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Escherichia coli (E. coli) is used as an indicator species for 

sewage or animal waste contamination in water systems. Currently, 

Wyoming is initiating TMDLs to decrease E. coli concentrations in the 

Greybull River through the implementation of BMPs.  Land use in the 

Greybull watershed (1,100 mi2) is predominantly irrigated agriculture 

and ranching, with an abundant natural wildlife population present; 

these are the assumed primary sources of E. coli loading along with 

human/septic.  Initiating BMPs on these sources may not effectively 

reduce E. coli concentrations observed in the thalweg if E. coli is 

originating from secondary sources, such as pockets of fine, in-channel 

sediment.  High discharge resulting from the onset of seasonal 

snowmelt runoff can re-suspend, and transport channel sediment and 

bacteria, as well as wash overbank sediment/bacteria back into the 

channel. We investigated E. coli levels in the water surface, throughout 

the water column, and in the channel sediments bi-monthly from May-

September 2009 and 2010.  Results showed that flow conditions at the 

peak of snowmelt runoff, had a profound effect on E. coli levels.  

Before “peak-flow” conditions (baseflow), E. coli concentrations in the 
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water column were generally low, while E. coli levels in the sediment 

were relatively high, with the greatest proportion of clay-particles 

being observed.  At or near peak-flow conditions, E. coli concentrations 

in the water column were the greatest, while levels in the sediment 

were the lowest, with clay-particles being flushed out of the system.  

Late-summer baseflow conditions showed a decline in E. coli 

concentrations in the water column, and a gradual incline in both E. 

coli levels in the sediment and clay-particles.  Precipitation acted to 

drastically increase E. coli concentrations in the water column after 

peak-flow, but before peak-flow had a negligible or negative effect on 

E. coli levels. 
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Chapter 1 

 Introduction 

  

 The presence of Escherichia coli (E. coli) in water is an indicator 

of sewage or animal waste contamination.  E. coli is a species of fecal 

coliform bacteria that is specific to fecal material from humans and 

other warm-blooded animals.  Although non-pathogenic, E. coli 

indicates the possible presence of pathogenic bacteria, viruses, and 

protozoa that also live in human and animal digestive systems.    

Because it is difficult, time-consuming, and expensive to test directly 

for the presence of a large variety of pathogens, water is usually 

tested for coliforms instead (USEPA, 2010). The United States 

Environmental Protection Agency (USEPA) recommends E. coli as the 

best indicator of health risk from water contact in recreational waters; 

states are monitoring surface water quality standards according to the 

USEPA.  Currently, Wyoming is initiating Total Maximum Daily Loads 

(TMDLs) to decrease E. coli concentrations in the Greybull River 

through the implementation of BMPs.  Therefore, it is crucial to 

understand the primary sources of loading, along with the dynamics 

and movement of E. coli within the watershed system. 

 Human activity (Crabill et al., 1999; Schilling et al., 2008), along 

with the presence of livestock (cattle, sheep, pigs, etc.), have been 
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shown to increase E. coli levels in downstream waters (Muirhead et al., 

2004; Monaghan et al., 2009; Kloot 2007; Collins et al., 2005; 

Schilling et al., 2008; Vidon et al., 2008; Avery et al., 2004; 

Tiedemann et al., 1987).  The microbial loading potential from 

livestock fecal matter in agricultural watersheds can be substantial 

(Jamieson et al., 2004).  One of the major difficulties in microbial 

pollution assessment is characterizing wildlife or “background” levels of 

contamination (Jamieson et al., 2004).  Non-agricultural sources of 

microbial pollution in rural watersheds include deer, elk, geese, and 

beavers (Crabill et al., 1999; Hussong et al., 1979; Skinner at al., 

1984; Somarelli et al., 2007). 

  Once E. coli leaves its primary host and is deposited on the land 

surface, die-off begins; the rate of die-off depends upon various 

environmental factors such as temperature, light, pH, availability of 

nutrients, presence of predators, soil moisture content and soil type 

(Jamieson et al., 2004).  Enteric bacteria have been observed to 

survive anywhere between 0 and 600 days outside of its primary host 

in various secondary and laboratory environments (Jamieson et al., 

2002; Fish and Pettibone, 1995; Flint 1987; Avery et al., 2004).  Once 

established in forest soil, E. coli can persist into and through the winter 

period in animal feces, sediment, and soil (Tiedemann et al., 1987) 
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potentially acting as a continuous non-point source of E. coli for 

nearby streams (Whitman et al., 2006). 

 Overland flow, caused by either rainfall or snowmelt events, is 

capable of transporting microorganisms deposited on the land surface 

into the nearest waterbody (Jamieson et al., 2004; Collins et al., 

2005; Crabill et al., 1999; Schilling et al., 2008; Vidon et al., 2007; 

Gannon et al., 2005; Tiedemann et al., 1987; USEPA, 2006).  Open 

channel irrigation canals promote field-to-stream linkages by 

increasing the drainage density of the landscape (Gannon et al., 

2005).  Also, livestock and wildlife may deposit fecal matter directly 

into a waterbody. 

   The majority of enteric bacteria in soil and aquatic systems are 

associated with sediments and these associations influence their 

survival and transport characteristics (Jamieson et al., 2004).  Upon 

reaching a waterbody, E. coli can either be deposited within the bed 

substrate, transported in suspension until deposited, or transported 

out of the system as washload. Several studies have shown that E. coli 

exhibits greater survivability and/or concentrations when associated 

with channel sediment compared to in the water column (Burton et al., 

1987; Jamieson et al., 2004; Fish and Pettibone 1995; Crabill et al., 

1999; Whitman et al., 2006; Stephenson and Rychert, 1982; Sherer et 

al., 1992).  Furthermore, sediment characteristics may influence E. coli 
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survivability.  Fine sediment has a greater capacity to adsorb E. coli 

cells compared to coarse sediment (Jamieson et al., 2004).  The 

association with fine sediment also decreases the die-off rate of E. coli 

compared to the die-off rate associated with coarse sediment (Burton 

et al., 1987; Sherer et al., 1992). 

 So why be concerned with E. coli associated with channel 

sediment, when most water quality standards only pertain to the 

concentrations within the water column?  Re-suspension of bacteria 

from channel sediments may account, in part, for the erratic fecal 

coliform levels often encountered in water monitoring programs, as 

grab samples of water only give an immediate picture of bacterial 

levels in the water column (Burton et al, 1987).  Artificial flood and 

flow manipulation experiments (Muirhead et al., 2004; MacDonald et 

al., 1982; Wilkinson et al., 1995), which exclude surface runoff 

contributions, have demonstrated that in-channel stores of fecal 

bacteria exist and can be mobilized without overland flow, 

substantially adding to the bacterial concentration in the water 

column.  Re-suspension of sediment, caused by various in-channel 

disturbances, has been shown to increase the bacterial concentrations 

at downstream locations (Crabill et al., 1999; Stephenson and Rychert, 

1982), and pulses of enhanced concentrations were found to increase 

with propagation downstream, indicating accumulation of entrained 
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organisms from within the channel (Wilkinson et al., 2006).  Many 

other studies have observed increased bacterial concentrations with an 

increase in channel discharge (Schilling et al., 2008; Edwards et al., 

1996; Tiedemann et al., 1987; McKergow and Davies-Colley, 2010). 

The Wyoming Department of Environmental Quality (WYDEQ) 

sampled water quality in the Greybull River in 2000 to partition fecal 

coliform loading into the Bighorn River from the Greybull River 

tributary.  Samples collected quarterly from 1995-2000 by the USGS 

at station 06276500 at the town of Meeteetse indicated that fecal 

coliform bacteria counts greater than 200cfu/100ml occurred in the 

months of May and June.  The Greybull River is currently on Table A of 

the 303(d) list because of exceedances of the criteria for fecal 

coliform.  WYDEQ is expected to implement TMDLs in 2013 that will 

require allocation of nonpoint pollutant loading to specific land uses.  

The Meeteetse and South Big Horn Conservation Districts have 

monitored the Greybull River, and analysis of their data indicated that 

the impairment of the river may not extend upstream of the Sheets 

Flat bridge, below the town of Meeteetse.  Extensive preliminary data 

collected by the Meeteetse Conservation District (MCD) indicate there 

is extreme variation in E. coli concentrations in samples collected at 

the same location from different times of the same day, and even from 

split samples taken from the same sample. For several years, MCD 
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monitored extensive daily and seasonal changes in E. coli at five 

sampling locations in the Greybull Watershed in northwest Wyoming. 

In 2009 and 2010, an extensive measurement and monitoring study 

was conducted to understand the dynamics of E. coli levels in the 

watershed and investigate the impacts of channel processes on 

observed changes in E. coli. The overall objective of the study was to 

determine to what extent E. coli levels observed in the water column 

of the Greybull River could be sourced to E. coli levels existing in the 

channel sediment.   

 

Overall hypothesis: Elevated E. coli concentrations measured in the 

water column of the Greybull River are caused by the re-suspension of 

deposited E. coli residing in the channel sediment.  The specific 

hypotheses that were investigated were: 

1. E. coli exists in the channel sediment of the Greybull River. 

2. E. coli concentrations measured using a depth-integrated 

method are greater than E. coli concentrations measured solely 

from the water surface in the Greybull River. 

3. Discharge driven by snowmelt runoff and/or overland flow from 

precipitation is positively correlated with the E. coli 

concentrations observed in the Greybull River. 
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Chapter 2 

Literature Review 

Introduction 

 E. coli concentrations and loading in flowing, freshwater aquatic 

systems are a major water quality concern in Wyoming.  Note that “E. 

coli”, “fecal coliform”, and “enteric bacteria” are all mentioned.  

Studies conducted over the past 30 years have focused on different 

levels of bacteria classification.  For the purpose of this study, all 

characteristics and findings at any level of classification can be 

assumed to be similar.   

 The study of E. coli, and its fate and transport, in our watersheds 

is vital to accurately determine the health and quality of our waters.  

E. coli is currently used by the USEPA (USEPA 2002; USEPA 2006), 

USGS (Myers et al. 2007), and WYDEQ (WYDEQ 2008) as the indicator 

species for fecal contamination and water-borne pathogens in our 

water supply.  Therefore, it is necessary to understand the origin, fate, 

and transport of E. coli in a watershed, if water quality standards are 

to be set.  There are several environmental and ecological factors, 

such as climate, hydrology, and microbial, that can affect E. coli 

survivability in the wild and our stream systems.   

 

Factors Effecting E. coli levels in stream systems 
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Biological Factors (grazing, wildlife, human) 

E. coli is naturally found in the gastrointestinal tract of warm-

blooded animals (i.e. humans, cattle, deer, etc.), and leaves its 

primary host through defecation.  Grazing cattle and sheep, along with 

runoff from irrigated lands, is widely accepted as a source for E. coli in 

watersheds.  The detrimental effect cattle grazing and agriculture has 

on water quality has been noted in many studies (Collins et al., 2005; 

Monaghan et al., 2009; Kloot, 2007; Muirhead et al., 2004; & Vidon et 

al., 2008).  Wildlife, or “background” sources can also be significant.  

High numbers of coliform bacteria from wildlife could account for 

variation in coliform levels when water quality is otherwise good 

(Fisher et al., 1999).  One of the major difficulties in microbial 

pollution assessment is characterizing wildlife or “background” levels of 

contamination.  Wildlife, such as waterfowl, can be a significant 

contributor to fecal pollution within rural watersheds.  Jamieson et al. 

(2004) found that over a year’s time, geese presence was shown to 

significantly increase fecal coliform concentrations in a pond.  Beavers 

can have a substantial influence on biological, chemical, and physical 

characteristics of a stream system. Skinner et al. (1984) investigating 

bacteria levels in streams in a grazing system near Laramie, WY found 

that the stream with the highest number of beaver ponds had 

significantly lower fecal coliform concentrations; fecal coliform levels 
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were higher at the ponds’ inlets compared to their outlets.  Beaver 

themselves may also be a source of point pollution of fecal bacteria 

into a stream, though source tracking was not conducted within this 

study. 

 

Climate  (light, temperature, precipitation) 

 Fate and transport of E. coli in watersheds is affected by the 

characteristics and climatic attributes of the watershed system.  

Precipitation has been shown to effect E. coli movement in watersheds.  

Overland flow, resulting from precipitation events and snowmelt 

runoff, washes sediment from the overlying surface into stream 

systems, and can increase flow rates.  Watersheds with smaller 

contributing areas tend to be more responsive to precipitation events 

than lower reaches with larger contributing areas (Dingman, 2002).  

This suggests that at headwater locations, overland flow to the stream 

due to precipitation in the days preceding sampling may be the main 

control on stream E. coli contamination levels (Vidon et al., 2008).  

Many studies have shown that E. coli enters into a creek or river 

systems via overland flow or irrigation returns (Whitman et al., 2006; 

Monaghan et al., 2009; Vidon et al., 2008; He et al., 2007). 

 Visible light (sunlight) varies throughout the year (seasonal), 

time of day (diel) and with cloud-cover.  Whitman et al. (2008) found 
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that mean E. coli counts were significantly higher in the morning 

compared to the afternoon, and higher under cloudy conditions.  In a 

laboratory experiment, Barcina et al. (1990) found that both direct and 

CFU counts conducted in non-illuminated systems did not show any 

significant changes during the experiments. However, in illuminated 

systems CFU counts of E. coli decreased during the incubation period 

although total number of bacteria remained constant during the 

experiments. Visible light induced a progressive dormancy of E. coli in 

freshwater, detected because most of the cells lost their ability to form 

colonies on a suitable culture medium (Barcina et al., 1990).  Visible 

light has a stressful effect on enteric bacteria in natural aquatic media 

(Barcina et al., 1990).  Muirhead et al. (2004) suggested that the 

shaded stream sediments in the hyporheic zone may contain much 

higher concentrations of E. coli and is worthy of further investigations. 

 Seasonal influences on E. coli load and concentration have been 

noted in many experiments with mixed and often conflicting results.  

E. coli counts generally show a seasonal pattern in recreational waters, 

higher counts associated with late summer (Whitman et al., 2006).  

Schilling et al. (2008) found that monthly E. coli concentrations 

exhibited clear seasonality with higher concentrations occurring in 

May, June and July (months of highest rainfall and discharge). 

February and December had the lowest monthly concentrations typical 
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of other fall and winter months.  E. coli counts were higher during 

summer months, while variations were high within and between years 

(Byappanahalli et al., 2003).  In contrast, according to a study by 

Vidon et al. (2008), E. coli concentrations were not significantly higher 

in summer/fall than in the winter/spring.  However, they found that E. 

coli load was significantly higher in winter/spring than in summer/fall 

season.  

 

Environment (water, sediment) 

Once established in soil, E. coli can persist for months, through 

winter and into the next year, potentially acting as a continuous non-

point source of E. coli for nearby streams (Whitman et al., 2006).  The 

ubiquity of E. coli in soils is attributable to non-point sources (human 

or wildlife) and subsequently can be released by soil and sediment 

erosion (Byappanahalli et al., 2003). The half-life of E. coli in its 

secondary environments (e.g., soils) is only a few days, but can 

survive several months in freshwater (Whittam, 1989).   

Studies have found that E. coli has an affinity towards binding to 

sediment, and this attachment helps extend E. coli survivability (Fish 

and Pettibone, 1995; Jamieson et al., 2004).  High E. coli levels at 

base flow are often associated with high suspended sediment 

concentration in the lower reaches of watersheds (Vidon et al., 2008). 
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Eventually suspended E. coli will settle from the water column into the 

sediment below.  Levels of fecal coliform and pathogens can be many-

fold higher in channel sediments than in overlying water.  In soil–

water environments, survival is influenced by moisture content, soil 

type, temperature, nutrients and competing microorganisms (Jamieson 

et al., 2004).  Gentry et al. (2006) found that the persistence of E. coli 

in slow moving lower reaches of drainage basins is driven by the 

possible attachment of E. coli bacteria to sediments.  Fecal coliform 

survives longer in sediments containing at least 25% clay, and exhibit 

the greatest die-off in sandy systems (Burton et al., 1987).  Fecal 

coliform levels in river sediment have been found to be 1 to 5 orders 

of magnitude higher than in the overlying water column (Whitman et 

al., 2006; Jamieson et al., 2004).  In Oak Creek, AZ, sediment 

populations of fecal coliform were on average, 2,200 times greater 

than the water counts (Crabill et al., 1999).  In lake sediment, E. coli 

can be found in the sediment from the surface down to 60 cm., with 

maximum densities from 8 to 18 cm. below water (Whitman et al., 

2006).  In lake water, greater than 90% of fecal coliform observed 

were associated with small-sized particles.  

 Sediments may act as source of nutrients for bacteria; the 

ability of freshwater sediments to serve as reservoirs for enteric 

bacteria has been well documented.  In-stream stores of E. coli are 
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capable of loading large amounts of E. coli into the water column, and 

are in a finite amount by nature.  In the Bush River, SC, under 

conditions where there was no recent storm events, the geometric 

mean bacterial densities remained extremely high for the four most 

contaminated sites, suggesting that the E. coli loading upstream of 

these sites occurs without the aid of surface runoff (Kloot, 2007).  

Extended survival, along with adsorption and sedimentation, can 

contribute to increased levels of enteric bacteria in sediments creating 

a potential health hazard (Burton et al., 1987).   

 

Microbial  (bacterial decay, predation) 

 Bacterial decay curves in aquatic environments may not follow 

an ideal exponential decay curve. A lag phase, in which a negligible 

decrease in the bacterial population is observed, often precedes the 

exponential decay phase. Bacterial decay curves could be more 

accurately modeled using non-linear, sigmoidal models as opposed to 

log–linear models. Extended survival patterns have been noted for 

enteric bacteria that have attached to sediment (usually fine particles) 

in aquatic environments primarily attributed to the availability of 

soluble organics and nutrients as well as to increased protection from 

predatory protozoa (Jamieson et al., 2004).  Die-off rates are fast at 

the beginning, until carrying capacity is reached. E. coli can exhibit 
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quorum sensing (a genetic program capable of population regulation 

(He et al., 2007).  Inactivation rates of E. coli were determined by 

Garzio-Hadzick et al. (2010) during the exponential inactivation stage 

of manure-borne E. coli established in sediment.  Inactivation rates 

were roughly 10-fold greater at 24°C compared to 4°C, where E. coli 

concentrations decreased by only one order of magnitude during four 

months of incubation (at 4°C).  The slow inactivation of E. coli 

sediments at 4°C indicates the likelihood of E. coli survival through 

winter. 

 Studying E. coli in its natural environment is crucial to the 

understanding of its origins, survivability, and decay.  It also poses 

major difficulties.  E. coli must be cultured in order to be enumerated 

accurately.  Once transported from its primary environment to the 

stream, many factors can effect E. coli concentrations.  Bissonnette et 

al. (1975) found that as exposure to the aquatic environment 

increased from 0-4 days, an increasing portion of E. coli exhibited non-

lethal injury, and after 2 days had a 95% recovery rate after exposed 

to rich Trypticase Soy Yeast agar.  These finding suggest that 

accurately enumerating E. coli may be challenging because of the 

difficulty in counting injured cells, and the magnitude of cells existing 

between death and injured stages.  E. coli samples taken by Bogosian 

et al. (1996) were tested to determine if they entered a ‘viable but 
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nonculturable’ state.  E. coli strains introduced to non-sterile soil and 

water at very high levels were completely lost over the course of these 

studies, suggesting that they were unable to compete with and 

perhaps being consumed by indigenous inhabitants (protozoa).  E. coli 

rapidly declined to levels undetectable by plate counts on Eosin 

Methylene Blue agar or by Most Probable Number (MPN) estimates.  

However, in sterile soil, E. coli strains did not exhibit any decline in 

plate counts even after 100 days.  Under all conditions of this study, 

the E. coli strains did not appear to enter the VBNC state (Bogosian et 

al., 1996).  E. coli has been found to live in excess of 260 days in a 

laboratory setting (Flint et al., 1987). 

Predation from protozoa has been found by some researchers to 

be detrimental to E. coli (Beaudeau et al., 2001; Davies et al., 1995).  

However, in an experiment by Flint et al. (1987), there was little 

difference between the survival of E. coli in the untreated versus the 

Whatman-filtered water, indicating that protozoa and attachment to 

particles appear to have little influence on the disappearance of E. coli 

in the river water samples (Flint 1987).  The behavior of the protozoa 

Cryptosporidium and Giardia, in particular, are poorly understood, and 

the extent of adsorption of oocysts to soils and fluvial sediments is still 

a topic of debate (Jamieson et al., 2004).   
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Chemical (turbidity, pH, temperature, DO, conductivity, alkalinity) 

 Because E. coli is often entrained with suspended sediments, 

turbidity is often used to correlate with E. coli levels.  This relationship 

is not always strong or accurate.  Vidon et al. (2008) found that for 

base flow conditions only, E. coli appeared to be significantly 

correlated to turbidity, whereas for high flow conditions, very poor 

correlations were observed between E. coli concentration and/or 

loading and turbidity.  Turbidity may be the best indicator of E. coli 

load in slow moving lower reaches of many watersheds.  Bogosian et 

al. (1996) found turbidity of the river water declined in parallel with 

the decline in the E. coli populations.  In a simulated flood study 

(Muirhead et al., 2004), turbidity was positively correlated with E. coli 

on the rising limb of the hydrograph (increased turbidity coincided with 

increased E. coli); but on the falling limb of the hydrograph turbidity 

declined fairly rapidly, whereas E. coli remained somewhat elevated. 

 E. coli, like many other bacteria, are affected by elements and 

minerals.  The presence or absence of which can either cause a 

favorable or detrimental environment for the organisms.  High levels 

of conductivity provide high salt concentration, which will inhibit 

growth or cause damage.  Fecal indicator bacteria concentrations have 

been shown to decrease with increases in conductivity (He et al., 

2007).  Vidon et al. (2008) came to a similar conclusion, showing that 
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for base flow conditions, E. coli concentration is negatively correlated 

to conductivity. 

  

Hydrology  

 Hydrological forces drive E. coli movement throughout a 

watershed.  Vidon et al. (2008) found that E. coli levels were 

significantly higher at high flow than at base flow.  Regardless of flow 

conditions, E. coli concentrations correlated to average daily discharge 

and E. coli loading was significantly correlated to average 7-day 

antecedent daily discharge.  This experiment sorted measured field 

parameters, along with E. coli samples, into high-flow (Q>Q75) and 

base-flow, where high flow is defined as the 75th percentile for 

discharge (i.e. the discharge exceeded 25% of the time). For base-

flow conditions, E. coli levels were significantly correlated to 7-day 

antecedent precipitation and turbidity and to a lesser extent was 

positively correlated to discharge and negatively correlated to 

conductivity (Vidon et al., 2008).  For high-flow conditions, a 

significant positive correlation was observed with temperature and 7-

day average discharge, but poor correlation with turbidity.  E. coli 

concentrations tend to be best correlated to direct hydrological 

variables (Q, 7dQ) than to indirect hydrological variables (turbidity, 

conductance) for high flow conditions (Vidon et al., 2008).  Beaudeau 
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et al. (2001) were able to explain half of the variance of K (decay 

coefficient) with flow. 

Ponds have been shown to be effective in ‘trapping’ bacteria, 

preventing them from immediately transporting downstream.  

Whitman et al. (2008) found that E. coli counts were significantly 

lower at the outflow compared to the inflow of a newly constructed 

pond, with an average reduction of 47%.  Fisher at el. (2000) found 

that a pond below a grazed watershed was very effective in removing 

the enterococci bacteria from the creek, and in removing E. coli from 

the grazed watershed.  He et al. (2007) concluded that fecal indicator 

and total bacteria concentrations were higher in sediment under 

ponded water than flowing water.   

 Artificial flood experiments have been performed to isolate 

variables contributing to elevated high E. coli concentrations in 

watersheds. In a New Zealand study, three artificial floods were 

simulated on three consecutive days by releasing water from an 

upstream supply reservoir.  Although the three floods were virtually 

identical, E. coli and turbidity progressively decreased 53-59% on each 

successive flood, suggesting that an infinite series of floods would be 

expected to flush out entire in-stream stores of E. coli.  These artificial 

flood events demonstrated that in-channel stores of E. coli exist, and 

are mobilized into the water column when sediments are disturbed by 
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increasing flow rates (Muirhead et al., 2004).  A similar experiment 

was conducted in England; sites at 400m and 2500m downstream 

were sampled with periodic artificial releases from an upstream 

reservoir.  Bacteria levels in this experiment were shown to be greater 

at the downstream location, indicating that the peaks were not 

accidentally created from a reservoir bacteria store, and that an in-

stream store exists.  A ‘double-peak’ artificial release was performed 

where bacterial concentrations increased by a factor of 10 from base-

flow conditions and slightly increased due to the second pulse.  The 

bacteria in suspension was entrained by the pulse appeared to remain 

in suspension until much lower velocities were encountered. Bacterial 

store in the river is finite for any specific flow level and can be 

depleted (McDonald et al., 1982).  A third study conducted in Wales 

further exemplified the finite nature of channel-bed supply organisms. 

The fecal coliform response to a release from two reservoirs exhibited 

three main phases; low concentrations preceding the release, 

enhanced concentration coinciding with the rising limb of the 

hydrograph and a return to background concentrations following the 

peak flow.  The on-set of the hydrograph recession, resulted in the 

immediate reduction in bacterial concentration to background 

concentrations. It was assumed that the organisms available from 

storage were entrained into the flow and transported beyond the study 
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reach. The Washburn (simulated hydrograph) results demonstrate the 

finite nature of the channel-bed supply of organisms (Wilkinson et al., 

1994). 

 Finally, downstream effects of E. coli impairment are a debatable 

issue.  Obviously, many environmental factors come into effect when 

determining the distance downstream of an impairment a stream is 

affected. The release of sediment bound bacteria has been found to 

impact water quality as far as 1 km downstream (Crabill et al., 1999), 

whereas all concentrations of E. coli decreased 850 m. downstream of 

a cattle crossing (Vidon et al., 2008). 

 

Enumeration Techniques 

 Once E. coli is collected in the field or lab, it is counted to 

analyze loading and concentration.  The IDEXX Colilert Quant-Tray 

2000 bacterial enumeration procedure (IDEXX laboratories Westbrook, 

ME, USA) has often been in research to enumerate E. coli colonies in 

water samples (Muirhead et al., 2004; Kloot, 2007; Schilling et al., 

2008; Whitman et al., 2006; Byappanahalli et al., 2003; Collins et al., 

2005).  The Colilert enumeration technique is a USEPA approved 

method for quantifying E. coli in water samples (USEPA 2003).  

Colilert uses the Defined Substrate Technology® (DST®) that 

detects both total coliforms and E. coli (http://www.idexx.com). Two 
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nutrient-indicators, ONPG and MUG, are the major sources of carbon in 

Colilert and can be metabolized by the coliform enzyme β-

galactosidase and the E. coli enzyme β-glucuronidase, respectively.  As 

coliforms grow in Colilert, they use β-galactosidase to metabolize 

ONPG and change it from colorless to yellow.  E. coli use β-

glucuronidase to metabolize MUG and create fluorescence. Since most 

non-coliforms do not have these enzymes, they are unable to grow 

and interfere. 

E. coli is enumerated via the IDEXX developed Quanti-Tray.  By 

dividing the 100 mL sample into 51 wells, Quanti-Tray uses the 

Standard Method Most Probable Number (MPN) approach to determine 

the number of bacteria in the original sample 

(http://www.IDEXX.com). IDEXX's Quanti-Tray/2000 is based on the 

same statistical model as the traditional 15-tube serial dilution. With 

the Quanti-Tray/2000, the sample is automatically divided into the 

proper portions by the Quanti-Tray® Sealer, without test tubes, 

durham tubes, measuring or dilution water. By automatically 

distributing the sample into 97 wells of two different sizes, Quanti-

Tray/2000 yields a counting range of one to 2,419 with a far better 

95% confidence limit than a 15-tube serial dilution. 
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Modeling 

Modeling E. coli fate and transport has been attempted, both 

successfully and unsuccessfully, in many stream systems.  The 

simulation models are most commonly used to attempt to identify 

major “hot spots” of E. coli loading into a stream system, downstream 

effects (i.e. exceeding TMDL limits), and stream reactions to different 

environmental conditions (i.e. flash floods, water temperature, etc.).  

Advantages of successful models can be the effective and efficient 

initiation of BMPs to limit E. coli concentrations, more accurately define 

TMDL violations to specific environmental conditions, and to limit the 

resources applied to extensive water quality sampling.  Some 

disadvantages to using E. coli modeling are the large variation and 

error, and the limitations of applying complex, process-based models 

to any watershed.  Most accurate models are very site-specific.  E. coli 

models come in various forms, and careful consideration should be 

taken when choosing an applicable model for a specific research 

application.  Most models can either model local or watershed scale 

effects, not both.  Also, process models can be mathematically 

complex, but recent of incorporation of GIS data layers has made E. 

coli modeling more visually pleasing. 

 A 1-D advection-dispersion equation (ADE) was developed using 

a “tracer” simulation.  The model provided an adequate representation 
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of E. coli transport during steady flow conditions.  Further study on 

this model should involve heterogeneous sediments and differing 

stream morphological characteristics (Jamieson et al., 2005). Soil and 

Water Assessment Tool (SWAT) incorporates both landscape and in-

stream microbial processes.  SWAT is the only model that has 

explicitly attempted to partition microorganisms into adsorbed and 

non-adsorbed fractions (the majority of enteric bacteria in aquatic 

systems are associated with sediments, which influence their survival 

and transportation).  Unfortunately, reliable data on bacteria 

partitioning is currently unavailable (Jamieson et al., 2004).  The 

Watershed Assessment Model (WAM; Collins and Rutherford, 2004) is 

used to predict daily surface runoff, percolation, and stream-flow.  It 

incorporates GLEAMS, an agricultural hydrologic model that provides 

predictions of surface runoff and percolation for each cell throughout a 

catchment.  WAM does not explicitly model the movement of water 

down a hillslope; it is not possible to directly simulate the hydrology of 

seepage zones.  WAM also does not consider lateral subsurface flow 

(Collins & Rutherford, 2004).  The USEPA developed a modeling 

framework (Environmental Fluid Dynamics Code) that solves the 

problems of oversimplifying transport by assuming fecal bacteria to be 

solute, and not fully incorporating sediment transport processes. In 

the case of the artificial flood experiments, kinetics of fecal bacteria in 



Draft—6  September 12, 2012   

 31 

the water column and sediment bottom was not considered.  For long-

term simulation, kinetics must be considered.  Also, growth terms for 

fecal bacteria in bed sediment are not included, and the vertical 

distribution of fecal bacteria in the sediment bed is poorly understood.  

The re-suspension of fecal bacteria and sediment bed contributions can 

be explicitly modeled, which allows a separate evaluation of watershed 

and sediment bed contributions for fecal contaminant management.  

The model also performed correctly to simulate the settling and re-

suspension of fecal bacteria associated with sediments transport under 

various conditions (Bai and Lung, 2005). 

  

Experimental Design 

 There are three main types of experiments used to test theses 

influential factors on E. coli concentrations; in-situ experiments, 

simulated flood/rainfall experiments, and laboratory setting 

experiments.  There are advantages and disadvantages to each.  In-

situ experiments are best for studying E. coli in a natural environment.  

The physical, chemical, and biological characteristics are pre-

determined and can freely undergo their natural fluctuations.  This 

complicates experimental set-ups because the variables cannot be 

controlled, and E. coli units are hard to enumerate.  Simulation 

experiments are good for isolating environmental variables, and 
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eliminating others.  For example, in simulated flood experiments, the 

effect of overland flow is eliminated, and the experiment is able to test 

the influence of changing channel discharge only, and to test theories 

on in-stream stores of bacteria.  Still, it is hard to isolate other 

variables.  Rainfall simulator experiments are similar, in that they are 

able to test the influence of overland flow on E. coli loading, 

eliminating the variable of in-stream stores.  Again, other 

environmental variables are difficult to control.  Laboratory setting 

experiments are yet another approach to E. coli studies.  In this type 

of experiment, it is easy to control variables, but difficult to simulate 

their response in nature. 

 The sampling frequency for a majority of the experiments range 

from sampling every couple of minutes during a simulated flood event, 

to taking samples every 1-3 months for a long-term experiment.  

Although sampling frequency varied significantly, there were a few 

common measurements made for each experimental design, including 

temperature, pH, flow, turbidity, and conductivity. 

 If intensive sampling is possible, Kloot’s method, based on Kuntz 

et al. (2003), might be effective.  Kloot (2007) performed a targeted 

sampling protocol experiment to locate locations and persistence of 

fecal bacteria. The experiment consisted of 29 sampling events over 

18 months at 16-20 locations.  The protocol, developed by Kuntz et al. 
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(2003) minimizes target bacterial subspecies changes over geography 

and time. With the large number of sampling locations each period, 

Kloot (2007) was able to narrow down the source of non-point source 

pollution loading in the Bush River South Carolina (186km) to an 8km 

section. 

 

Discussion 

 Major sources of knowledge deficiencies which require further 

research include: (i) loading from septic systems, (ii) estimating the 

amount of fecal material directly deposited into streams from grazing 

livestock, and (iii) characterizing wildlife or “background” levels of 

microbial pollution (Jamieson et al., 2004).  Although measured 

parameters have been well documented in each experiment (i.e. pH, 

flow, turbidity, conductivity), often there is a lack of notation on other 

physical stream characteristics at sampling locations (i.e. riffle/pool, 

in-stream vegetation, substrate, etc.).  Upstream characteristics may 

have an effect on the trapping, growing, or passing of E. coli colonies.  

Data suggest that more natural the stream channel geometry and 

occurrence of riparian buffers upstream may contribute to improved 

water quality downstream during low-flow periods (Vidon et al., 2008).  

Areas of low velocity are ideal for the preferential accumulation of fecal 

coliforms.  If large-scale “dead-zones” are assumed to be a significant 
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source area for fecal coliforms their non-uniform occurrence along a 

reach and successive washout might result in irregular bacterial peaks. 

Certainly, the wash-out of a large pocket of storage in the vicinity of a 

sampling site is likely to result in the observation of a bacterial peak 

(Wilkinson et al., 1994).   

A theory of potential E. coli ‘hot spots’ has been mentioned in a 

few studies (Vidon et al., 2008; Muirhead et al., 2004).  Correlations 

between E. coli concentration/load and turbidity, precipitation, and 

location in the watershed (i.e., headwaters vs. lower reaches) may be 

used to pin-point possible ‘hot spots’ of E. coli contamination in the 

landscape (Vidon et al., 2008).  The bio-film of exposed rocks and 

sediment from cattle crossings were shown to contain high levels of E. 

coli, neither appeared to be possible sources of ‘hot spot’ for E. coli 

loading originally hypothesized (Muirhead et al., 2004).  The “shaded” 

stream sediments (hyporheic zone) might contain much higher 

concentrations of E. coli and is the subject of further investigations.  

Re-suspension of bacteria may account, in part, for the erratic fecal 

coliform levels often encountered in water monitoring programs, 

because grab samples of water give only an immediate picture of 

bacterial levels (Burton et al., 1987).  

No attempt has been made to assess the movement of 

microorganisms through a watershed system by directly modeling the 
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sediment particles to which they are attached. The pattern and 

magnitude of bacteria re-suspension and deposition in streams should 

be related to the movement of those sediment particles.  An additional 

process that has not been addressed is the passive release of 

microorganisms from the streambed due to interstitial flow, which 

could occur in the absence of sediment re-suspension (Jamieson et al., 

2004).   

 There have been numerous experiments conducted concerning 

E. coli dynamics in flowing freshwater systems.  But each ecosystem 

functions differently and therefore results and conclusions cannot be 

directly inferred upon other systems.  The purpose of this study is to 

conduct an experiment monitoring E. coli in the channel sediment and 

water column in the Greybull River, WY.  This system is different from 

most studied systems in that it is a highly erosive system with coarse 

bed sediment, strongly driven by seasonal snowmelt runoff, and in a 

temperate climate system.  More specifically, this study will analyze 

the extent of E. coli existence in the channel sediment and assess its 

relative contribution to levels measured in the water column compared 

to contributions directly from the land surface. 



Draft—6  September 12, 2012   

 36 

Chapter 3 

Materials and Methods 

Site Description 

The Greybull watershed (Figure 1) is located in the Big Horn 

River Basin in northwest Wyoming and encompasses about 1,120 

square miles.  The headwaters of the Greybull watershed are in the 

Absaroka Range, a rugged mountain range in northwestern Wyoming 

with much of the elevation exceeding 10,000 ft.  

 

Figure 1. Location of the Greybull Watershed in the Big Horn 
Basin of Wyoming (HUC 10080009).  
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The Greybull River joins with the Wood River above the town of 

Meeteetse, WY, and flows roughly an additional 50 miles to its 

confluence with the Bighorn River near the town of Greybull, WY, at an 

elevation of roughly 4,700 ft.    

  Livestock grazing and oil and gas extraction are the major land 

uses, with some irrigated agriculture nearby and adjacent to the major 

tributary streams (WYDEQ, 2008).  Average annual precipitation for 

the Greybull sub-basin range from 6 inches in the lower portions to 32 

inches in the mountains of the headwater region (MCD 2010). 

Precipitation falls mostly in the form of snowfall, with occasional high 

intensity, short duration summer convective storms.  Flows in the 

main-stem of the Greybull River are typically at base-flow conditions 

(<150 cfs) throughout the fall, winter, and spring (Sep-Apr).  Summer 

and peak-flow conditions are strongly driven by snowmelt runoff, and 

transition in the month of May from near base-flow conditions to near 

peak-flow conditions.  Seasonal peak-flows on the main-stem of the 

Greybull River are usually observed in June, and average roughly 

3,500 cfs from 1921-2007, ranging from 807 cfs (1994) to 13,600 cfs 

(1921) (USGS).  Peak-flow conditions are capable of scouring bed 

sediment and transporting a large amount of sediment, re-forming 

stretches of the river on a seasonal basis.   
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Two large water diversion/storage projects alter the natural flow 

regime by diverting water from the Upper Greybull and Wood Rivers 

above their confluence.  A third water diversion/storage project diverts 

water from the Greybull River to another reservoir, eventually 

releasing this water below the study reach.  These major diversions 

act to dampen and prolong seasonal peak-flows.  The two upstream 

reservoirs also function to satisfy downstream irrigation water 

demands and begin releasing stored water back into the system in late 

summer, artificially increasing flows.  From July-Sept, discharge in the 

Greybull River recedes from peak-flow conditions to base-flow 

conditions.  Occasional strong summer convective storms sporadically 

affect base flow conditions.   

In the upper, headwaters region of the watershed, geology 

consists of mostly volcanic origin, transitioning to shale/sandstone in 

the upper-half of the watershed, culminating in soft sedimentary rocks 

in the lower-half of the watershed (MCD, 2010).  Channel substrate 

mimics this relationship, with cobble and small boulder generally 

present throughout, with an increasing proportion of sand and silt 

developing downstream.  Land surface slope is generally high 

throughout the watershed; combined with generally erodible soils 

results in high turbidity observed during peak runoff and intense 

overland flow events. 
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Site Descriptions 

Sampling locations were established by MCD in 2008 and are 

named by the first letter of the river on which they are located (‘G’ for 

Greybull River and ‘W’ for Wood River), and the distance in miles the 

location is above the next confluence. For the purposes of this study, 

the Greybull watershed was subdivided into two sub-watersheds: 

Upper Greybull/Wood and Lower Greybull.  Five sampling locations 

(W08, G60, G46, G33, and G30) are located within the different 

segments (Figure 2). 

 

Figure 2. Locations of sampling sites in the Greybull watershed.  
Diversions from the Wood and Greybull Rivers at sites W08 and G60 
respectively feed the Sunshine Reservoirs.  A lower diversion on the 
Greybull River above site G33 feeds Roach Gulch Reservoir.  
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Two sites, G60 and W08, are located in the “Upper 

Greybull/Wood” sub-watershed and are both roughly 60 river-miles 

above the confluence of the Greybull River and the Bighorn River. The 

Wood River joins the Greybull River approximately 50 miles above this 

confluence (Figure2), with sample each sample site about 8 miles 

above this confluence (W08 along the Wood River & G60 along the 

Greybull River).  Both sample sites are positioned at the two upstream 

diversion structures.  Each river reach at these locations is a third 

order plane-bed (Montgomery and Buffington, 1998), transitioning into 

a pool-riffle shortly downstream. Channel slope at site W08 is 1.71%, 

and 2.06% at G60.  Contributing drainage area for site W08 is 192 

mi2, and 297 mi2 for site G60.  Small boulders, cobbles, and gravel 

dominate channel substrate at these upstream locations, with small 

amounts of fines in the interstitial spaces between the cobble bed.   

Sites G46, G33, and G30 are located downstream in the “Lower 

Greybull” sub-watershed.  Site G46 is located in the town of 

Meeteetse, WY, below the release point of the Lower Sunshine 

Reservoir and 46 miles above the confluence with the Bighorn River 

(Figure2).  Contributing drainage area at G46 is 679 mi2.  A USGS 

gauging station is located here, along with a NOAA weather station in 

town.  The Greybull River at this location is a fourth order pool-riffle 

(Montgomery and Buffington, 1998), with an average slope of 0.78%.  
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Channel substrate here is bedrock, small boulder, cobble, gravel, and 

sand.  Immediately upstream of this site is a relatively significant 

rapid.  Sample site G33 is located 33 miles above the confluence with 

the Bighorn River, and is a fourth order pool-riffle (Montgomery and 

Buffington, 1998), with an average slope of 0.31%.  Contributing 

drainage area at site G33 is 872 mi2.  A weir stretches across the 

width of the channel at sample location G33, and the channel here is 

occasionally cleared and trenched by a track-hoe.  Samples were 

collected both above and below the weir at this site.  Channel substrate here 

is characterized by bedrock, cobble, and gravel, with pockets of sand 

and silt. 

Three miles downstream and 30 miles above the confluence with the 

Bighorn River is sample site G30.  The reach at this sample site location is a 

fourth-order pool-riffle (Montgomery and Buffington, 1998). It is important to 

note that the sample site is located below irrigation returns and adjacent to 

active agriculture; cattle were present early in the 2010 sampling season. The 

channel here can become relatively wide during peak runoff.  Peak-flows also 

effectively alter channel characteristics at this site, and the reach consists of 

multiple-threads throughout the season.  Sediment transport in this section is 

dynamic and sediment is entrained and deposited in this sampling reach 

depending on the flow.
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Sample Collection (Field) 

Sample sites were determined based on accessibility and spatial 

heterogeneity, in an attempt to collect data from different areas within 

the watershed.  Sample scheduling was spread throughout the 

sampling season in an attempt to capture conditions before, during, 

and after seasonal peakflow conditions.  Water samples were collected 

both from the water surface (surface thalweg grab) and throughout 

the water column (depth-integrated).  Sediment samples were 

collected from the channel bed in bulk and depth-delineated. Water 

and sediment samples were collected at the five sampling locations bi-

monthly from May-September in 2009 and 2010.  Samples were 

processed for E. coli in the lab in Meeteetse, and enumerated using the 

IDEXX/Colilert method.   

 

Water Column 

 Surface thalweg grab water samples and depth-integrated water 

samples were collected bi-monthly at all five sites along the Greybull 

and Wood Rivers (W08, G60, G46, G33, and G30) during both the 

2009 and 2010 sampling seasons (May-September).  MCD staff 

measured water temperature, pH, dissolved oxygen, and conductivity 

at or near the thalweg using a calibrated Hach sension™156 Multi-

parameter Meter at each sample site for each sample event.  In 2009, 



Draft—6  September 12, 2012   

 43 

depth-integrated samples were collected using the DH-48 sampler; 

one sample collected at or near the thalweg (when accessible), and 

two samples collected equidistant from the thalweg to the right and 

left bank when possible, resulting in three samples per cross-section.  

In 2010, all three depth-integrated samples were collected in the same 

location, at or near the thalweg.  Each depth-integrated sample was 

collected by lowering the DH-48 sampler at a constant velocity down 

towards the bed, then returning to the surface, such that the sample 

bottle was between ½ and ¾ full.  MCD staff collected three surface 

grab samples at or near the thalweg, slightly upstream of both the 

water quality measurements and the suspended sediment sample 

collection.  These samples were collected using Whirl-PakTM bags, 

transferring 100mL of sample water from each Whirl-PakTM bag into 

three IDEXX 120mL disposable vessels.  All samples were immediately 

stored in a cooler of ice, for transport to next sampling location or 

back to the lab.  Between sites, the DH-48 nipple was field-sterilized 

by placing it into a 0.005% bleach-acid solution to eliminate any cross 

contamination between sample sites.  Upon arriving at the next 

sampling site, the nipple was transferred from the 0.005% bleach-acid 

solution to the 0.005% sodium thiosulfate solution to remove any 

residual chloride.   
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Sediment 

 At each of the five sampling sites (W08, G60, G46, G33 & G30), 

sediment samples were collected at three or four locations, less than 

48 hours before or after the combined surface thalweg grab samples 

and depth-integrated suspended sediment samples.  At each site, 

specific sampling locations were 5-150 meters apart from each other, 

and less than 150 meters from sampling location for the combined 

depth-integrated suspended sediment/surface thalweg grab sampling 

event location; specific locations were determined by site and river 

condition at sample time.  Specific sample locations at each site were 

sampled from downstream to upstream direction.  Sediment sampling 

procedure slightly differed between the 2009 and 2010 field seasons. 

 In 2009, at each site, a single grab sample of surface water was 

collected directly above the area of sediment sampled.  The hand-held 

wedge-shaped soil profiler was used to collect channel sediment 

samples by pushing the sampler vertically down into the sediment, 

sliding the lid closed, and carefully lifting the sampler (with sediment) 

out of the water and immediately depositing into a sterile bucket.  

Triplicate samples from the same sediment patch were collected and 

deposited each into the same sample bucket.  Once the majority of the 

sediment had settled to the bottom of the bucket, the excess water 

was poured off.  A sterilized 250mL plastic Nalgene bottle was then 
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repeatedly swiped across the sediment in the bucket, such that all 

levels of remaining sediment were sampled, and the bottle was at 

least halfway full.  Between each channel sediment batch sample, the 

sample bucket and soil-profiler were rinsed with river water, then with 

0.005% bleach-acid solution, next with 0.005% sodium thiosulfate 

solution, and finally with distilled water.  This process was repeated at 

three or four locations at each site.  In addition, nearby wetted surface 

sediment was collected from the stream or island banks, by scooping 

up sediment with a 250mL plastic Nalgene bottle.  Once all locations at 

the site had been sampled, sample bottles were placed in Zip-Loc 

bags, and put into a cooler containing ice, and transported back to the 

lab or the next sampling site. 

 For the 2010 field season, the same hand-held wedge-shaped 

soil profiler was marked in 1 cm increments.  Similarly, at each 

location surface water grab sample was collected above the sediment 

“patch” to be sampled.  The soli-profiler was used in a similar fashion 

as in 2009 to collect a single sediment ‘core’. As the soil-profiler was 

removed, the water draining from the sampler was collected into an 

IDEXX 120 mL vessel, as a separate sample type.  The sampler was 

then laid flat, and the cover removed, resulting in an in-tact ‘sediment 

core’.  Layers of the sediment ‘core’ were removed separately from 

various depths (top 2 cm, 2-4 cm, and below 4 cm), and deposited 
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into separate pre-labeled Zip-Loc bags.  The soil profiler was field-

sterilized using the same method as in 2009.  Three locations at each 

site were sampled this way, resulting in triplicate sediment samples 

from each layer per site per sample event. Each Zip-Loc bag 

containing sediment sample was placed into a cooler with ice, and 

transported back to the lab or to the next sampling location.  Field 

blanks were collected in both 2009 and 2010 by pouring distilled water 

over all sampling equipment at the end of a sampling event, collecting 

the rinse water in a sterile 250 mL Nalgene bottle. 

 

Sample Processing 

Water Column samples 

 For the depth-integrated suspended sediment samples, the first 

step was to transfer samples from the DH-48 sample bottles into the 

pre-labeled 120mL IDEXX vessels.  Each DH-48 sample bottle was 

gently agitated to evenly mix any suspended particles before 

transferring 100mL into pre-labeled 120mL IDEXX vessels. The labeled 

IDEXX 120 mL vessels were placed (standing upright such that the 

water is not over the lid) into a warm water bath for approximately 30 

min.  This process warmed the chilled samples, allowing the reagent to 

dissolve and to not influence the standing temperature of the 

incubator when placed inside.  Then either Colilert-18® or Colilert-24® 
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reagent was added and the vessels were gently agitated until the 

reagent was dissolved.  Each sample solution was poured into its 

corresponding pre-labeled Quanti-Tray®, run through the Quanti-Tray® 

Sealer, and into the incubator at 35.0 +/- 0.5 °C, for the specified 

amount of time based on the reagent used (26 +/- 2 hours for Colilert-

24®, or 20 +/- 2 hours for Colilert-18®).  All samples were processed 

and placed in the incubator less than 6 hrs. from the time of initial 

collection (MCD SAP, 2010). 

 

Turbidity 

 Turbidity was measured at the lab for all depth-integrated 

suspended sediment and surface thalweg grab samples for 2009 and 

2010.  For the depth-integrated suspended sediment samples, the 

remaining sample water in the DH-48 bottle was gently agitated then 

poured into the 10 mL cuvets for processing in the Turbidimeter.  

Three readings were recorded for each sample, gently shaking in 

between each reading. This process was repeated for all depth-

integrated suspended sediment samples throughout the 2009 and 

2010 sampling seasons. The median Turbidity value (NTUs), from the 

three readings was determined for each sample. 
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Sediment 

 The guidelines set by the Ohio Water Microbiology Laboratory 

(2005) “Quality Assurance/Quality Control Manual—Appendix D1” were 

used to determine the E. coli levels in the sediment samples.  Flasks 

were filled with 200 ml of phosphate buffered dilution water, and 

approximately twenty grams of sample sediment were added to each 

flask.  The flasks were placed on the wrist-action shaker for 45 min. to 

agitate and separate the sediment from the bacteria. One-hundred ml 

of the supernatant was poured from each flask into pre-labeled IDEXX 

120 ml vessels.  From this point, processing continued using the same 

techniques as mentioned for the depth-integrated and surface grab 

samples.   

  Twenty or more grams from each sediment sample were dried 

until a constant weight was reached.  The differences between the wet 

and dry weight was used to determine sample moisture content for 

further calculations. 

 A dilution factor for sediment was calculated for each sample, 

following the procedures of the Ohio Water Microbiology Laboratory 

(2005).  If not enough dried sediment was available for processing, 

the dilution factor was interpolated based on the average dilution 

factor from that location. 
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E. coli Quantification 

Water column 

 E. coli levels in the water column samples were determined 

following standard methods for the IDEXX Colilert method (USEPA 

2003). The most probable number of E. coli cells present per 100mL 

(MPN/100mL) in a particular sample was determined within a 95% 

confidence interval by enumerating the cells and using the table 

provided by IDEXX. 

 

Sediment   

 E. coli levels in sediment samples are reported in colony forming 

units per gram of dry weight (CFU/gdw).  To determine this number 

from the MPN/100mL observed in the sediment QuantiTrays®, the 

following equation was used (Ohio Water Microbiology Laboratory, 

2005): 
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Factors 

Flow 

 Discharge data (cfs) for site G46 (Meeteetse) corresponded with 

USGS gauge #06276500, provided in 15-min. time intervals 

throughout most of the 2009-10.  Data for 2009 were retrieved from 

archival data, and are non-provisional; data for 2010 are also 

provisional.  Discharge data for site G33 (Sheets Flat Bridge) were 

provided by the Greybull Valley Irrigation District (GVID) on a 24-hr. 

interval, and were still provisional for both 2009 and 2010 at the time 

of this writing.  Site G30 is only three river miles downstream from 

G33, and for this project was assumed to have the same discharge as 

site G33.  Gauge height readings were provided for both W08 and G60 

by the GVID for most of 2009.  Data gaps were linearly interpolated.  

Detailed channel cross-sectional surveys were conducted near each 

gauge in 2010. Survey data were uploaded into USDA WinXSPro 

version 3 to approximate discharge for 2009 in 15-min intervals. 

Gauge heights were not available at the time of data analysis for 2010, 

so discharge data from G46 (USGS) were used and proportioned 

upstream flow at each gauge using watershed areas.  In addition, 

reservoir release data (cfs) from the Lower Sunshine Reservoir were 

provided by the GVID on a 24-hr interval for 2009 and 2010. 
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Precipitation 

 Two different sources were used for precipitation data over the 

course of the study. 2009 and 2010 precipitation data for site G46 

(Meeteetse) were available from NOAA station DW0465 through the 

University of Utah MesoWest program (http://mesowest.utah.edu).  

These data, recorded at 5-min intervals, were converted to 15-min 

interval to match the discharge data. Tipping Bucket rain gauges were 

installed at sites G60, W08, and G33 in 2010.  It was assumed that 

precipitation for site G30, only three miles downstream, could be used 

for G33.  Hobo Tipping Bucket rain gauges collected precipitation in 

0.2 mm and were set to record 15-min intervals of precipitation. 

 

Particle-Size Analysis   

 Past research has shown that sediment particle-size may 

influence E. coli survivability (Fish and Pettibone 1995; Jamieson et 

al., 2004; Fish and Pettibone 1995; Burton et al., 1987; Whitman et 

al., 2006).  Particle-size analysis was performed on most bed-

sediment samples collected in 2010 (after processing for E. coli, some 

sediment samples did not contain enough sediment to effectively 

perform particle-size analysis).  The dried sediment samples were 

collected into individually labeled Zip-Loc bags, and taken back to the 

lab at the University of Wyoming for analysis at a later date.  Particle-
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size analysis was performed on each sample following the hydrometer 

method of Gee and Bauder (1986).  Percent of sand, silt, and clay 

were determined for each bed sediment sample.   

 

Data Analysis 

Because of the seasonal dramatic changes in the watershed 

caused by intense snowmelt runoff, data analyses were divided into 

two distinct time periods: “Before” and “After” peak-flow.  Snowmelt 

runoff in late spring was the dominant channel altering and sediment 

transport factor, and thus conditions were different before and after 

the on-set of peak-flow.  To determine the most influential physical 

factors affecting E. coli concentrations in the water column, one- and 

two-factor regression analyses were performed.  An ANOVA was used 

to compare the E. coli concentrations found in the Surface Thalweg 

and Depth-Integrated sample types.  Because E. coli numbers were 

inherently highly variable, an Alpha=0.10 was used for most analyses.     

E. coli CFU were analyzed by layer at each site over time in 

2010, using an ANOVA (alpha=0.10).  To normalize the data and 

minimize the observed variation, the percentage of “total core” E. coli 

CFU was determined for each of the three depths (<2 cm, 2-4 cm, and 

>4 cm).  This was determined by dividing the E. coli CFU observed 

individually within each layer by the E. coli CFU found in the “total 
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core” to calculate the relative percent of E. coli CFU found in each 

layer.  

 

Sediment Transport Modeling 

Cross-sectional measurements were taken at all five sampling 

locations (W08, G60, G46, G33, and G30) along the Greybull and 

Wood Rivers in October 2010, using a Real-Time Kinematic GPS.  

Measurements were recorded at points across a cross-section, with 

data for each measurement point consisting of a single 3-D coordinate 

(metric).  At each sample location, cross-sectional measurements 

encompassed all sediment and water-column sample sites 

longitudinally, and were taken well beyond the seasonal high-water 

mark horizontally.   

The HEC-RAS model (USACE) was selected because it allows 

detailed input for each specific sampling location, and interpolates 

large-scale spatial analysis for the entire sampling reach.  HEC-RAS is 

designed to perform one-dimensional hydraulic calculations for a full 

network of natural channels. 

The component of the modeling system for the calculation of 

water surface profiles for steady gradually varied flow was used. The 

basic computational procedure is based on the solution of the one-

dimensional energy equation. Energy losses were evaluated by friction 
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(Manning’s equation) and contraction/expansion (coefficient multiplied 

by the change in velocity head). The momentum equation was used in 

situations where the water surface profile rapidly varied.   The 

sediment transport modeling aspect was used to simulate one-

dimensional sediment transport/movable boundary calculations 

resulting from scour and deposition over moderate time periods.  

Sediment transport potential was computed by grain size fraction, 

allowing the simulation of hydraulic sorting and armoring.  The model 

simulated trends of scour and deposition in a stream channel that 

resulted from changes in the frequency and duration of the water 

discharge and stage, or changes in the channel geometry (USACE 

2010).  All of these characteristics of the HEC-RAS model seemed to 

be the best fit for the data collected, and is capable of simulating 

sediment transport in the Greybull River. 

Spatial data was input into HEC-RAS through the Arc-GIS 

graphical interface.  By uploading the satellite image of the watershed 

provided by ESRI (‘World_Imagery’ Layer) into ArcGIS and tracing 

their locations, the following data layers were created: “Stream 

Centerline”, “Bank Lines”, and “Flow Path Centerlines”. Each 

measurement point from the Real-Time Kinematic GPS cross-section 

measurements were uploaded into Microsoft Excel, then loaded into 

the data-frame.  ‘XS Cut Lines’ lines were drawn by tracing over the 
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cross-section measurement points.  All ArcGIS data were uploaded 

into HEC-RAS.  The following values were used as input parameters for 

the Sediment Transport Capacity model simulations (Tables 1-4). 

Manning’s n values for each sampling reach were estimated from 

numerous field observations (Table 1.) 

 

Table 1. Manning’s n values used for each of the stream locations 

Site n 
W08 0.045 
G60 0.045 
G46 0.04 
G33 0.035 
G30 0.03 

 
Flow data used as input in the models were based on recorded 

15-min interval flow data at site G46 (USGS), and interpolated for the 

other four sites based on field observations (Table 2).  Three different 

flow regimes were estimated to cover conditions observed during the 

May-September sampling season.  “Baseflow” represents conditions at 

the beginning and end of the sampling season.  “AvgFlow” represents 

conditions for the bulk of the sampling season.  “PeakFlow” represents 

the highest estimated flows recorded during the sampling season. 
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Table 2. Steady-state flow values used as input in HEC-RAS for each 

reach. 

Site Baseflow 
(cfs) 

AvgFlow 
(cfs) 

PeakFlow 
(cfs) 

W08 40 100 2500 
G60 60 100 3000 
G46 
G33 
G30 

200 
200 
200 

600 
600 
600 

5000 
5000 
5000 

 

Grain size distributions (Table 3) were estimated based on field 

observations of the channel bed and were set equal for all five sites.  

 

Table 3. Grain Size Distribution of channel substrate used as model 

input for all sites. 

Diam. (mm) %Finer 
0.0160 0 
0.02 10 

2 25 
20 50 
200 75 
2050 100 

 
 
The measured channel cross sections characteristics were used to 

parameterize the channel geometry in HEC-RAS (Table 4.)  
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Table 4. Channel bed slope values used as model input parameters for 

each reach. 

Site Slope 
W08 0.017 
G60 0.021 
G46 0.008 
G33 0.003 
G30 0.006 

 

The ‘Toffaleti’ sediment transport equation was selected because 

it is a total load function and was developed using an exhaustive 

collection of both flume and field data.  For this analysis, specific 

sediment transport capacity amounts were not considered; rather 

relative comparisons of sediment transport were hypothesized moving 

downstream by reach.  The following are the equations comprising the 

Toffaleti sediment transport model (USACE, 2010): 
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Chapter 4 

 Results 

 

 A total of 1720 samples were collected and processed for E. coli 

throughout the 2009 and 2010 sampling seasons (Table 5).  Sample 

collection methods differed from 2009 to 2010, and thus comparisons 

were not made across both years.  ‘Surface Non-thalweg’, ‘Sediment 

Trap’, and ‘Pore Water’ sample types were collected in 2010, but 

findings were sporadic and not illustrated in this report.  All E. coli 

samples were processed using the Colilert/IDEXX method (Ohio Water 

Microbiology Laboratory, 2005).  The samples collected from the water 

column are reported in Most Probable Number per 100mL 

(MPN/100mL).  The sediment samples are reported in Colony Forming 

Units per Gram of Dry-Weight (CFU/gdw).  Both units represent the 

most “probable” number of E. coli colonies in the sample.  Unless 

otherwise stated, values in the tables and graphs in this section 

represent average E. coli numbers per sample-type. 
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Table 5. Number of each sample type collected during the 2009 
and 2010 sampling seasons. 

 

Sample Type 2009 2010 

Surface-Thalweg 147 135 

Depth-Integrated 147 135 

Sediment (<2cm, 2-4cm, >4cm) 0 409 

Sediment (single core) 143 0 

Surface Non-Thalweg 143 130 

Sediment Trap 18 32 

Bank Sediment 124 0 

Pore Water 0 128 

Algae 29 0 

Total 751 969 

 

 

Water Column - 2009 

 E. coli concentrations in the water column (Surface-Thalweg and 

Depth-Integrated sample types) showed fluctuations corresponding to 

hydrological events in the watershed (Figure 3). E. coli levels changed 

over time and by location and reflected changes in flow.  E. coli 

concentrations were relatively low on the initial sampling date (May 

12th).  This sampling event preceded the seasonal runoff period; 

baseflow conditions were still present.  On May 19th E. coli 

concentrations spiked to their seasonal peak, corresponding with the 

rising limb of the seasonal hydrograph brought on by the onset of 

snowmelt runoff.  On Jun 2nd E. coli concentrations declined as flow in 

the Greybull River continued to increase.  Also on Jun 2nd, there was a 

noticeable precipitation event in the previous 24 hours (P=0.56 in).  
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The sampling event of Jun 23rd corresponded with near seasonal peak-

flow conditions, with average E. coli concentrations near seasonal 

minimum levels.  As flows receded, E. coli concentrations remained 

relatively low for the next sampling event (Jul 14th).  Further along the 

seasonal recession in flow (Jul 28th) there was another spike in E. coli 

concentrations at all five locations, possibly related to a recent 

precipitation event (P=0.24 in).  For the remainder of the sampling 

season, E. coli concentrations remained low, despite an increase in 

flow in the Greybull River caused by an upstream reservoir release 

(Aug 18th). 
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Figure 3  The geometric mean of thalweg (a) and depth-integrated 
(B) samples taken at each location on each date (‘UP’ is the combined 
average of the two upstream location, W08 & G60).  For each date, 
the left-most bar represents the location furthest upstream, moving 
downstream to the right-most bar.  Discharge represents the flow at 
site G46 in the town of Meeteetse, WY, at the time of sampling for 
G46.  24-hr precipitation represents the running 24 hr. total rainfall 
measured at the NOAA observation location in Meeteetse, WY, for the 
24-hr period preceding sampling at site G46. (Note the unit for 
precipitation is in inches, and not to scale.  All other precipitation 
values were 0). 
 

For one of the three “Before” Peak-Flow sampling events (May 

19th) E. coli concentrations were significantly greater in the Surface-

Thalweg sample type compared to the Depth-Integrated sample type 

(Table 6).  For the initial and final sampling events in 2009, E. coli 

concentrations were significantly greatest in the upper watershed at 



Draft—6  September 12, 2012   

 63 

one of the upstream sites, either G60 or W08.  This was in contrast to 

the majority of the sampling season, where E. coli concentrations were 

the lowest at the upstream sites and usually increased moving 

downstream.  “After” peak-flow, E. coli collected using the Depth-

Integrated method was greater than from the Surface-Thalweg sample 

type on 3 sampling events, and were similar for the remainder of 

sampling events. 

 

Table 6  Comparison of mean E. coli MPN between the two sample-
types ('DINT' = depth-integrated and 'STHW' = surface-thalweg grab 
samples) and differences between each sample Site, during each 
sampling event.  Preceding capital letters represent the 't-grouping' 
(similar letters represent significantly similar treatments or Sites, 
whereas different capital letters represents statistically different 
treatments or Sites).  When comparing treatments (upper-section of 
tables), values represent the mean E. coli MPN measured at all Sites, 
using that particular collection method.  When comparing Sites (lower-
half of tables), values represent the mean E. coli MPN measured by 
both collection methods, at each Site.  Gray division separates before 
peak-flow sampling events from after peak-flow sampling events. 
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 Further analysis to compare collection methods by sampling 

event and location, resulted in no discernable patterns or significant 

correlations between E. coli concentrations in either water sampling 

method, Depth-Integrated or Surface-Thalweg (Table 7).  The majority 

of sampling events produced statistically similar results in terms of E. 

coli concentrations.  Average concentrations were generally greater 

using the Depth-Integrated sampling method. 

 

Table 7. Comparison of arithmetic mean E. coli MPN measured for 
each sampling event, at each sampling site, for each sampling method 
used ('DINT' = depth-integrated and 'STHW' = surface thalweg). Gray 
divisions separate before peak-flow events from after peak-flow 
events, and downstream from upstream sites. Capital 'A' and 'B' 
represent the t-grouping (Alpha=0.10).  Similar letters for treatment 
represent statistically similar mean E. coli MPN for both treatment 
types.  Different letters mean that average E. coli MPN collected is 
statistically different between the two treatment types. 
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Overall, there was strong correlation between turbidity and E. 

coli concentrations (R2=0.73, Figure 4).  As more sediment was 

suspended in the water column, levels of E. coli present increased.  As 

sediment cleared from the water column, E. coli levels in the water 
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column decreased.  There was not a significant difference between 

turbidity observed in the Surface-Thalweg samples compared to the 

Depth-Integrated samples. 

 

 

Figure 4.  Relationship between E. coli MPN/100 mL and Turbidity, 
measured in NTU’s.  Turbidity was measured from each thalweg grab 
sample and depth-integrated sample used for MPN analysis (Note the 
log-scale on both axes.) 
 

Sediment 

Sediment sampling in 2009 was initiated Jul 15th, after the 

seasonal peak in flows.  The hydrograph during these sample events 

was generally decreasing, following peak-flows sometime in early July.  

In general, E. coli levels were usually lowest in upstream sampling 

sites (W08 and G60), and increased moving downstream towards 

locations G33 and G30 (Figure 5). 
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Figure 5. Average E. coli CFU/gdw at each sample site, for each 
sampling event in 2009.  Left-most bars in each group represents the 
most upstream sites (W08 & G60), and right-most bars in each group 
represent the most downstream site (G30). 
 

Regression analysis found little to no relationship between E. coli 

concentrations and water temperature, pH, conductivity, and dissolved 

oxygen, or even a combination of these factors. Any influence of these 

factors may have been overwhelmed by other, more influential factors 

such as turbidity, stream discharge, seasonal/daily hydrograph, 

precipitation, sample type, and possibly land use. 
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Water Column-2010 

Water column samples collected in 2010 showed similar trends 

to those collected in 2009 (Figure 6.)  Sampling in 2010 began about 

33 days before seasonal peak-flow conditions.  The first sampling 

event, similar to 2009, was during baseflow conditions, without much 

measurable precipitation and the measured E. coli levels were 

relatively low.  For the following sampling event (19 days before peak-

flow), stream flow began increasing because of snowmelt.  There was 

also a relatively large precipitation event, and yet average E. coli 

levels in the water column (Surface-Thalweg and Depth-Integrated 

sample types averaged) were still low.  The sampling event closest to 

peak-flow conditions (5 days before) resulted in the highest E. coli 

concentrations seasonally at three of the five sites.  For sites G33 and 

G30, E. coli levels tested at the highest measurable levels per our 

procedures (2419.6 MPM/100ml) and could have exhibited greater E. 

coli populations than that.  There was a stark drop-off in E. coli levels 

following peak-flow conditions (18 days after peak-flow).  This decline 

corresponded with a recession in the seasonal hydrograph.  Numbers 

stayed low throughout the rest of the sampling season, except a spike 

81 days after peak-flow, corresponding with low flow conditions and a 

precipitation event. 
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Figure 6.  Average E. coli MPN from both the Surface-Thalweg grab 
samples and the Depth-Integrated sample types collected in 2010.  
Dotted line represents the day seasonal peak flow was observed at 
G46.  Time-scale (x-axis) is number of days before or after day of 
peak-flow samples were collected.  Bar groups represent a single 
sampling event, with the left-most bar representing the most 
upstream site (W08) moving downstream to the right-most bar 
representing the most downstream site (G30).  Left y-axis represents 
scale for both E. coli MPN and flow at site G46 (note the log-scale).  
The axis for the hyetograph is on the right y-axis. 

 

For all three sampling events before peak-flow in 2010, average 

E. coli MPN across all five locations were significantly greater in the 

Depth-Integrated compared to the Surface-Thalweg samples (Table 8).  

This indicates that E. coli concentrations were greater deeper in the 
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water column compared to the water surface.  After peak-flow, sample 

types were statistically similar across all five locations, except for the 

last sampling event (Sep 13th).  As in 2009, E. coli concentrations 

tended to increase moving from upstream to downstream sample 

sites, except for the beginning and end of the season, where E. coli 

levels were the greatest at upstream site G60. 

 
Table 8. Comparison of average E. coli between the two sample-types 
('DNT' = Depth-Integrated and 'STHW' = Surface-Thalweg) and 
differences between each sample site, for each sampling event.  
Preceding capital letters represent the 't-grouping' (similar letters 
represent significantly similar treatments or sites, whereas different 
capital letters represents statistically different treatments or Sites).  
The upper-section of each table represents mean E. coli at all sites for 
each method of collection.  The lower-half of each table represents 
mean E. coli from both collection methods, at each Site.  Gray division 
separates before peak-flow sampling events from after peak-flow 
sampling events. Table is divided into (a), ‘Before Peak-flow’ and (b) 
‘After Peak-flow’. 
 
(a) 
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(b) 

 
 

For both upstream sites, E. coli levels were never significantly 

greater in the Surface-Thalweg sample type, while levels were 

significantly greater using the Depth-Integrated method on 6 

occasions (Table 9).  For downstream sites “Before” peak-flow, the 

same held true.  Concentrations were never greater in the Surface-

Thalweg, while being significantly greater on two events in the Depth-

Integrated method.  “After” peak-flow at downstream sites, however, 

E. coli levels from the Depth-Integrated method were never 

significantly greater, while samples from the Surface-Thalweg method 

were greater on two occasions. 
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Table 9.   One-Way ANOVA comparing different treatment types with 
Alpha=0.10.  Gray divisions separate before peak-flow events from 
after peak-flow events, and downstream from upstream Sites.  Values 
in this table represent mean E. coli MPN measured for each sampling 
event, for each sampling Site, for each sampling method used ('DINT' 
= depth-integrated and 'STHW' = surface thalweg).  Capital 'A' and 'B' 
represent the t-grouping.  Similar letters for treatment represent 
statistically similar mean E. coli MPN for both treatment types.  
Different letters mean that average E. coli MPN collected is statistically 
different between the two treatment types. 
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A Single-factor linear regression analysis was performed to 

determine relationships between turbidity, instantaneous flow, days 

from peak flow, 24-hr change in flow, and 1-hr or 6-hr total 

precipitation (independent variables), and E. coli MPN/100mL 

(dependent variable) (Table 10).   A few of the variables were 

consistently insignificant at all sites, or very similar to other variables, 

and were discounted.  Other, more significant variables consistently 

resulted in significant models at most sites.  For this analysis, Surface-

Thalweg and Depth-Integrated sample types E. coli concentrations 

were combined for each site, to increase replication.  
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Table 10. Single-factor linear regression analysis of E. coli 
concentrations founding water column samples (Surface-Thalweg & 
Depth-Integrated.  Analysis was divided into “Before” and “After” 
peak-flow.  Only single-factor models resulting in an R2>0.65 are 
highlighted.  A positive or negative slope represents a positive or 
negative correlation, respectively, between a particular factor and E. 
coli MPN. 
 

 
 

E. coli levels decreased as precipitation increases at both 

upstream sites (W08 & G60), before peak-flow (three sampling events 

before peak-flow).   Other factors were not significantly related at the 
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upstream sites, possibly due to poor stream discharge data or channel 

characteristics.  For all three downstream sites (G46, G33, and G30) 

before peak-flow, turbidity was strongly correlated with E. coli.  As the 

suspended sediment in the stream increased, E. coli levels increased.  

Also, as the number of days until peak-flow decreased, E. coli levels 

increased.  At site G46, where the gauging station exists, there was a 

strong positive relationship with flow before peak-flow.  After peak-

flow, only precipitation was significantly positively correlated to E. coli 

concentrations for four of the five sites (excluding W08).  No other 

single-factor led to a significant relationship (except turbidity only at 

site G46).    

For upstream sites before peak-flow, most significant two-factor 

models included the number of days from peak-flow (negatively 

correlated) coupled with other factors (Table 11).  As sampling events 

approached peak-flow conditions, E. coli levels tended to decrease at 

these sites.  Two-factor models that combined precipitation with other 

factors were still significant, but did not improve the R2-value very 

much over single-factor precipitation models.  Downstream two-factor 

models involving turbidity as a factor were very strong predictors of E. 

coli levels, but turbidity alone was a strong predictor, so the other 

factors may be insignificant.  Days from peak-flow, combined with 

other factors, showed a consistently positive relationship, similar to 
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single-factor models.  Other significant models had a consistent 

negative relationship with 6-hr precipitation.  Flow relationships were 

both positive and negative before peak-flow, and therefore cannot be 

use as an accurate predictor of E. coli levels in the water column.  

There were no significant models for E. coli at either upstream site 

after peak-flow, meaning E. coli levels were very sporadic, variable, 

and hard to predict based on these factors (Table 11).   

Significant downstream two-factor models after peak-flow 

combined a positive relationship with turbidity, and a positive 

relationship with precipitation.  Flow also was a factor in some 

significant models, but its relationship was both negative and positive 

at times, and is therefore an unreliable predictor of E. coli levels in the 

water column. 
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Table 11. Two-factor linear regression model combining E. coli 
concentrations from the Surface-Thalweg and Depth-Integrated 
sample types.  Only two-factor regressions resulting in an R2>0.80 and 
an improvement of R2-value of the single-factor model by at least 0.10 
are highlighted.  The 'slope' column represents the sign of the factor's 
slope in the model.  A positive slope represents a positive correlation 
between that factor and E. coli MPN, and a negative slope represents a 
negative correlation between that factor and E. coli MPN.  The 'Imp.' 
column is the amount of improvement in the regression model by 
adding an additional independent factor. 
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Water Chemistry 

Water temperature, pH, conductivity, and dissolved oxygen were 

measured for each surface-thalweg grab sample.  These parameters 

were not measured for the depth-integrated samples.  Using multi-

factor linear regression models, any combination of variable(s) only 

resulted in an R2<0.10.  Water chemistry characteristics were not a 

significant indicator of observed E. coli concentrations in the water 

column. 

 

Sediment 

 

Single- and multi-parameter regressions were developed using 

clay (%), instantaneous flow, 24-hr total precipitation, and days from 

peak flow as the factors, and E. coli CFU as the dependent variable 

(Table 12).  Strong relationships were found between E. coli levels and 

channel sediment (clay).  For both before and after peak flow at all 

sites, percent clay was positively correlated with E. coli either as a 

single factor or in multi-factor model (R2>0.50).  Other variables were 

either non-significant, or correlations alternated between positive and 

negative. 
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Table 12.  Single- and multi- factor linear regression models used to 
develop correlations between independent hydrological factors and E. 
coli CFU found in channel sediment.  Only combinations resulting in an 
R2-value>0.5 are shown.  Signs in parenthesis represent either a 
direct (+) or inverse (-) correlation.  
 

 

 

Particle-Size 

Site W08 consistently had low clay (%) in each of the sediment 

layers throughout the 2010 sampling season, compared to the other 

four sites (Figure 7).  At each of the other four sampling sites, there 

was a noticeable decline in clay-size particles in each of the three 

layers from initial baseflow conditions to peak-flow conditions.  

Throughout low-flow conditions present in the preceding fall, winter, 

and early spring, clay particles slowly accumulated in the channel 

sediment, reaching their highest proportions before the onset of 

snowmelt runoff.  During runoff, it is assumed that the clay-size 

particles were suspended and transported downstream, and the 
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coarser particle-sizes were deposited in the sampling reach.  As the 

seasonal hydrograph receded, clay-size particles slowly accumulated in 

the top layers of sediment.  This was especially evident in the three 

downstream locations where the percent of clay was the greatest in 

the uppermost layer of sediment (<2cm).  
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Figure 7.  Average clay in the channel sediments by layer for each 
site per sample event. Sampling events (y –axis) are presented by 
days before and after peak-flow. 
 

E. coli levels in the channel sediment layers varied significantly 

over the sampling season.  For the first sampling events (-33 to -31 

days from peak-flow), E. coli was significantly greater in the <2cm 

layer compared to the >4cm layer at the three downstream locations 

(Table 13).  At the upstream locations, they were equal.  For the three 

sampling event closest to peak-flow (-19 to 17 days from peak-flow), 

E. coli was greater in the <2cm layer once (W08), E. coli CFU percent 

by layer were similar for 10 events, and E. coli was greater in the 

>4cm layer compared to the <2cm layer 4 times.  After peak-flow (31 

to 94 days from peak-flow), E. coli levels in the >4cm layer were 

never greater than in the <2cm layer; layers were “evenly” mixed on 9 
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occasions, and E. coli levels were significantly greater in the <2cm 

layer compared to the >4cm layer on 14 of the 23 sample events. 

 

Table 13. E. coli in stream bed sediment layers by site and sample 
event. Bold numbers ranging from -33 to 94 represent days from peak 
flow.  "<2", "2-4", and ">4" represent the depths in cm of each layer.  
E. coli values presented as average percent of total core E. coli (CFU) 
for each sampling event.  Capital letters (A, B, and C) represents the 
't-grouping'.  Same letters indicate that E. coli between the two layers 
are statistically similar; differing capital letters represent significantly 
different E. coli between layers.   
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E. coli Water Column vs. Sediment 

 Average E. coli levels in both the water column (Depth-

Integrated and Surface-Thalweg) were compared with average E. coli 

levels in the top 2 cm of channel sediment (Figure 9).  Evident in all 

five locations was the ‘spike’ in E. coli levels in the water column 

corresponding with the peak of spring runoff, and a large late-season 

precipitation event.  In contrast, for all five sites, E. coli levels in the 

<2cm of channel sediment were the lowest during times of highest 

flows, immediately before, during, or immediately after peak-flow 

conditions.  
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Figure 8. Comparison of E. coli data collected from the water column 
and from the top 2 cm of sediment at each of the five sampling sites 
for each of the nine sampling events in 2010.  Units are MPN/100mL 
for water samples, and CFU/gdw for sediment.  
  

Sediment Transport Modeling 

For each site, sediment transport capacity increased as flow 

increased (Figure 9).  There was a significant difference between 

sediment capacity at Peak flow and Average and Base flow at all sites 
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except G30.  Both upstream sites, W08 and G60, have a greater 

sediment transport capacity than below the confluence at site G46.  

This is in agreement with observed increased sediment found at site 

G46 compared to upstream.  Sediment transport capacity was the 

lowest at site G46 compared to all other sites, for each flow regime 

(except “PeakFlow” for site W08).  This is in contrast with consistent 

field observations of increasing deposited channel sediment moving 

downstream, with sites G33 and G30 having the most deposited 

sediment and sites G60 and W08 having the least.   

 

 

Figure 9.  Sediment transport capacity for each of the five sampling 
locations for the three hypothesized flow regimes. 
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Chapter 5   

Discussion and Conclusion 

 

Sampling Implications 

 This study relied almost completely on complex field sampling 

procedures and ancillary supporting data such as flow and precipitation 

within the watershed. By having two sampling seasons, modifications 

and adaptations were made to the sampling design in the second year 

to improve the dataset and the potential analyses. 

Data collected in 2009 suggested that flow and precipitation 

affected E. coli concentrations.  Therefore, the need to obtain better 

hydrological data for the 2010 sampling season was identified.  Flow 

data were available through the USGS gauging station in Meeteetse, 

WY, in 15-min increments.  Precipitation data were obtained only from 

a single gauging station operated near site G46, in the town of 

Meeteetse.  The watershed is very large (1,120 mi2); a single 

recording raingage in the center is not likely representative of the 

rainfall distribution across the sampling area.  To improve precipitation 

data, Hobo tipping bucket rain gauges were installed at three 

additional sites (W08, G60, and G33).  Because of the flow conditions 

of the Greybull River, it was impossible for most of the season to 

sample near or across the thalweg, limiting the Depth-Integrated 
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samples to only one side of the channel, often only a few yards out 

into the channel.  After 2009, it was determined to increase replication 

and to better compare to the Surface-Thalweg samples, that Depth-

Integrated samples would be collected at one location at each site, 

with three replicates, corresponding to the method used to collect the 

Surface-Thalweg grab samples.  

 All sample types collected in 2009 were evaluated for their 

usefulness in data analysis.  Changes in sediment amount and particle-

size of the channel sediment were observed throughout the 2009 

sediment sampling events.  During high-flow conditions, less sediment 

was available and was of coarser grain size compared to sampling 

events further after peak-flow conditions.  Also, a ‘layering’ effect was 

observed in the sediment cores in 2009.  During high flow conditions, 

sediment samples consisted of uniform coarse sand.  As flows 

decreased, finer clays and silts were observed on top of the coarser 

sands.  This led to the development of a sediment sampling procedure 

involving processing different depths of the same sediment core for E. 

coli CFU.  Also, a sample from each sediment layer, at each site, for 

each event was preserved and processed for grain-size analysis, to 

determine the percent of sand, silt, and clay for each sample.  

Sediment traps were set throughout 2009 at four of the five locations 

to trap bedload sediment and analyze for E. coli.  These samples did 
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show high concentrations of E. coli in some samples, but during low 

flows were unable to collect the minimum 20g of sediment necessary 

to process.  Only one trap was set at each of the locations, offering 

very poor replication for statistical analysis. For 2010, three sediment 

traps were deployed only at site G46.  Late in the season, algae began 

to grow at some locations, due to increased water clarity, decreased 

flow, and possibly greater amount of sunshine and warmer water 

temperatures.  Algae samples were collected and processed for E. coli. 

at various sites using a couple of techniques to process the different 

types of algae (attached, floating submerged, and floating surface).  It 

appeared that certain types of algae were very capable of trapping 

sediment, and most samples contained high levels of E. coli 

concentration.  However, the quantity of algae compared to the entire 

sample area at a given site was very low, suggesting that algae may 

contribute little E. coli, when disturbed, to the entirety of the flow at 

given location.  Also, sampling protocol were not developed, resulting 

in different collection methods for different sites, resulting in poor 

replication.  Algae samples were eliminated in 2010, but would be 

worth defining a method and continuing in another project.  Also, Bank 

sediments were sampled at each location.  This included surface 

sediment that was very near the channel surface, where either the 

water had recently receded, or was lapping onto the shore, producing 
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wetted sediment.  The idea was to assess quantity and survivability of 

E. coli that were either recently exposed to the terrestrial 

environment, or would be capable of re-entering the channel when the 

flows slightly increase.  The preliminary E. coli values in the wetted 

sediment samples were high, but the application of these results was 

unclear so sampling of the stream bank sediments was eliminated in 

2010. 

 

E. coli in the water column 

 One of the driving questions regarding observed E. coli levels in 

the Greybull watershed is if E. coli concentrations measured in the 

water column of the Greybull River originated from the channel 

sediment. For measured E. coli exceedances in the water column to 

originate from the channel sediment, a population of bacteria needs to 

be present in the channel sediment during or shortly preceding the 

times of water column exceedances.  Second, if large amounts of E. 

coli are being entrained in flow from the channel sediment and 

entering the water column, it would be expected that concentrations 

measured in a depth-integrated method would be greater than 

samples taken only at the surface of the water, furthest away from the 

channel sediment.  Finally, there needs to be a mechanism for 

agitating the channel sediment enough to release any attached E. coli 
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into the water column.  A possible mechanism for this release is 

changes in flows caused by seasonal snowmelt runoff, changes in flow 

directly related to thunderstorms, diurnal fluctuations, or physical 

disturbances of the channel sediment by human, cattle, or wildlife 

activity. 

 

E. coli in the channel sediment 

At the beginning of this study, it was not known if E. coli were 

present in the channel sediment.  Only water from the surface thalweg 

had been sampled and analyzed for E. coli.  This study has shown that 

E. coli existed in channel sediment throughout the sampling season.  

In 2009, E. coli was present in nearly every sample taken at all five 

sampling locations throughout the watershed, from “After” peak-flow 

conditions on to the end of the sampling season in the beginning of 

October (Figure 5).  Furthermore, in 2010, E. coli was present in 

nearly every layer of channel sediment (<2, 2-4, & >4cm) for all 

sediment cores at all locations throughout the watershed, “Before”, 

“During”, and “After” peak-flow conditions (Table 13).  If E. coli was 

consistently present in the channel sediment (especially in the top <2 

cm), than it may act as a continuous secondary source for E. coli in 

the water column.  
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Comparison of E. coli in water column and surface water  

 If E. coli were re-suspended (entrained in flow) from the channel 

sediment into the water column, than it is hypothesized that E. coli 

concentrations measured using a depth-integrated method would 

capture more E. coli than grab samples collecting only the surface of 

the water.  In 2009, there were not any noticeable difference or trends 

in E. coli observed throughout the water column (Depth-Integrated 

sample types) compared to E. coli collected from the water surface 

(Surface-Thalweg) (Table 6 and 7).  The E. coli were essentially evenly 

distributed throughout the water column, not exhibiting a greater 

concentration at greater depths of the water column from E. coli 

escaping from the channel sediment.  However, in 2010, Depth-

Integrated and Surface-Thalweg samples were both taken from the 

thalweg, or as near to the thalweg as possible in high flow conditions.  

For each of the three sampling events “Before” peak-flow, average E. 

coli from all sites per event were significantly greater using the Depth-

Integrated method compared to the Surface-Thalweg sample type  

(Table 8).  This could mean that as flows increased spring base-flow to 

peak-flow levels, E. coli were re-suspended from the channel sediment 

into the water column.  As the re-suspended E. coli were distributed 

higher into the water column towards the surface, it may have become 

more and more diluted with flowing water, causing a reduction in the 
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E. coli concentrations observed at the water surface.  This relationship, 

however, was not observed “After” peak-flow conditions, where E. coli 

levels were evenly distributed throughout the water column (Table 9).  

 

Impacts of hydrology on observed E. coli concentrations in the 

water column. 

If E. coli were present in channel sediment, than changes in flow 

capable of eroding channel sediments may affect E. coli observed in 

the water column.  Significant changes in flow in the Greybull River are 

caused by seasonal snowmelt run-off and/or occasional strong 

precipitation events (Table 4 and Figure 6).  Initial data analysis for 

both 2009 and 2010 found that above-average E. coli concentrations 

observed in the water column appeared to be related to the rising limb 

of the seasonal hydrograph, and late-season precipitation events. 

Particle-size analysis of the sediment cores in 2010 showed that 

erosion and deposition were occurring in the Greybull River during the 

snowmelt runoff period.  The two initial sampling events before peak-

flow conditions contained a significantly greater proportion of clay-

sized particles at four of the five sites, compared to any other time 

during the sampling season (Figure 7).  Increased flows were capable 

of entraining clay-sized particles, and transporting them completely 

out of the sampling reach as washload.  This was evident by finding 

the smallest proportion of clay-sized particles in all sediment cores, to 
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depths >4cm, immediately following peak-flow.  Sampled sediment 

cores consisted of mostly sand, that presumably were eroded 

somewhere upstream, and deposited in the channel margins at a 

downstream location.  As flows decreased seasonally, amount of clay 

in the sediment cores increased, as well as the proportion of E. coli 

present in the top <2cm of the sediment cores.   

E. coli levels were directly correlated with particle size, 

particularly the clay fraction in the streambed sediments (Table 12).  

E. coli proportion by layer (<2cm, 2-4cm, and >4cm) reacted similarly 

to increased flows as did particle-size.  In the sampling events 

preceding peak-flow, E. coli was in the highest proportion in the top 

layer of sediment (Table 13).  During high flow periods, this was not 

the case, as E. coli levels in the top layer were reduced, and E. coli 

levels were evenly distributed throughout the sediment core.  The top 

layer of sediment was eroded by peak-flow conditions, with the clay 

being washed out of the sampling reach, while only the coarser 

particles were able to be re-deposited in the channel margins.   

A strong correlation existed for both 2009 and 2010 between E. 

coli and turbidity at the three downstream sites (Table 10).  There are 

two sources of turbidity observed in the water column; overland flow 

sources or in-channel sediment deposits.  Before peak-flow, E. coli in 

the water column was either not-correlated with precipitation, or 
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negatively correlated.  Conversely, E. coli was either not-correlated or 

directly correlated with flow.  At site G46, where the most reliable flow 

data was recorded, there was a strong positive correlation between 

flow and E. coli.  Combined with the decrease in clay-particles, it 

appeared that the turbidity in the water column was attributed to in-

channel deposits, not overland flow sources (negative correlation with 

precipitation).  Therefore increased E. coli in the water column before 

peak-flow may be attributed from in-channel sources already existing. 

Peak-flows may act to “flush-out“ E. coli in the Greybull River.  Both 

levels in the water column and in the top <2cm of sediment are at 

relatively low levels in the period following peak-flow (Figure 8).  

Numbers stay low in the water column, except during precipitation 

events.  In single-factor regression models, precipitation showed a 

strong direct correlation with E. coli in the water column (Table 10).  

Because clay particles were low (Figure 7), and E. coli in the top <2cm 

of sediment were proportionally low (Table 13), after peak-flow spikes 

in E. coli observed in the water column probably originate from surface 

sources, washed into the Greybull River via overland flow.    

Observational data from both sampling years illustrated an immediate 

increase in turbidity associated with late-season precipitation events, 

and observed turbidity in normally dry rills and gullies becoming briefly 

inundated.  Changes in flow associated with these precipitation events 
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did not appear to be a significant factor in markedly increasing in-

channel erosion, as flow levels were recently much higher in the 

seasonal falling hydrograph without precipitation, and E. coli levels and 

turbidity were much lower. 

 

Sediment Transport Modeling 

This study has shown that E. coli exist in the channel sediment 

of the Greybull River, with amounts tending to increase at downstream 

locations.  Extreme fluctuations in discharge, caused by the onset and 

recession of snowmelt runoff, are capable of mobilizing and/or 

transporting large amounts of sediment in the watershed, especially in 

the channel system.  Sediment washed into the river channel via 

overland flow or eroded channel sediment are both potential sources of 

suspended sediment in the Greybull River.  This suspended sediment 

can either remain in suspension and be carried through the study 

reach without being deposited, deposited in the channel margins or 

other natural depositional areas throughout the reach, or can be 

deposited throughout the channel coinciding with the falling limb of the 

seasonal hydrograph. If the sediment transport capacity and its 

dynamics in the Greybull River can be understood, then some 

hypotheses can be postulated concerning origin and transport 

dynamics of E. coli associated with sediment.   
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If it was assumed that E. coli erosion and deposition could be 

modeled similarly to sediment erosion and deposition (many studies 

have proven that E. coli binds with small sediment particles), than 

gaining an understanding of the erosional and depositional areas of the 

Greybull River could help develop an understanding of the “sources” 

and “sinks” of E. coli in the Greybull River.  Highly erodible areas could 

act as a continuous non-point “source” for E. coli in the Greybull River, 

if it was present in the channel sediment at that location or above.  

Conversely, if most sediment and its attached E. coli were deposited in 

depositional areas (sinks), than E. coli observed in the water column 

below those depositional areas must be attributed to another, non-

stream, source (i.e. overland flow). 

A combination of field-verified data (slope, width, cross-sectional 

area) were combined with estimated input parameters (grain size 

distribution, discharge, Manning’s n) to develop a relative comparison 

of daily sediment transport capacity between each site for three 

different flow regimes.  Field observations show that deposited in-

channel sediment amounts are the smallest in the two upstream 

locations (G60 and W08), and increase moving downstream to sites 

(G33 and G30).  For the final sampling events of the season, complete 

sediment cores of >6 cm were difficult to find at sites W08 and G60.  
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Conversely, sediment cores were easily found throughout the sampling 

season at downstream sites G33 and G30. 

According to the model, the majority of the suspended sediment 

at sites W08 and G60 will have been deposited by the time site G46 

was reached, based on the decreased sediment transport capacity 

(Figure 9).  Field observations, however, showed that the highest 

amount of deposited sediment was downstream at sites G33 and G30.  

If relatively high amounts of sediment exist at both downstream 

locations, and sediment transport capacity is the lowest at the next 

upstream site (G46), then there must be some large supply of 

sediment between site G46 and site G33.  Additionally, sediment 

transport capacity increases moving downstream from G46 to G33, 

while observed in-channel sediment also increases.  For this to be 

true, the sediment contribution between site G46 and G33 must be 

substantial to overcome the increased sediment transport capacity.  

However, this relationship may be artificially created, as the Greybull 

River downstream of site G46 is a losing stream.  A limitation of the 

HEC-RAS model is that it is difficult to effectively model a losing 

stream.  If discharge is lower at downstream sites G33 and G30, then 

the sediment transport capacity should be less, but to what degree can 

only be estimated.  Also, there is a large amount of variation between 

each cross-section measured at each site.  This may be caused by the 
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large weight of the sediment transport equation being placed on local 

slope. 

Observed E. coli levels in this study tended to increase moving 

downstream, in agreement with field observations of in-channel 

deposited sediment.  This differs, however, with the increasing 

sediment transport capacity moving downstream from site G46 to sites 

G33 and G30 as represented in the models.  Presuming the model 

accurately depict sediment transport, than there must be a substantial 

or continuous source of sediment supply to the Greybull River between 

sites G46 and G33.  It is difficult to propose a mechanism to explain 

this.  It can possibly be due to changes in watershed area, topology, 

geology, and land-use below site G46.  The watershed narrows 

significantly below site G46, where changes occurring on the surface 

can be observed more quickly in the channel proper.  The surrounding 

geology in this area is highly erodible and sparsely vegetated, and 

steep in relation to the channel.  The immediately adjacent land is 

used primarily for irrigated agriculture and grazing pastures.  The 

combination of all of these factors may be a large, consistent source of 

sediment (and E. coli) for the Greybull River in significant quantities to 

exceed the sediment transport capacity. 
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Conclusion 

The Greybull River has been listed as impaired for fecal coliform 

(E. coli) bacteria upstream from its confluence with the Big Horn River 

to the Sheets Flat Bridge (sample location G33) since 2002.  Costly 

mitigation may be required to lessen the bacterial concentrations in 

the Greybull River.  Ideally, these mitigation efforts must be based on 

a true understanding of the primary and secondary sources of E. coli in 

the watershed leading to the observed exceedances.  If E. coli residing 

in these channel sediments were directly related to these exceedances, 

than BMP’s implemented to decease E. coli transport from surface 

rangeland sources may not cause a decline in measured E. coli 

concentrations in the water column.  This study examined the 

likelihood that E. coli potentially residing in channel sediments as a 

secondary environment were contributing to the impairment of the 

Greybull River.   

The three primary questions addressed in this study were: 1) 

Does E. coli exist in the channel sediments of the Greybull River?; 2) 

Are E. coli levels greater in samples from greater depths of the water 

column (nearer to the channel sediment) greater than from samples 

collected only from the water column surface?; and 3) Do changes in 

discharge in the Greybull River correlate to E. coli levels observed in 

the water column? 
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The objective of this study was to determine if high levels of E. 

coli occasionally observed in grab samples from the thalweg of the 

Greybull River could be attributed to the re-suspension of E. coli 

residing in the channel sediment.  The results of this study support this 

conclusion. “Before” seasonal peak-flow conditions, a relatively high 

percentage of clay-sized particles was observed in the top <2cm of 

bed sediment, along with a significant proportion of the sediment core 

E. coli.  The combination of these two elements represents an easily 

erodible substrate, capable of being entrained with the onset of the 

rise in the seasonal hydrograph.  With an increase in discharge, E. coli 

levels in the channel sediment decrease as E. coli levels in the water 

column increase, with a significantly greater level sampled throughout 

the water column (Depth-Integrated) compared to the surface only.  

E. coli levels in the water column were also generally inversely 

correlated with precipitation. 

However, increased flows caused by snowmelt runoff created a 

much wider channel width throughout the length of the study reach, 

and incorporated large areas of channel margins exposed to 

cattle/wildlife use throughout the winter/spring.  It was not possible in 

this study to separate in-channel sources from overbank sources of E. 

coli. 
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 The opposite appeared to be true “After” peak-flow, where 

increased observed E. coli concentrations in the water column seem to 

be originating from overland flow.  E. coli levels in the channel 

sediment were both at the lowest level following peak-flows, with the 

greatest proportion of E. coli present in the sediment cores in the 

deepest layers (>4cm).  Also, E. coli levels in throughout the entire 

water column were similar to those collected only from surface water.  

E. coli levels in the water column were highly positively correlated with 

precipitation. 

But because of physical constraints and technical deficiencies, it 

was not possible to determine from this study to what extent E. coli 

were replicating in the deeper layers of sediment. 

 To help strengthen the results from this study, further research 

needs to be done.  Sediment sampling methods were only solidified for 

the 2010 sampling season, and only three sediment sampling events 

occurred before peak-flow.  To draw any definitive conclusions, results 

from at least two more seasons’ before peak-flow sediment data needs 

to be collected.  Along these lines, sediment should be sampled at 

least monthly throughout the winter months, at all depths, to really 

determine if E. coli is persisting in the sediment of the Greybull River 

throughout the winter.  More intensive sampling should be 

implemented at a single sampling location, eliminating all spatial 
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variability in the watershed.  This sampling procedure could greater 

define E. coli response in the water column to changes in flows, and 

precipitation, eliminating any upstream unknown variables, such as 

land use and irrigation returns.  Additionally, for known (snowmelt 

runoff) and unknown (late-season precipitation) events, sampling 

should be designed to bracket these events, observing levels of E. coli 

before, during, and after to determine the level of effect these events 

have on E. coli levels, and the duration of that effect.   

This study did not investigate other potential sources of E. coli 

loading in the surface water, such as direct input from overland flow. 

Land-use in the Greybull watershed and major possible overland flow 

pathways from heavy cattle, agriculture, and wildlife areas need to be 

investigated as well.  Samples directly from the point where large 

irrigation returns enter the Greybull River should be sampled, to 

directly quantify overland flow loading of E. coli.  Along these lines, if 

possible during precipitation events, larger washes that run and are 

normally dry need to be sampled to further quantify overland flow 

loading of E. coli.  Samples of E. coli from the water column, channel 

sediment, naturally dry washes, and irrigation returns should be DNA 

source-tracked to determine the primary source of the E. coli (i.e. 

cattle, wildlife, human, etc.).  It would be interesting and useful to 
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identify the host sources of E. coli in the channel sediment E. coli and 

possibly how much it mutates over time. 
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