematic randomized design 

developed for EMAP sampling of extensive resources (Stevens, 1994). Eligible streams 

and rivers were defined as those represented as blue lines on 1:100,000-scale USGS maps 

within the state of Oregon. For the eligible population of streams, differential weighting 

was used for stream sizes in order to adequately represent the range stream size classes 

and for ecoregions to ensure adequate spatial coverage (Stevens, 1994; Larsen, 1995). 
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Each selected sample therefore carried a weight that was equal to the inverse of its 

inclusion probability. Four-hundred and sixty-eight chosen sample sites representing 

175,000 kilometers of stream were identified on 1:24,000-scale USGS maps. One 

hundred and ninety-seven intermittent streams east of the Cascades (42.1% of the 

sample) were excluded from the study since many of these streams were expected to not 

contain water during the low-flow period. An additional 123 streams (26.3%) were not 

sampled due to inaccessibility, misclassification or stream intermittence; access to 58 of 

these streams (12.4%) was denied by landowners. 

A map showing the location of the sampling sites and the ecoregions of Oregon is 

shown in Figure 1. Pictures of locations from each of the eight Oregon ecoregions are 

shown in Figures 2a-2h. 

Sample Collection 

Samples were collected during the summer low flow period between July 2 and 

September 19, 1997 by four field crews. Pre-designated sampling sites, or X-sites, were 

located using a variety of mapping and orienteering skills and the global positioning 

satellite (GPS) system was used to confirm site latitude and longitude. One hundred and 

forty-six unique sites representing 60,041 kilometers of stream throughout the state of 

Oregon were sampled. At each site one water sample was collected for bacterial analysis. 

Nineteen percent (28 of 146) of sites were revisited to provide an estimate of variability. 



Figure 1 
1997 Oregon EMAP Stream Sampling Locations
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Bacterial samples were collected in sterile, 125 ml glass bottles with screw tops. 

The samples were drawn as grab samples just below the surface of the stream (US EPA, 

1978) at the location identified as the X-site. The bottles were labeled with the date and 

location of sampling and secured with plastic electrical tape. The bottles were placed in 

an iced cooler and transported to the laboratory for analysis. The time required for 

transport of samples resulted in holding times between one and four days. Bacterial 

analysis was begun on 33.5% of samples within 24 hours, an additional 38.6% of samples 

within 48 hours, and 17.1% within 72 hours. Analysis was begun on 10.2% of samples at 

greater than 72 hours after sample collection. No significant differences in bacterial 

numbers based on holding time were observed. 

Laboratory Procedure 

Bacterial analyses were performed in Laboratory 250 in the Main Research Building at 

the U.S. EPA, Western Ecology Division, Corvallis, Oregon. Upon their receipt, samples 

were analyzed for heterotrophic plate count (HPC) bacteria, total coliform (TC) bacteria, 

fecal coliform (FC) bacteria and E. coli. The membrane-filter technique (APHA, 1995) 

was used to enumerate colony forming units (CFUs). Sample volumes ranging from 

0.001 ml to 10 ml were filtered to facilitate obtaining colony densities within the ideal 

range for counting (APHA, 1995). HPC bacteria were determined as a count of all 

colonies on a membrane filter using Bacto m-Plate Count Broth (Difco) after incubation 

for 24 ± 2 hours at 35 ± 0.5°C. TC bacteria were determine as a count of acid producing, 

pink or red colonies on a membrane filter with Bacto MacConkey Agar (Difco) after 

incubation for 24 ± 2 hours at 35 ± 0.5°C. FC bacteria were determined as a count of 
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blue colonies grown on a membrane filter with Bacto m-FC broth base (Difco) after 

incubation for 24 ± 2 hours at 45.5 ± 0.2°C (APHA, 1995). E. coil were enumerated by 

transferring filters supporting the growth of fecal coliforms to Bacto EC broth containing 

4-methylumbelliferyl-B-D-glucuronide (MUG) (Difco). After an additional 24 ± 2 hours 

of incubation at 45.5 + 0.2°C on the EC-MUG medium, colonies were observed under 

366 nm ultraviolet light. Coliform colonies that produced a blue fluorescence around the 

periphery of the colony were considered E. coli colonies (APHA, 1995). 

Non-pigmented colonies were manually counted with the aide of a Leica Quebec 

Darkfield Colony Counter (Model 3325). All counts were recorded as colony forming 

units (CFUs) to two significant figures. Counts for HPC bacteria were recorded as CFUs 

per milliliter. TC, FC and E. coli were recorded as CFUs per100m1. For each sample, 

reported CFUs were determined by obtaining the average of plates with CFUs falling 

within the range of acceptable counts (APHA, 1995). When the maximum volume of 

water filtered produced colonies lower than the acceptable range for coliform and E. coli 

bacteria, these counts were used to estimate CFUs. When the maximum dilution did not 

produce any colonies, the result was recorded as less than 1 colony per the dilution (e.g. 

if a FC plate with a 10 ml dilution failed to produce colonies, the result would be 

recorded as < 10 CFUs/100 ml). 

Biolog GN microplates were directly inoculated with stream water from each 

sample. A calibrated 8-channel pipetter was used to fill each well of the Biolog GN 

microplate with 150 ill of sample. Plates were labeled with the sample identification 

number and the time that the sample was inoculated. Microplates were incubated at 35 ± 

0.5°C for up to 72 hours. Optical density in the wells of the plates was measured 



30 

periodically using the Biolog MicrostationTM System (Release 3.50) equipped with an 

EmaxTM Precision Microplate Reader. 

Quality Assurance/Quality Control 

The U.S. EPA requires that all research be conducted with an approved Quality 

Assurance Project Plan. All quality assurance (QA) and quality control (QC) procedures 

were performed in accordance with the Quality Assurance Project Plan for Microbial 

Indicators of Stream Condition (US EPA, 1997). The temperature of incubators and 

refrigerators was checked daily during the sampling period and noted on laboratory 

sheets attached to the unit. These temperatures remained within the QC guidelines 

throughout the sampling period. Culture media was prepared from commercially 

available dehydrated media from the same manufacturer (Difco) and from the same lot 

throughout the course of the experiment. All consumable items were obtained from 

laboratory supply houses and were either sterile-packaged and ready for use or washed 

and autoclaved in Room 200 at the EPA. All non-sterile equipment was washed and 

rinsed twice with de-ionized water. Non-disposable equipment and media were sterilized 

in a double-walled autoclave at 121°C with a chamber pressure of 15 psi for the 

appropriate times (APHA, 1995). Heat-sensitive tape was used on all autoclave loads to 

provide a measure of sterility. Monthly QA checks were performed on autoclaves using 

an autoclave thermometer and Bacillus stearothermophilus ampules to ensure that they 

were performing to specifications. Membrane filter procedures were plated in duplicate 

and/or using multiple dilutions. Control plates were run periodically to check sterility of 

media, rinse water, glassware, and equipment. 
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Statistical Analysis 

Data were entered into Excel spreadsheets (Microsoft Excel Version 5.0a) and 

exported to the SAS System for Windows (Release 6.12, SAS Institute, Cary, NC) for 

statistical analysis. For CFUs recorded as less than the detection limit, a value of half the 

detection limit was used in subsequent calculations (e.g. a FC count recorded as < 10 

CFU/100 ml would be recorded into an Excel spreadsheet as 5 CFU/100 ml). The 

distributions of bacterial counts were characterized by having positively skewed 

distributions, therefore bacterial counts were transformed to their logarithms (base 10) to 

more closely approximate a normal distributions. 

Measures of central tendency for the log-transformed bacterial counts were 

expressed as weighted geometric means and standard deviations. Cumulative distribution 

functions with 95% confidence bounds were used to display the range of bacterial levels 

throughout the state (US EPA, 1990). Simple linear regression was used to compare 

microbial indicators with one another and correlation coefficients (r2) were reported. 

Weighted analysis of variance (ANOVA) was used to compare bacterial count data 

between the eight ecoregions of Oregon. For sites visited more than once, paired t-tests 

were used to test whether bacterial levels differed between the first and second visits. For 

all statistical tests, a p-value less than or equal to 0.05 was considered significant. 

For Biolog plates, the optical density of the wells was standardized by subtracting 

the optical density (OD) of the control well from each well. For a few plates with ODs > 

.3 in the control well, the well with minimum OD was used to standardize the data rather 

than the control well. Average well color development (AWCD) (Garland and Mills, 

1991) was calculated from the standardized values by summing the ODs in all of the 
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wells (except the control well) and dividing by 95. Biolog plates incubated for 24±2 

hours were selected for analysis. Plates from both the first and second visits were 

included in the analysis. Because low inoculum density is problematic to the 

interpretation of results from Biolog plates, samples that had low heterotrophic plate 

counts (<2.1 log units) were excluded from general analyses (plates with low inoculum 

densities were used to assess variability between samples as described below). To further 

control for effects due to inoculum density, the remaining 75 Biolog plates were 

separated into two groups based on the HPC counts: 1) log HPC greater than 2.1 and less 

than 2.6, and 2) log HPC greater than 2.6. AWCD was not significantly correlated with 

estimated inoculum density over the range of values for these two groups. 

Principle component analysis (PCA) was used to explore the differences in the 

patterns of Biolog substrate utilization in each of the groups above. Coded scatterplots 

were used to visually assess groupings along the first two principal components. Simple 

linear regression was used to relate the principle components to other variables. A p-

value of less than or equal to .05 was considered significant. 

To address the variability of the patterns produced by Biolog plates, the patterns 

from sites that were sampled more than once were compared. Readings of plates selected 

for comparison had similar levels of AWCD. Differences were calculated for the 

incubation time to reach a set point in AWCD and in optical density of three substrates on 

the Biolog plate. The substrates chosen for comparison were L-leucine which generally 

was only slightly used, tween 40 which generally was somewhat utilized, and L-

asparagine which was most often utilized. 
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RESULTS 

The results of this research are presented in four sections consisting of: bacterial 

levels of Oregon streams, variability of microbial public health indicators, functional 

diversity of microbial indicators, and variability of functional diversity measurements. 

Bacterial Levels of Oregon Streams 

One hundred and forty-six streams were sampled, representing 60,041 stream 

kilometers. Two samples for heterotrophic plate count (HPC) bacteria, total coliforms 

(TC), and E. coli were not included in the analysis due to field or laboratory error; three 

samples for fecal coliforms (FC) were excluded. For the sampled streams, the weighted 

geometric means, standard deviations, minimums and maximums for HPC bacteria, TCs, 

FCs, and E. coli are presented in Table 1. 

Table 1: Bacterial Levels of Oregon Streams 

Microbial Number of Stream kms Standard 
Indicator Streams represented Mean Deviation Minimum Maximum 

Log HPC/ml 144 59,580 1.79 0.79 0.00 4.30 
Log TC /100m1 144 59,048 2.12 0.64 0.70a 4.38 
Log FC/100m1 143 58,876 1.32 0.80 0.70a 3.93 

Log E.coli1100m1 144 59,048 1.25 0.70 0.70a 3.90 
Minimum values were below the detection limit 

Cumulative distribution functions for the bacterial counts, with 95% confidence 

bounds, are presented in Figures 3a-d. Reference lines inserted on the FC and E. coli 
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Figure 3: Population Distribution of (a) Heterotrophic Plate Count Bacteria; 
(b) Total Coliforms; (c) Fecal Coliforms; (d) Escherichia coli. 
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(200 CFU/100m1) in figure 3c and the current Oregon state standard for E. coli 
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graphs indicate the former (FC) and current (E. coli) Oregon state water quality standard 

for water-contact recreation. Inferences based upon these reference lines must be made 

with caution due to the methods used in this study, the methods required by the state of 

Oregon for monitoring, and the designation of use of the streams surveyed (see pages 16

18). In this study, 13.9 % (7.6-20.2%, 95% confidence bounds) of streams exceeded the 

former mean FC state standard, and 16.8% (9.9-23.6%, 95% confidence bounds) 

exceeded the current mean state E. coli standard for water-contact recreation. Single 

measurement maximums were exceeded by 9.1% (3.4-14%, 95% confidence bounds) of 

the samples for FC and 3.5% (0.3-6.8%, 95% confidence bounds) of the samples for E. 

coli. 

Simple linear regression of the different bacterial counts showed that the counts 

were correlated with each other. Figures 4a-c present scatter plots of heterotrophic plate 

count bacteria against the coliform indicator organisms. HPC bacteria were significantly 

correlated with counts of TCs, FCs, and E. coli, however the percentage of variability 

explained by the regression was less than 25% (r2=.24, p<.01 for TC; r2=.19, p<.01for 

FC; r2=.22, p<.01 for E. coli). TCs were significantly correlated with both FCs (r2=.37, 

p<.01) and E. coli (r2=.39, p<.01). FCs and E. coli were highly correlated (r2=.90, p< 

0.01). 

Analysis of variance showed that the bacterial levels differed significantly 

between ecoregions (p<0.01 for HPC; p<0.01 for TC; p<0.01 for FC; p<0.01 for E. coli). 

The weighted means, standard deviations, minimums and maximums of bacterial counts 

for each ecoregion are presented in Table 2. 
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Figure 4: Association Between Heterotrophic Plate Count Bacteria and 
(a) Total Coliforms; (b) Fecal Coliforms; (c) Escherichia coli. 
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Mean bacterial counts in the Cascades ecoregion were consistently lower than in 

the other ecoregions. Mean HPC bacteria were higher in the Willamette Valley, 

Columbia Plateau, and the Snake River Basin. Mean FC and E. coli levels were higher in 

the Coast Range, Willamette Valley, Columbia Plateau and Blue Mountains. 



37 

Table 2: Bacterial Levels of Oregon Streams by Ecoregion 

Microbial Number Stream 
Indicators of kms Standard 

Ecoregion (CFUs) Streams represented Mean Deviation Minimum Maximum 
1 Coast Range 28 12,364 1.72 0.76 0.00 2.95 
3 Willamette Valley 17 7,651 2.12 0.80 0.70 3.41 
4 Cascades 34 18,304 1.50 0.71 0.30 2.60 
9 Eastern Cascade Slope Log 9 3,129 1.62 0.76 0.70 3.08 
10 Columbia Plateau HPC/ml 8 2,361 2.42 0.39 2.00 3.04 
11 Blue Mountains 27 8,167 1.89 0.68 0.85 4.30 
12 Snake River Basin 6 2,563 2.57 0.57 1.32 3.08 
78 Klamath Mountains 15 5,040 1.73 0.95 0.48 3.74 
1 Coast Range 28 12,364 2.22 0.64 1.30 3.61 
3 Willamette Valley 18 7,917 2.15 0.66 1.00 3.26 
4 Cascades Log 33 17,506 1.74 0.48 0.70 2.85 
9 Eastern Cascade Slope TC 9 3,129 2.49 0.38 2.00 3.23 
10 Columbia Plateau /100 ml 8 2,361 2.38 0.58 1.70 3.34 
11 Blue Mountains 27 8,167 2.36 0.62 1.70 4.11 
12 Snake River Basin 6 2,563 2.20 0.44 1.70 2.78 
78 Klamath Mountains 15 5,040 2.35 0.69 1.70 4.38 
1 Coast Range 28 12,364 1.52 0.84 0.70a 3.51 
3 Willamette Valley 18 7,917 1.75 0.99 0.70a 3.40 
4 Cascades 33 17,506 0.93 0.47 0.70a 2.32 
9 Eastern Cascade Slope Log 9 3,129 1.07 0.49 0.70a 2.32 
10 Columbia Plateau FC 8 2,361 1.62 1.01 0.70a 3.28 
11 Blue Mountains /100m1 26 7,996 1.51 0.90 0.70a 3.93 
12 Snake River Basin 6 2,563 1.40 0.60 0.70a 2.28 
78 Klamath Mountains 15 5,040 1.21 0.54 0.70a 2.41 

1 Coast Range 28 12,364 1.44 0.72 0.70a 3.08 
3 Willamette Valley 18 7,917 1.50 0.73 0.70a 2.92 
4 Cascades Log 33 17,506 0.89 0.43 0.70a 2.30 
9 Eastern Cascade Slope E. coli 9 3,129 1.06 0.55 0.70a 2.18 
10 Columbia Plateau /100m1 8 2,361 1.58 0.85 0.70a 2.69 
11 Blue Mountains 27 8,167 1.47 0.90 0.70a 3.90 
12 Snake River Basin 6 2,563 1.38 0.54 0.70a 2.11 
78 Klamath Mountains 15 5,040 1.16 0.54 0.70a 2.45 
Minimum values were below the detection limit 

Variation was generally decreased by the stratification by ecoregion. However, 

variation was higher than in the Willamette Valley ecoregion than for the entire sample 

for all four microbiological indicators. Ecoregion variation was also greater for HPCs in 
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the Klamath Mountains, for TCs in the Coast Range and Klamath Mountains, and for FCs 

and E. coli in the Coast Range, Columbia Plateau and Blue Mountains than the variation 

for the entire sample. 

Variability of Microbial Public Health Indicators 

Twenty-eight streams were re-sampled during the low-flow sampling period. 

These revisits allow for the calculation of variability between the first and second 

sampling. This variability consists of several components: within-season temporal error, 

field crew-to-crew error and measurement error. Scatter plots of visit 1 versus visit 2 

with a 1:1 line are presented in Figures 5 a-d. 

The bacterial levels were generally higher at the second visit than at the first. 

Paired t-tests indicated that the differences for HPCs and TCs were significant (p<.01 for 

HPC; p<.01 for TC). The differences for FCs and E. coli levels between visit 1 and visit 

2 were not significant (p=.09 for FC; p=.57 for E. coli). 

Analysis of the difference between visits for each ecoregion was not possible for 

all ecoregions due to the low number of repeat visits in some ecoregions. In the 

Willamette Valley and Cascades ecoregions, where 5 and 8 sites were revisited 

respectively, differences in bacterial levels followed the same trend as for the entire 

sample: differences for HPC and TCs were significant, differences for FCs and E. coli 

were not. 
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Figure 5 : Comparison of Bacterial Levels for Visit 1 and Visit 2 for 
(a) Heterotrophic Plate Count Bacteria; (b) Total Coliforms; (c) Fecal 
Coliforms; (d) Escherichia coli. 
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Functional Diversity of Microbial Indicators 

Samples with log HPC counts greater than 2.1 log units were analyzed for 

differences in Biolog substrate utilization patterns. Two groups of samples with "low" 

and "high" estimated bacterial numbers were formed. The first group contained bacterial 

communities with log CFU/ml estimates from 2.1 up to 2.6. The second group contained 

communities with log CFU/ml estimates from and including 2.6 to 4.5. For each of these 

groups, evaluated separately, log HPC estimates were not significantly correlated with 

the AWCD of the Biolog plates at 24 hours of incubation. The differences in microbial 

patterns of the Biolog plates measured at 24 hours for each group is described below. 

The AWCD of the thirty-nine plates with estimated log bacterial densities from 

2.1 to 2.6 ranged from 0.07 to 1.01 at 24 hours. Principal component analysis extracted a 

pattern substrate utilization that accounted for 44.5% of the variation in the first three 

principal components: principal component 1 explained 27.0%, principal component 2 

explained 11.0% and principal component 3 explained 6.4% of the variation. The 

remaining principal components explained less that 5% of the total variation. Figure 6 

presents a scatter plot of principal component 1 against principal component 2 and uses 

letters to designate ecoregion. 

Principal component 1 was strongly and significantly correlated with AWCD 

(r2 =.99, p<.01). Principal component 1 was also significantly correlated with estimates 

of TC, FC and E. coli, however only for TCs was the amount of variation explained 

greater than 15% (r2=.37, p<.01 for TCs, r2=.15, p<.02 for FCs; r2=.13, p<.03 for E. coli). 

Ecoregions also significantly correlated with principal component 1 (r2=.39, p<.03). 
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Figure 6: Principal Components of Biolog Patterns after 24 Hours Incubation 
for Inoculum Densities from 2.1 to 2.6 CFU/ml 
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(r2=.11, p<.04). Ecoregion was not significantly correlated with principal component 2. 

No significant associations were found between principal component 3 and bacterial 

estimates or ecoregion. 

The AWCD of 36 plates having log bacterial densities between 2.6 to 4.5 CFU/ml 

ranged from 0.26 to 1.39 at 24 hours. The first four principal components accounted for 

57.5% of the variation in substrate utilization: principal component 1 explained 29.0%, 

principal component 2 explained 14.8%, principal component 3 explained 8.1% and 

principal component 4 explained 5.6% of the variation. The remaining principal 

components each explained less than 5% of the total variation. Figure 7 presents a scatter 

plot of the first two principal components for plates with log bacterial densities from 2.6 

to 4.5 CFU/ml. 

Principal component 1 was again strongly and significantly correlated with AWCD 

(r2=1.00, p<.01). Estimates of TCs, FCs, and E. coli were not significantly correlated 

with principal component 1 for this group. The bacterial estimates of TCs, FCs, and E. 

coli were, however, significantly associated with principal component 2 (r2=.41, p<.01 

for TC; r2=.21, p<.01 for FC; and r2=.21, p<.01 for E.coli). Although TCs, FCs, and E. 

coli were shown to differ by ecoregion, ecoregion itself was not significantly correlated 

with principal component 1 or 2. However, several samples from the same ecoregion 

clustered together as seen in Figure 7. For example, samples from the Klamath 

Mountains ecoregion generated high values for principal component 1 and samples from 

the Blue Mountains had low values for the second principal component. Of the variables 

tested, only log TC values significantly correlated with principal component 3 (r2=.20, 

p<.01). 
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Figure 7: Principal Components of Biolog Patterns after 24 Hours Incubation 
for Inoculum Densities from 2.6 to 4.5 CFU/ml 
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Variability of Functional Diversity 

Duplicate Biolog GN performed on a limited number of samples (from the same 

sampling date) produced similar patterns of color development (data not shown). Repeat 

samples of GN plates (from different sampling dates) showed a greater variability in 

pattern and time to reach similar points in AWCD. Selected results for Biolog plates 

from repeat samples are presented in Table 3. The Biolog readings selected for analysis 

were matched so that AWCD was nearly equal on the first and second visit. The mean 

OD for each substrate presented in Table 3 and its standard deviation (in parentheses) 

were: 1) 0.36 (0.42) for L-leucine, 2) 0.67 (0.44) for tween 40, and 3) 1.44 (0.60) for L-

asparagine. 

For samples ORST97-023 and ORST97-305, no two readings were recorded that 

produced similar AWCD levels and substrate utilization was very different for these two 

samples. For paired samples that had similar bacterial levels, the incubation time and 

substrate utilization were usually similar. In general terms, paired samples which had 

large differences in inoculum density required very different times to reach a set point in 

AWCD. For several samples, in particular ORST97-458, ORST97-003, ORST97-435, 

ORST97-208, ORST97-210, ORST97-118, the large differences in inoculum density and 

time to reach a set point in AWCD was reflected by large differences in substrate 

utilization by one or more of the substrates. 
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Table 3: Variability of Biolog Plates between Visit 1 and Visit 2 

Differences between Visit 1 and Visit 2 
Log Incubation 

Stream Level III HPC Time L-Leucine Tween 40 L-Asparagine 
Identification Ecoregion (CFU/ml) AWCD (Hours) (G3) (A5) (F8) 
ORST97-417 1 0.26 0.01 3 -0.04 0.13 0.84 
ORST97-456 1 -0.18 -0.03 3 0.15 0.39 0.36 
ORST97-458 1 -0.92 0.20 21 0.56 1.28 0.36 
ORST97-003 1 -1.11 -0.32 26 0.08 0.74 0.45 
ORST97-450 3 -0.56 -0.01 7 0.04 0.47 0.30 
ORST97-425 3 -0.80 -0.05 20 0.26 0.55 0.68 
ORST97-468 3 -1.07 -0.05 26 0.25 -0.06 -0.27 
ORST97-449 3 -0.65 -0.12 14 0.54 -0.17 -0.79 
ORST97-023 3 -1.47 -0.66a -6 -0.33 0.08 -1.80 
ORST97-435 4 -2.13 0.00 24 -0.60 0.26 0.65 
ORST97-208 4 -1.34 -0.01 20 -0.04 0.30 -2.03 
ORST97-242 4 0.22 0.01 -3 -0.38 0.13 0.64 
ORST97-210 4 -1.48 0.03 24 0.07 0.05 0.02 
ORST97-310 4 -0.44 0.03 14 -0.19 0.46 -0.67 
ORST97-445 4 0.04 0.05 -9 -0.14 0.54 0.81 
ORST97-243 4 0.39 -0.10 -1 0.19 0.93 0.40 
ORST97-305 4 -0.33 -0.84a -6 -1.93 -1.47 -1.14 
ORST97-388 9 0.76 0.00 -4 0.07 -0.02 0.19 
ORST97-058 10 -1.24 0.01 4 -0.24 0.25 0.65 
ORST97-030 10 0.45 -0.02 -2 0.25 0.11 -0.64 
ORST97-146 11 -2.31 0.01 -4 0.02 0.32 0.41 
ORST97-105 11 0.82 -0.04 15 -0.02 0.29 -0.16 
ORST97-172 11 0.42 -0.05 -3 -0.15 0.29 0.07 
ORST97-195 11 0.66 -0.05 -23 0.03 -0.10 -0.09 
ORST97-118 11 -1.44 0.10 20 0.14 -0.10 -1.89 
ORST97-251 78 -0.43 -0.01 6 0.07 0.53 0.35 
ORST97-225 78 -1.48 -0.02 18 -0.33 -0.42 -0.11 
ORST97-234 78 -0.53 -0.23 2 0.15 -1.09 0.67 

o readings of Biolog plates were produced that had similar levels of AWCD 
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DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS 

Discussion 

Bacterial public health indicators varied considerably in streams throughout the 

state of Oregon indicating a gradient in water quality. By dividing the samples into 

ecoregion groups, variability was generally reduced and specific comparisons between 

ecoregions provided greater insight to the distribution of bacterial levels. Bacterial 

counts were noticeably lower in the Cascades ecoregion where human influence is 

comparatively low. In the Cascades, the dominant land uses are forestry and recreation 

and much of the area is covered with conifer and mixed tree forests (Pater et al., 1998). 

Alternately, for streams in the Coast Range ecoregion which share many similar physical 

characteristics with streams in the Cascades, high levels of fecal coliform bacteria and E. 

coli were found. Human influence is greater in the Cascades and forests have been 

intensively managed and logged (Pater et al., 1998). High levels of bacteria were found 

in the Willamette Valley ecoregion. Over half of the human population of the state of 

Oregon is located within this ecoregion (ODEQ, 1994). The predominant land uses 

include urban and rural residential, industrial activity, and agriculture (Pater et al., 1998). 

Bacterial levels were also high in the Columbia Plateau ecoregion. This ecoregion 

receives little precipitation and can support grasses but supports few trees. This area is 

predominantly used for grazing and dry-land agriculture (Clarke and Bryce, 1997). The 

Blue Mountains ecoregion also had multiple sites with high levels fecal bacteria. This 

region is primarily used for grazing, mining, logging and agriculture (Clarke and Bryce, 

1997). 
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Landscape characteristics drive human settlement and land use. Anthropogenic 

influence is therefore only one of many factors that may be associated with differing 

bacterial levels in streams. In a previous study, bacterial levels in streams were found to 

be significantly associated with both physical characteristics such as channel slope and 

streambed substrate as well as anthropogenic factors such as percent agricultural land 

use, chloride and sulfate levels, and quantitative rankings of disturbance (Hendricks et 

al., submitted). While in this study it is impossible to separate and quantify the effect of 

anthropogenic stress on the levels of bacteria found in streams, it is interesting to note 

that higher bacterial levels do coincide with regions that have high human populations 

and/or human influence. 

In this research, estimates of fecal bacteria were made from single rather than 

multiple samples at each sampling location, however this study had much broader spatial 

coverage than most water quality assessments. The former Oregon state fecal coliform 

and current E. coli standards which require a mean of multiple measurements were used 

for comparison purposes. Both standards indicated that greater than 10% of streams in 

Oregon exceeded the mean limits for water-contact recreation. Furthermore, 9.1% and 

3.7% of streams exceeded the single measurement standards for water-contact recreation 

for fecal coliforms and E. coli, respectively. The streams with high fecal bacteria were 

concentrated in the Willamette Valley, Columbia Plateau and Blue Mountains 

ecoregions. 

While all of the microbial public health indicators evaluated in this research were 

useful in distinguishing bacterial levels of streams, the repeatability of fecal coliforms 

and E. coli measurements imply that these indicators would be more useful to monitor 
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long-term trends. Heterotrophic plate counts and total coliforms may still be valuable for 

specific research questions where the index sampling period is shorter or the effect of 

specific point-source pollution is to be evaluated. 

The Biolog GN plates produced a large data set whose analysis can be approached 

through a variety of methods. Previous research has indicated that inoculum density 

effects are important to control (Garland, 1996; Haack et al., 1995). Analysis was 

attempted by choosing plates with nearly equal AWCD (Garland, 1996). Two problems 

hindered this analysis. First, small deviations in AWCD produced large differences in 

the first principal component of principal component analysis, therefore if a standard 

AWCD is used then all measurements would have to be very close to this AWCD, 

probably within 0.05 units. This may be possible if a plate reader that can automatically 

feed plates at short time intervals can be used. However, if plates are delivered manually 

to the reader and the time span of the study is more than a few days, it would require a 

significant investment in support to read plates every few hours, since each plate would 

need to be monitored for several days. To overcome the effect of small difference in 

AWCD, the data set was reduced to select only plates that were within 0.05 units of a set 

AWCD. Principal component analysis performed on this reduced data set resulted in 

little variation being explained by the first few principal components. Essentially, 

information on the rate of development was lost when all plates were chosen at the same 

AWCD, and the rate of development is an important distinguishing characteristic. In this 

study, effects from inoculum density were controlled by forming two groups of data 

where AWCD was not correlated to inoculum density. This method allowed for the rate 

of AWCD to be incorporated into the analysis and the first few principal components 
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explained an interpretable amount of variation. This method may be useful in other 

research studies where the sample number is large enough to allow for separation into 

groups by inoculum density. 

Measures of microbial diversity made by Biolog GN plates were useful in 

distinguishing ecoregions. Relationships between the different fecal indicators and the 

first two principal components further indicate that the Biolog GN plates can distinguish 

different microbial communities. The Biolog GN system may be a useful tool to provide 

insight to the differences of microbial community structure in freshwater streams. 

Further investigation is needed to rigorously evaluate variability and to relate differences 

in microbial functional diversity to ecosystem function. 

Conclusions 

Bacterial levels differ considerably across the state of Oregon. Especially in the 

Willamette Valley, Columbia Plateau and the Blue Mountains ecoregions, the percentage 

of streams with high levels of fecal bacteria are cause for concern. While causation was 

not identified in this study, differences in landscape characteristic and land use were 

related to bacterial levels. Even without the knowledge of causation, water quality 

managers should be able to ascertain which land uses can be supported in specific 

geographic regions without corresponding elevations in bacterial levels. Ecoregions 

appear to be useful delineations of geographic regions for this type of analysis. 

Bacterial indicators are useful in distinguishing water quality of freshwater 

streams and rivers over large spatial scales. Since bacteria are present in all systems, 

bacterial indicators are not likely to be restricted to certain geographic areas. Continued 
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research and further development of bacterial indicators may therefore provide a system 

for water quality evaluation that is broadly applicable. 

Recommendations 

Further analysis is required to relate both the microbial public health indicators 

and the Biolog measures of functional diversity to ecosystem function. Because EMAP 

surface water studies measure a suite of physical and biological indicators including 

water chemistry, fish and macroinvertebrate diversity, riparian habitat, road cover, and 

land use, comparisons can be made between these measurements and bacterial indicators. 

Subsequent planned publications will report the findings of these analyses. This 

information should add to the understanding of the relationships between microbial 

communities and ecosystem function. 
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APPENDIX I
 

Level III Ecoregions of Oregon
 

The following descriptions of Oregon ecoregions are summarized from 

Ecoregions of Western Washington and Oregon (Pater et al., 1998), Hierarchical 

Subdivisions of the Columbia Plateau and Blue Mountains Ecoregions, Oregon and 

Washington (Clarke and Bryce, 1997), and Ecoregions and Subregions of the United 

States (Bailey et al., 1994). The numbers preceding each ecoregion name coincide with 

the Level III Ecoregions of the Conterminous United States map (US EPA, 1995). The 

descriptions given below highlight only a few of the physical, climatic, and vegetation 

parameters used for ecoregion delineation. Readers are referred to the documents 

mentioned above for a more complete discussion of Oregon ecoregions. 

1 Coast Range: low mountains, high precipitation, highly productive
 
coniferous forests, Douglas-fir plantations, intensively logged and managed
 
landscape.
 

3 Willamette Valley: broad lowland valley, rolling prairies, lower precipitation 
than the surrounding Coast Range and Cascades, mild marine-influenced climate, 
deciduous and coniferous woodlands, historically extensive wetlands, productive 
soils for agriculture, dense urban areas. 

4 Cascades: mountainous, steep ridges and river valleys, active and dormant 
volcanoes, temperate climate, severe winter deep snow above 4000 ft, highly 
productive coniferous forests, subalpine meadows at high elevations. 

9 Eastern Cascade Slope: plateaus, canyons, volcanic cones and buttes, in the 
rainshadow of the Cascades, continental climate, greater temperature extremes 
and less precipitation than the Coast Range, Willamette Valley and Cascades 
ecoregions, open ponderosa and lodgepole pine forests, understory shrubs. 

10 Colombia Plateau: low relief, grassland steppe, arid, shrub-grassland with a 
lack of trees. 
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11 Blue Mountains: mountainous (elevations to 10,000 feet) with gentle slopes, 
light precipitation, hot and dry summers, moisture limited, productive mesic 
forests, alpine meadows at high elevations, grazing, mining and agricultural 
landuse. 

12 Snake River Basin: desert plain with isolated mountains, little precipitation, 
sagebrush steppe, rangeland. 

78 Klamath Mountains: physically and biologically diverse, highly dissected 
folded mountains, foothills, terraces and floodplains, subhumid climate with a 
lengthy summer drought, mix of conifers and broad-leafed evergreens. 



APPENDIX II
 

Identification of Substrates of the Biolog GN Microplate
 

Al A2 A3 A4 A5 A6 A7 A8 A9 A10 All Al2 

Control a cyclodextrin dextrin glycogen tween 40 tween 80 N-acetyl-D N-acetyl-D adonitol L-arabinose D-arabitol cellobiose 
galactosamine glucosamine 

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 
i-erythritol D-fructose L-fucose D-galactose gentiobiose a-D-glucose m-inositol a-D-lactose a-D-lactose maltose D-mannitol D-mannose 

lactulose 

Cl C2 C3 C4 C5 C6 C7 C8 C9 C10 Cl 1 C12 
D-melibiose p-methyl 

D-glucoside 
D-psicose D-raffinose L-rhamnose D-sorbitol sucrose D-trehalose turanose xylitol methyl 

pyruvate 
mono-mehtyl 

succinate 

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 Dli D12 

acetic acid cis-aconitic citric acid formic acid D- galactonic D-galacturonic D-gluconic D-glucos D-glucuronic a-hydroxy p-hydroxy y-hydroxy
acid acid lactone acid acid aminic acid acid butyric acid butyric acid butyric acid 

El E2 E3 E4 E5 E6 E7 E8 E9 El 0 Ell E12 

p-hydroxy 
phenylacetic 

itaconic acid a-keto butyric 
acid 

a-keto glutaric 
acid 

a-keto valeric 
acid 

D,L-lactic acid malonic acid propionic 
acid 

quinic acid D-saccharic 
acid 

sebacic 
acid 

succinic 
acid 

acid 

Fl F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 

bromo succinic 
acid 

succinamic 
acid 

glucoronamide alaninamide D-alanine L-alanine L-ananyl
glycine 

L-asparagine L-aspartic acid L-gultamic acid glycyl-L
aspartic acid 

glycyl-L
glutamic acid 

G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 
L-histidine hydroxy L- L-leucine L-omithine L- L-proline L-pyroglutamic D-serine L-serine L-threonine D,L-carnitine y-amino butyric 

proline phenylalanine acid acid 

H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 

urocanic acid inosine uridine thymidine phenyl 
ethylamine 

putrescine 2-amino 
ethanol 

2,3- butanediol glycerol D,L-a-glycerol 
phosphate 

glucose-1
phosphate 

glucose-6
phosphate 

Biolog GN microplates are a product of Biolog, Incorporated, 3938 Trust Way, Hayward, CA 94545. 




