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Three studies were conducted related to the measurement and impact of

stream sediment fecal coliform (FC) bacteria on stream water quality. In part one

an enumeration technique for sediment FC was defined and statistically

characterized. This characterization necessitated the development of a sample

splitting mechanism, which was found to split samples with no significant bias.

The proportion of variation (PV) due to measurement error of the technique was

found in the lab to be < 3% for two sediment types tested. Varying agitation

method used in the enumeration technique significantly affected counts in one of

the sediment types tested.

This technique was utilized in the second study, where sediment and water

samples were collected from a reach in the Willamette River to determine whether

or not sediments underlying slow-moving water areas in streams ('alcoves') can

harbor more FC than main channel sediments. Alcove sediments were found to

harbor significantly more FC than sediments in the main channel. FC

concentrations measured in one alcove's sediments over the course of a year

showed a correlation between alcove sediment and alcove water FC concentrations

during non-storm periods (r = 0.80), and no correlation (r = .03) during storm

periods.

The third study was an analysis of the potential impact of FC-laden alcove

sediments on a stream's water quality. A process-based model was constructed in
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order to identify the conditions under which alcoves might impact main channel

water quality, and to determine which of the processes are the primary drivers of

the system. Sensitivity analyses were run to identify process drivers. Alcoves with

high sediment FC concentration were found to significantly impact main channel

FC concentration during periods of high main channel flow and low upstream FC

inputs. High FC concentrations in the main channel masked the alcoves' effect.

The impact of the alcove on the main channel was found to be sensitive to the

hydraulic exchange parameters and the FC die-off rate in water, and not sensitive to

the in-alcove processes of resuspension, settling, and FC die-off in sediment. The

model was applied to a reach of the Willamette River using 14 months of flow and

FC concentration data. The model predicted that a single alcove with typical FC

contamination in the sediment would not significantly impact main channel water

quality. The correlation (r) between predicted alcove sediment and water FC

concentrations was found to be 0.66 during non-storm periods.
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Fecal Coliform Bacteria in Stream Sediments: Sampling
Methodology, Measurement and Modeling the Impact on Stream

Water Quality.

1. Introduction

Fecal contamination of surface waters, usually measured as the

concentration of the indicator group fecal coliforms, is a well-known and

widespread problem. Fecal pollution of waters used for recreation as well as

shellfish harvest has limited the use of those waters in areas with measured bacteria

levels exceeding regulatory standards. Fecal contamination of aquatic sediments is

less well studied. Although contaminated sediments have been linked to water

quality problems in waters meeting surface water quality standards, no standard

method currently exists for measuring fecal coliform concentration in sediments.

Previous studies in which fecal contamination of sediments was studied

incorporated a variety of sample acquisition, processing and measurement methods,

the precision of which were not evaluated.

A number of studies have shown that aquatic sediments provide favorable

conditions for growth, or at least extended survival, for fecal microorganisms

(Crane and Moore, 1986). Those studies have also shown that bacteria appear in

higher concentrations in fine sediments than in coarse sediments. It was

hypothesized that sediments underlying slower-moving water areas of streams

('alcoves'), where sediment particle sizes are relatively small, would harbor more
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fecal bacteria than sediments in stream main channels. It was suspected that

alcoves not directly adjacent to fecal pollution sources could receive and store fecal

bacteria from adjoining main channels, thus acting as 'reservoirs' of fecal bacteria,

which would subsequently impact main channel water quality upon resuspension

due to high flow events. A literature review indicated no previous attempts to

model the contribution of alcove fecal bacteria (or other pollutant) 'reservoirs', and

a dearth of information on stream main channel/alcove hydraulic exchange.

Individual processes related to the relationship between an alcove's

sediments and main channel water quality (such as die-off, particle resuspension

and settling) have been studied and have resulted in a wide range (orders of

magnitude) of reported parameter values for the various processes. Adequately

modeling even a single alcove/stream system would require knowing these

parameters for that system, as well as the hydraulic exchange between the alcove

and the main channel. It is likely that the hydraulic exchange as well as the process

parameters vary by season, even within a given system. Determining all the

parameters and defining the hydraulic exchange for every system of interest, during

every season of interest, is practically unworkable.

The overall objective of this study was to gain understanding of the role that

contaminated stream alcoves play in affecting coliform concentration of their main

channels. As no standard method exists for evaluating fecal coliforms in aquatic

sediments, it was necessary to develop and characterize an enumeration technique.

This required the development of a sediment sample splitting mechanism, which



would evenly split samples to allow statistical characterization of the technique.

The specific goals of this study were the following:

1. Develop a precise method for aquatic sediment sample collection and processing

for fecal coliform bacteria

As previous researchers used a variety of sample processing techniques,

determine if variations in the techniques can result in significantly different

recovery of coliforms from sediment samples

Develop a way to split sediment samples into similar (with respect to

bacteria concentration) sub-samples. This was required to conduct process

precision and comparison characterizations

Determine whether stream alcoves not adjacent to contamination point sources

can harbor significantly more bacteria than the adjacent main channel.

Develop a process-based model that would identify how and under what

conditions stream alcove sediments can significantly impact main channel water

quality.

Using the model, determine via sensitivity analysis which of the many process

and system parameters drive the extent of an alcove's contribution to a main

channel; identify relatively insignificant processes.

3



2. Characterizing Methods for Quantifying Fecal Coliform
Bacteria in Aquatic Sediments

2.1 Abstract

Bacteria including E. co/i and other fecal organisms such as fecal coliforms

have been shown to survive and in some cases multiply in freshwater and marine

sediments. While various attempts have been made to quantify fecal coliform

contamination in sediments, no standard method currently exists, and the precision of

the methods that have been employed by researchers has not been characterized.

Measurement of sediment fecal coliform contamination can involve the processes of

1) sample acquisition, 2) dilution with water, 3) bacterial extraction (sediment/water

mixture agitation, settling, and draw-off), 4) membrane filtration or multiple tube

fermentation, 5) incubation, and 6) counting. The goals of this study were to develop

a way to measure and determine the precision of a sample collection and processing

method, and to determine if variations in various treatment methods significantly

affect bacterial counts. A device that evenly splits bacteria-laden sediment samples

was developed and tested and found to produce similar sub-samples. Sediment

samples were taken from two coliform-spiked lab microcosms representing fine and

coarse sediment types, and then divided for comparison using the constructed sample

splitter. Agitation method and settling time were varied to determine if variation in

these two processes would significantly affect counts. Overall precision of the

sediment processing procedure used to quantify the number of fecal coliforms in the

4
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sediment and the effect of altering processing variables was determined using split

sample comparisons. The variation in sediment fecal coliform count induced by the

overall process was 0.3% of the total variation in samples taken from the fine

sediment microcosm, and 2.3% from the coarse sediment microcosm. Overall

variance in samples taken from the fine sediment microcosm was less than that of the

coarse sediment microcosm. Varying the agitation method used to separate bacteria

from sediment particles was found to significantly affect bacteria counts for samples

taken from the fine sediment microcosm. The two sediment/water mixture settling

times tested did not affect counts for either microcosm.

Key Words: sediment, coliform, sampling
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2.2 Introduction

2.2.1 Fecal Bacteria Contamination in Aquatic Sediments

Fecal bacteria have been detected and reported in stream sediments at least

as far back as 1938 (Zobell). Evaluation of sediments in the vicinity of sewage

treatment outfalls as well as other areas indicate that sediments can act as reservoirs

for fecal bacteria, protozoa and viruses, despite the intuitive notion that organisms

of fecal origin do not survive for long outside of their native environment

(Hendricks, 1971 (1&2); Evans and Owens, 1972; Davies et aL, 1995; Gerba, 1976;

LaLiberte, 1982; Roszak and Coiwell, 1987; Hunter, 1991; Erkenbrecher, 1980;

Struck, 1988; Shiaris et al., 1987; Stephenson and Rychert, 1982; Buckley, et al.,

1998). Studies have shown that bacteria survival in fresh and marine waters is

enhanced by the presence of particles; survival times of up to several months have

been reported in lab and field tests (Dutka and Kwan, 1980; Kay and Fricker, 1997;

Gerba and McLeod, 1976; Gerba and Liew, 1980; Davies et al., 1995). Bacteria

attached to sediments have improved access to substrate (organic carbon) and

nutrients, and protection from predators, toxins, temperature changes, and

radiation; E. coli has been found to be 2400 times more resistant to chorine when

attached than when free-floating (Roper and Marshall, 1974; Kay and Fricker,

1997; Davies et al., 1995; Marshall, 1984; LaLiberte, 1982; Roszak and Colwell,

1987; Hunter, 1991; Evans and Owens, 1972). Sediments of relatively small

particle size and high organic carbon content harbor more bacteria than sediments
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of larger particle size and low organic carbon content (Shiaris et al., 1987; Buckley,

1998; Gaimon, et al., 1983).

Resuspension of bacterially contaminated sediment can negatively impact

water quality. Grimes (1975, 1980) found increased coliform levels in a river

downstream of and immediately following dredging operations; these levels

dropped precipitously once dredging activity was discontinued. In river studies

with controlled dam releases, Wilkinson and colleagues (1995) showed an increase

in stream coliform counts corresponding to peaks in the artificially induced

hydrograph. Contamination of water in a shellfishing area in the south Puget

Sound was found to be linked to high underlying sediment coliform concentrations

(Struck, 1988). Van Ess (1997) conducted a study in the Oregon Willamette

Valley, in which relatively low coliform levels in a stream were increased upon

disturbance of underlying sediments. Sherer, et al. (1988) showed the effect of

resuspension of contaminated sediments on water quality by raking bottom

sediments in a creek contaminated with livestock waste. Shiaris, et al. (1987)

investigated intertidal sediments in the vicinity of a sewage outfall and stated that

"...intertidal sediments which adjoin point sources of pollution [can be] severely

contaminated and should be considered as potentially hazardous reservoirs of

sewage-borne diseases." Clearly sediment coliform concentrations can have an

impact on water quality; in order to determine the possible magnitude of this effect

in a water body the underlying sediment concentrations must be evaluated.
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2.2.2 Processing Sediments for Coliform Quantification

Sampling and processing sediment to determine bacterial counts is

somewhat problematic, and numerous methods have been used to process and

quantitatively report concentrations. Amount of dilution, agitation method and

type, and settling time of water/sediment slurries have varied according to

researcher and in many publications have not been reported. Figure 2.1 shows an

overview of the steps involved in quantifying fecal coliforms in sediment.

Sediment is taken from its environment, mixed with water, and agitated to

separate bacteria from the sediments; the sediment/water mixture is then allowed to

settle (in some cases), some or all of the overlying water is drawn off, and the

extraction subjected to one of the standard methods for quantifying fecal coliforms

in water. The standard methods for coliform enumeration most commonly used are

the membrane filtration and the multiple tube procedures (API-IA, 1995).

2.2.3 Previous Efforts to Quantify Enteric Microorganisms in Sediment

A review of the relevant literature reveals a large number of tecimiques used

in previous studies to process sediments for coliform quantification. These efforts

are summarized in Table 2.1.

Sediment sample acquisition methods include dredging and hand coring.

Bacteria concentrations have been found to be highest in the top sediment layers,

and careful coring minimizes layer disturbance (Van Donsel and Geldriech, 1971;



Figure 2.1. Sediment Sampling and Bacterial Extraction Procedure
Overview. Dashed boxes represent optional process steps.

sediment sample
collection

sediment sample
dilution

sediment/water slurry
agitation to separate

bacteria from sediment
particles

sediment/water
slurry settling

V

quantification

core
dredge

water added to sediment to create
slurry and facilitate mixing

minutes/hours

magnetic stirring
homogenization
ultrasound
manual agitation
surfactants/mixing beads

standard method
membrane filtration (MF)
multiple tube (MPN)

9

aliquot partial or complete liquid sample
extraction taken from sediment/water slurry



Table 2.1 Processing Methods Used in Studies Involving Aquatic Sediment Collection, Treatment &
Microbiological Analysis.

author year organism collection
site

acquisition
method

agitation
method, time

settling
time

reporting
units

counting

Buckley, et a! 98 coliforms stream mechanical
shaker, time not
stated

not stated cfuIlOOml MF

Howell, et al 96 fecal bacteria microcosm spatula
scraping from
bottle sample

mechanical
shaker, 30 mm

2 hrs fecal
coliforms/l 00
ml

Weiskel, et al 96 fecal
coliforms

bay near
shelifishing

sediment
resuspended
and collected
w/water

fecal
coliforms/l 00
ml water

MF and
MPN

Davies, et al 95 fecal
organisms

marine &
freshwater
sediments
near outfalls

pipe dredge sonication
(100W, Braun
Labsonic probe
19mm), 30 s

10 mm cfu!100g wet
sediment

MF

Nix, et a! 93 fecal
coliforms

creek suspended
sediment
bags

1 g sediment
taken from bags
and diluted

MPN/lOOg
sediment

MPN

Arnold, et al 92 indicator
organisms

Yaquina
estuary

special core
device

10cc sediment
into 490 ml
water, shaken

not
reported

fecal
coliforms/1 00
cc sediment

MPN

92 viruses " " vortex mixer
and
centrifugation,
30s&20min

positive/
negative

Doyle, et a! 92 fecal
coliforms

marine
beaches

scoops log mean
coliform
density

MPN

Sherer, et a! 92 fecal coliform rangeland
streams

bottles shake
"vigorously"

fecal
coliforms/ml

MF



Table 2.1 Continued.

Struck, P. 88 fecal
coliforms

estuary core manual shaking none cfu/lOOml MPN

Burton, et a! 87 E. coli freshwater
sediments in
microcosms

hand cores "vortexed", no
time reported

cfu/ml spread
plates

Shiaris 87 indicator
bacteria

cove!
intertidal
sediments

scraped homogenization
(Waring),
serially diluted,
20s

not
reported

bacteria/g dry
sediment

MF

Velji &
Aibright

86 marine
bacteria

ocean env. sonication
(BioSonik II,
4mm, 100W),
30s

not
reported

bacteria/mi direct
count

Veiji &
Aibright

86 marine fecal
bacteria

vegetated
marine
habitat

sonication,
pyrophosphate
addition

bacteria/gram
wet sediment

direct
count

McDaniel &
Capone

85 aquatic
bacteria

various, mci.
river
sediments
and mud
flats

gentle magnetic
stirring, no time
recorded

bacteria/g
sediment

direct
count

85 " " Surfactant, 8
hrs

85 " " homogenization
(20k rpm), 60s

"

85 " " " sonication (20
kHz, 900W)
60s

"

Dye 83 bacteria mangrove
swamp mud

homogenization
16K rpm, 30,

60, 90, 120s

none #cells/gram
mud

direct
count



Table 2.1 Continued.

83 " " sonication,
24kHz, 8pptp,
30, 60, 90, 120s

"

Gannon, et al. 83 fecal coliform river
impoundme
nt (lake)

cores "shaken well" #/ml MF

Montagna 82 marine
bacteria

estuarine
sand and
mud

cores homogenization
23K rpm, 3 Os, 4
mm

only sand
samples,
30s.

count/g
sediment

direct
count

Hood, Ness 82 E. coli and V.
cholerac

estuarine
mud put into
water/mud
chambers

none bacteria/g
mud

direct
counts

Stephenson,
& Rychert

82 E. coli rangeland
streams

hand bottles MPN/ml MPN

LaLiberte &
Grimes

82 heterotrophic
bacteria

lake bottom,
sand and
silty clay
sites

grab dredge hand shaking
with dilute
buffer, 60s

#/g dry
sediment

spread
plate

Erkenbrecher 81 indicator
bacteria

various sites
in estuary w/
proximity to
shelifishing

hand-held
core

blended high
speed, 2 mm

none MPN/g dry
sediment; &
MPN/lOO cc
sediment

MPN

Erkenbrecher 80 " " " " " "
Grimes 80 indicator

bacteria
river bottom dredge platform shaker

20 g sediment
w/ 80 ml buffer,
30 mm

60m cfu/g dry
sediment

MF and
MPN

LaBelle, et al 80 coliforms coastal and
oyster beds

Ekman
dredge

N/A N/A MPN/100 ml
water

MPN



Table 2.1 Continued.

Matson, et al 78 indicator
bacteria

river bottom shovel NONE-suspend
I g in dilution
water

0 cfulcm2, a
converted
value from I
g sediment,
not area of
original
sample

MF

Babinchak, et
al

77 fecal
coliforms

Long Island
Sound

bottom grab,
top 1 cm
scraped off

fecal
coliforms/
lOOmI

MPN

McLeod &
Gerba

76 E. coli canals near
outfalls

Ekman
dredge

N/A N/A MPN/lOOml
slurry

MPN

De Flora, et
al.

75 enteroviruses coastal
sediments

not stated mechanical
shaker, 30 mins

varied, 1-
16 hours

Litchfield, et
al

75 heterotrophic
bacteria

various
sediment
types in bay

core shaking w/
various
surfactant
agents &
dilution
preparations,
time not
reported

cfu/gram dry
sediment

direct
count

Dale 74 bacteria intertidal
basin

hand coring homogenization
foliwed by
hand-shaking
30s, 5 mm

#/g dry
sediment &
#per m2

direct
count
(filter)

Van Donsel
& Geldreich

71 fecal
coliforms

rivers, lakes,
bathing
beaches

special
sampler

shaken w/
beads, time not
reported

fecal
coliforms/
1 OOml water

MF



Table 2.1 Continued.

Batoosingh &
Anthony

71 marine
bacteria

marine
pebbles (3-5
cm diam)

shovel, light
grab

mill grinding
(60 rpm, 8-10
pebbles wl 500
ml water),
varied time

#/pebble
surface area

filter
culture
and
direct
count

Hendricks 71 Salmonellae river bottom APHA 65
method

Il/plate

Batoosingh &
Anthony

70 Pseudomonas marine
pebbles

pebble
collection

slow rotations,
3-5 hours,
dispersing agent

0 bacterial
cm2

direct
counts
and MF

Anthony 68 bacteria estuarine
environment

core shaking, 5
minutes

0 cfulg dry
sediment

MF

Rittenberg, et
al.

59 coliforms ocean near
outfalls

hand cores none N/A MPN/
sediment
surface area

MPN

Weiss 51 E. coil microcosm,
silts
collected
from bay
and river
areas near
outfalls

silts collected
with cores

mixture shaken
in tubes,
centrifuged
(1728rpm), 60s

0 % removal plating

Zobell 38 marine
bacteria

ocean Ekman cores hand shaking,
time not
reported

0 #lg wet
sediment

plate
count &
direct
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Herr and Gray, 1995; Mudroch and Azcue, 1995; Gannon 1983, Auer and Niehaus,

1993; Babinchak, et al., 1977). Agitation methods employed previously include

hand shaking, sonication (ultrasound), homogenization, magnetic stirring, and no

agitation. These methods have been used with and without the presence of mixing

beads and/or surfactants. The amount of time sediment/water mixtures are agitated

varies widely, from seconds to hours, and in many publications is not reported.

The time allowed for sediment/water mixtures to settle is frequently

unreported; in some cases the time varies within a single study. Where it is reported

times range from no settling time to hours. This could induce significant variation

in results: particle-attached bacteria settle according to the particle size; samples

pulled from a settled mixture could vary in bacteria concentration according to how

long the mixture has been allowed to settle. Fecal coliforms are commonly

quantjfied using the membrane filtration method (MF) or multiple tube

fermentation technique, which is commonly referred to as the "MPN" (most

probably number) method. Direct counting is also used in some studies where

small numbers of samples are involved, or where a consortium of bacteria are being

enumerated (Veiji & Aibright, 1986; McDaniel & Capone, 1985; Dye, 1983; Hood

and Ness, 1982; Jannasch and Jones, 1958). Note that direct counts normally do

not distinguish between viable and non-viable (e.g., dead) organisms, and therefore

can overestimate the number of live bacteria involved. By contrast, both the MF

and MPN methods rely on culturing bacteria and counting colonies. They therefore
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can underestimate the number of viable bacteria in two ways: overlapping bacteria

can produce a single colony in the MF method, and neither method counts viable

but non-culturable (VBNC) bacteria (Batoosingh and Anthony, 1971). Advantages

and disadvantages of the MF and MPN methods are summarized in Appendix 2.1.

Aquatic sediment bacteria concentration reporting units are not

standardized; as can be seen in Table 2.1 reporting units vary among researchers.

Water coliform counts have been standardized as colony forming units per 100 ml

of sample (cfu/lOOml). As the majority of fecal coliforms have been shown to

reside in the upper (top 5 cm or less) layer of sediments (Shiaris et al., 1987; Auer

and Niehaus, 1993; Baudart et al., 2000), counts per volume or weight ofa

sediment sample may not be appropriate; i.e., deeper samples may incorporate

dilution from the lower sediment levels where fecal bacteria are scarce. Standard

Methods for the Treatment of Water and Wastewater and Bottom Sediments and

Sludges (APHA, 1965; see also Tsernoglou and Anthony, 1971) states that

reporting aquatic sediment bacteria concentrations in organisms per unit surface

area is customary. It is clear that sediment surface area and depth of the sample

collected must be specified when quantifying fecal coliform concentration in

sediments.

Precise bacterial quantification of natural systems is a difficult task.

Without information regarding the natural variation of bacteria in an environment,

one camiot know how much of the variation in the data is due to the true system

heterogeneity, and how much is due to measurement/processing error. It is not
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surprising that in the field studies reviewed (Table 2.1) there was little to no effort

to quantify the measurement/processing error, other than that portion related to the

counting technique (direct count, membrane filtration or multiple tube method).

2.2.4 Study Objectives

The goals of this work were to develop a way to determine the precision of

a controlled sediment collection and processing method, and to determine if

variations in typical sediment sample treatment techniques result in significantly

different recovery of coliforms. The process steps varied and evaluated in this study

were agitation and settling time (Fig. 2.2).

In order to compare processing variables a technique was developed to split

sediment samples into similar (with respect to bacteria concentration) sub-samples.

The technique was developed and tested to determine if the sample splitting

procedure induced significant variation into the results.



Figure 2.2 Sediment Sampling and Bacterial Extraction Procedure Used in
this Study.
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2.3 Materials and Methods

2.3.1 Part I: Overall Process Precision and Bias Tests

2.3.1.1 Microcosms

Two plastic tub sediment/water microcosms (49 cm long by 33 cm wide)

were established in the lab for testing. Microcosm 1 (Ml) was filled to 8 cm with

silt/clay-sized sediment of high TOC (total organic carbon) taken from the

Willamette River (Table 2.2).

Table 2.2 Microcosm Sediment Characteristics

Microcosm 2 (M2) was filled to the same depth with sandy sediment taken

from the mouth of a stream on the coast of Oregon, with larger particle size and

low TOC content. Each microcosm was overlaid with 5 cm of peptone dilution

19

Microcosm Particle Size
Distribution

TOC
(%)

Ml 2mm-5Oim (59%) 6-8%
5Oirn-2tm (32%)

<2j.im (9%)

M2 2mm-5Oim (98%) <1%
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water (APHA, 1995), mixed with 1 OOg of fresh dairy cow manure, and allowed to

settle. Dissolved oxygen and pH of the microcosm water were determined each

day in which sampling took place; dissolved oxygen content for both microcosms

did not exceed 1.5 mg/i and pH remained constant at 7.0.

2.3.1.2 Sample Acquisition

Core samples were taken using 50 cc plastic syringes with the tapered tips

cut off. The area and depth of sediment taken with each core was 6.4 cm2 and 1.5

cm, respectively. The syringe barrel was carefully pushed into the sediment to

minimize disturbance of the top layer, and a flat plastic card slid underneath the

filled core to hold the sediment in the syringe until the samples were placed into the

sample splitting mechanism.

2.3.1.3 Sample Splitting

In order to evaluate sediment processing methods it was necessary to

prepare sediment samples of similar bacterial concentration. Heterogeneity of

bacterial distribution in sediments obviates the assumption that samples of similar

area or volume would have similar concentrations of bacteria. In order therefore to

obtain similar sub-samples for testing, a sample 'splitter' was designed to divide a

sediment sample into two equal portions (Figure 2.3).



18 cm

Figure 2.3 Sediment Sample Splitting Mechanism.

.4 Pvc sample collection cup

4 PVC connection

Ball valve in PVC connection tube

2 cm

4- Stainless steel, 450 flow splitter
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The sample 'splitter' was constructed using a PVC collection cup, PVC

connection fixtures, a ball valve, and a metal flow divider. Previous attempts to

evenly split sediment samples using a PVC flow divider resulted in uneven

separation of the sediment into the two collection beakers. The splitter was firmly

attached to a stand and situated above two similar collection beakers. Sediment

cores were taken from the microcosms (see "Sample Acquisition," below) and with

the ball valve closed placed into the cup at the top of the splitter. 100 ml of water

were poured into the cup and the sediment/water slurry stirred with a glass rod.

The ball valve was then opened and the sediment/water slurry allowed to flow

through the splitter into the two similar beakers below. An additional 100 ml of

water were then poured through the splitter and on the glass rod to rinse off

remaining particles.

2.3.1.4 Agitation and Settling

Magnetic stirring agitation was chosen for the process variation testing as

many samples could be processed at once. Sample cores were split, agitated on a

magnetic stirrer table for ten minutes, and the water/sediment slurry allowed to

settle for 10 minutes.
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2.3.1.5 Bacterial Recovery and Filtration

Aliquots of water were taken from the top 1 cm of the settled

sediment/water slurry using 5 ml glass pipettes. The samples were then filtered,

plated and incubated according to the standard membrane filtration (MF) procedure

(APHA, 1995), with the exception that a fungistat was added to the plates to

suppress fungal growth (see "Growth of Non-Target Organisms" in Discussion,

below). The MF procedure was chosen over the MPN method as the large number

of plates processed in the tests made the more time consuming multiple tube

technique practically unworkable.

2.3.1.6 Experimental Design

For each microcosm, sediment cores were split and processed identically.

For the first microcosm (Ml) a large number of samples (50 cores, 100 plates) were

processed as there was little information on the expected process variance. Fewer

samples (20 cores, 40 plates) were processed from M2 as warranted by the low

process variation found from Ml samples. Overall process precision was

expressed as the proportion of variation, (PV):

PV - (S2measurement)/(S2naturai variation + S2measurement) (2.1)

where

measurement = within-cores estimated variance
natural variation = between-cores estimated standard variance
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The S2 (variance) values were determined with a one-way analysis of variance of

the data set.

The process was also tested for bias; i.e., would samples from the left or

right sides of the split tend to be consistently larger or smaller than the other side?

t-tests were used to determine if bias was introduced by the splitting process, and t-

values were computed using the following:

t = davg/ (Sd! n112) (2.2)

where

davg mean value of the differences between values for each set of split sample
cores

Sd standard deviation of the differences (i.e., the standard deviation of d)
n = number of total sample pairs run.

This test assumes a normal distribution, which is valid in the case of bacteria

providing log values are used (Montagna, 1982; APHA, 1995).

2.3.1.7 Counting and Controls

2.3.1.7.1 Counting

Colony counting was conducted using a low-power binocular dissecting

microscope; all typical blue colonies were counted. In the cases where counts

exceeded the recommended 60 or fewer per plate, results were recorded up to 200

colonies/plate where the colonies did not appear to contact each other (APHA,
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1995; Geidreich, 1997). Samples showing 0 colonies were not used in the analysis

(see Discussion, below). Results are presented here separately for plates showing

0-60 colonies and plates with 0-200 colonies. Random colonies were picked for

verification according to the standard fecal coliform verification method and all

tested positive for gas production (APHA, 1995). Consistent with expected

behavior of bacterial populations (Montagna, 1982; APHA, 1995), the data were

distributed log-normally; bacteria counts are therefore reported in log(cfu!cm2).

2.3.1.7.2. Controls

Control plates were run before, during and after each set of membrane

filtration series (APHA, 1995). Control plates were treated exactly the same as

sample plates with the exception that dilution water but no fecal coliform samples

were added to the plates, resulting in zero plate counts if there was no

contamination in the procedure. All data from any runs resulting in non-zero

controls were discarded. This occurred during the first several sets of time tests,

after which it was found that the spigot on the dilution water container was a

contamination source. Autoclaving the spigot prior to each set of tests eliminated

the contamination, and controls from all subsequent runs showed zero colony

growth.



2.3.2 Part II: Processing Variables Tests

The effect of varying agitation method and settling time on bacterial

concentration counts was evaluated for three agitation methods and two different

settling times for each microcosm.

2.3.2.1 Microcosms

The same microcosms were used as in Part I, described above.

2.3.2.2 Sample Splitting and Acquisition

Sample splitting and acquisition were conducted as described in Part I.

2.3.2.3 Agitation and Settling

The agitation methods utilized in this study were chosen from review of the

relevant literature (Table 2.1), and include three of the more popular methods:

manual (hand) shaking, sonication (ultrasound), and homogenization. Manual

agitation consisted of shaking the beakers containing sediment/water slurries.

Sonication took place in a Bransonic 42 ultrasound water bath'. Homogenization

was performed at 20,000 rpms by inserting a Biospec Tissue Tearer2 into the

beakers containing the sediment/water slurries. These three methods were tested

following determination of the optimum processing time for each method

(Appendices 2.2 and 2.3).

26

1 Branson Instruments Company

2 Biospec Products, Inc.



2.3.2.4 Bacterial Recovery and Filtration

Bacterial recovery and filtration were conducted similarly to that done in

Part I.

2.3.2.5 Experimental Design

A balanced incomplete randomized block design was used to compare the

different processing methods. This design allowed statistical comparison of the 6

different processing conditions (3 agitation methods and two settling times) used in

the test. ANOVA analysis following the tests revealed whether or not processing

conditions significantly affected outcomes by comparing the variations within

27

The two settling times chosen for comparison (5 and 15 minutes) were

selected to represent a typical time and common variation around that time based

on earlier studies (Table 2.1). A summary of the agitation method processing and

settling times is given in Table 2.3.

Table 2.3 Sediment Sample Treatment Methods Evaluated in this Study

Agitation Method Agitation Time (minutes) Settling Time (minutes)

sonication 5 5, 15

homogenization 1 5, 15

manual 1 5, 15
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groups (agitation, settling, and block) to the variations between groups

(Montgomery, D.C., 1997).

Each split sediment core produced 2 sub-samples, designated "A" and "B";

the A and B samples for each core comprised one test "block" (Figure 2.4). The

design is "incomplete' because only two samples per block are available; a

"complete" design would be one in which the number of samples in each block

equaled the number of conditions (in this case, 6). The purpose of blocking is to

statistically eliminate the effect of variation among core samples. This was

necessary as it was expected that spatial heterogeneities existed with respect to

bacteria in the microcosms. With six processing variables and two samples per

block the design requires a minimum of 15 blocks. The design was triplicated,

resulting in 45 blocks of two comparative samples each, a total of 90 plates.

2.3.2.6 Counting and Controls

Counting and controls were performed as described in Part I.



Figure 2.4 Incomplete Randomized Block Design Used for Processing
Variables Tests. Sample A & B refer to each portion of split sediment sample.

Key
S = sonication
H = homogenization
M = manual
agitation
5 = 5 minutes
settling
15 = 15 minutes
settling

} = 1 "block"
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S5 115

2 S5 HiS
3 S5 S15
4 S5 M5
S S5 MiS
6 S15 H5
7 S15 HIS
8 S1S M5
9 S15 MiS
10 H5 H15
11 H5 MS
12 H5 MiS
13 HiS MS
14 H15 M15
15 M5 MiS

1 S5 H5
2 S5 HiS
3 S5 SiS
4 S5 MS
5 SS M15
6 SiS HS
7 S1S 1115
8 S15 MS
9 S15 MiS
10 H5 HIS
11 HS MS
12 H5 MIS
13 HiS MS
14 HiS MIS
15 MS MiS
1 SS HS
2 S5 HiS
3 S5 S1S
4 SS M5
S SS Mi5
6 S1S HS
7 S15 HiS
8 S1S MS
9 S15 MiS

10 HS HiS
ii 115 MS
12 HS MiS
13 HIS MS
14 HiS MiS
15 MS MiS



2.4 Results

2.4.1 Overall Process Precision and Bias Test Results

Results of the precision test showed the proportion of variation to be 0.3%

for samples taken from Ml (fine sediment microcosm) and 2.3% for those taken

from M2 (coarse sediment microcosm) (Figure 2.5). The measurement variances

determined for each microcosm include all variation induced during sample

splitting, as well as that originating during the sediment processing and the inherent

variation in the membrane filtration technique. Overall variance in the samples

tested in Ml was -7.5 times lower than that in M2.

The t-tests (bias tests) performed on both sediment types indicated that the

sample splitting technique split samples sufficiently evenly that no significant bias

was introduced at the a .05 (two-tailed) level. These results are presented in

Table 2.4; data is included in Appendix A2.4. Data from samples where plate

counts were 0 or exceeded 200 cfu' s were not included in the analysis.
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Figure 2.5 Measurement and Total Variances Calculated for Samples Taken from
Microcosms 1 and 2.
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Table 2.4 Bias (t) Test Results for Ml and M2.

a level at which bias introduced by the left and right sides of the sample splitter
are significant

2.4.2 Processing Variables Comparisons

Bacteria counts were significantly affected by choice of agitation method

for the Ml microcosm for both sets of data (plate count 0-60 and 0-200, F = 5.95

and 8.77, respectively) (Tables 2.5, 2.6). In both cases the block was also

significant, indicating the anticipated heterogeneity among sample cores. This

validated the necessity for blocking in the design. Sonication and homogenization

resulted in higher average bacterial extraction than manual agitation in Ml.

Average values, ranges and standard deviations for both microcosms are shown in

Table 2.8.

Choice of agitation method did not significantly affect results in the second

microcosm (M2) at the .05 level (F 1.9) (Table 2.7). Similar to the first

microcosm, heterogeneity among sample cores was indicated by the significance of

the blocks. No differences were detected among tests using the two different

settling times for any agitation method in either microcosm at the .05 level (Tables

2.5, 2.6, 2.7). Appendix A2.5 contains the data from these tests.
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n mean (log cfu/cm2) t sig. level (p)a
Ml

Plate count <= 60 16 pairs 4.17 1.35 .2
Platecount<=200 46pairs 4.48 0.15 .8

M2
Plate count <=200 12 pairs 4.44 0.48 .64



Table 2.5 Processing Methods Comparison: Microcosm 1, Plate Counts 0-60

a degrees of freedom
b

level below which variation is not significant

Table 2.6 Processing Methods Comparison: Microcosm 1, Plate Counts 0-200

Processing variable F df level ()bsig.

a degrees of freedom
b level below which variation is not significant

Table 2.7 Processing Methods Comparison: Microcosm 2, Plate Counts 0-60

a degrees of freedom
b level below which variation is not significant
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Processing variable F dfa sig. level ()b
Agitation method 5.95 7 <.01

Settling time 0.46 1 .51
Block 3.32 36 <.01

Agitation method 8.77 2 <.01
Settling time 1.42 1 .24

Block 4.29 43 <.01

Processing variable F df' sig. level (p)'
Agitation method 1.90 2 .16

Settling time 2.33 1 .14
Block 3.83 44 <.01



Table 2.8 Mean Bacterial Counts (log cfu/cm2) By Processing Variable and
Sediment Type
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Processing
Variable

Range

Microcosm
1

Mean Std. Dev. Range

Microcosm
2

Mean Std.
Dev.

Agitation
sonication 3.07-4.42 3.61 0.36 <2-3.11 1.71 1.29

homog. 2.69-4.23 3.63 0.15 <2-3.37 1.97 1.56
manual 2.77-4.77 3.43 0.22 <2-3.05 1.52 1.27

Settling time
2.69-4.77 3.54 0.44 <2-3.37 1.83 1.265 minutes

15 minutes 2.84-4.57 3.57 0.38 <2-3.11 1.63 1.29
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2.5 Discussion

2.5.1 Part I: Overall Process Precision and Bias Tests

The sample splitting technique employed here did not induce bias to the

sub-samples at the .05 level. This allowed the A and B split sediment core sub-

samples to be considered as similar for the subsequent comparisons between

measurement processing steps.

The total variance in samples taken from Ml was .072 ([log(cfulcm2)]2),

compared to .205 from M2. As the proportion of variation due to measurement

(sediment splitting, processing and counting) was determined for Ml to be 0.3%,

the rest of the variation is assumed to be due to spatial heterogeneity of bacteria in

the microcosm or variation induced by the sample core acquisition. The proportion

of variation due to measurement in the coarse sediment microcosm (M2) was found

to be 2.3%. In this microcosm the overall variance (due to measurement plus real

bacterial heterogeneity) was 7 .5 times higher than that in Ml. It might be

expected that the greater spatial heterogeneity would be found in Ml, as the

bacteria would be more prone to 'clumping' in the higher clay/silt fraction and

TOC content of the MI environment. A number of sample measurements from M2

registered 0 efus/plate and were discarded (see Materials and Methods). It may be

that the lack of substrate in the microcosm resulted in the presence of 'dead zones'

of no or low bacterial growth; this is supported by the lower overall mean of the

samples taken from M2 compared to those taken from Ml. This result is consistent
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with previous work (Doyle et al, 1992) where large variability in sediment fecal

coliform concentrations was attributed to the coarseness of the sediment (>90%

sand and gravel).

Variation in the membrane filtration counting procedure is expressed as the

95% confidence interval of the mean (APHA, 1995):

95% confidence interval of the mean = mean ± (2 * mean"2) (2.3)

In this case, with mean values on the order of 25,000 cfu!cm2, the counting

variation is 1-2% of the total variance, accounting for essentially all of the variance

due to measurement (sediment processing) in both microcosms. This suggests that

by carefully controlling processing conditions precise determinations of coliform

counts in sediments can be made. This methodology (splitting samples and

comparing the sample-to-sample variations with the within-sample variations) can

be applied in any effort to characterize the coliform count in sediments, and provide

a way to estimate the measurement precision.

2.5.2 Processing Variables Comparisons

Choice of agitation method affected the quantification of fecal coliforms in

Ml, the microcosm with the clay/silt sediments and relatively high TOC, and did

not significantly affect results in M2 (the coarser sediment) at the .05 level, It may

be that the bacteria were not able to attach as firmly to the sand particles in M2 and



37

therefore were removed easily no matter what method was used. Alternatively, the

higher PV due to measurement error in M2 could have 'masked' effects induced by

varying processing methods. The lower bacterial recoveries observed in manual

agitation vs. sonication and homogenization are consistent with previous results

(Stevenson, 1958) obtained on tests of recovery of total microorganisms.

This study did not show any significant effect of settling times for either

microcosm on bacterial extraction for two settling times tested. These times were

chosen as representative of a typical range within and among studies; it may be that

a wider set of times will result in significant differences. The lack of effect on

bacterial counts of the sediment/water slurry settling times tested in Ml (small

particle size sediment) supports the theory that attached bacteria are concentrated in

the smaller particle size ranges. The mean settling distance in the sample beakers

was 1 cm. According to Stoke's law (settling velocity of a particle is proportional

to the square of the particle diameter), fine sand should settle 1 cm in less than 2

seconds, silt in 1-10 minutes, and clay in 2 hours or more. For the bacteria

contained in the clay-silt fraction, a 5 to 15-minute difference in settling time

would not necessarily be enough to remove a significant number of particle-

attached bacteria from the water column. These results indicate that variation in

settling times may not significantly affect recovery and subsequent concentration

counts for some systems.
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2.5.3 Zero Values

Plates showing zero colony-forming units were recorded as zero and were

not used in the analyses. They in fact represent a value that is below the detection

limits set by the aliquot size and dilutions used in the tests. The 'zero value' for the

standard coliform reporting unit is <1 cfu per 100 ml; i.e., below 1 cfu per 100 ml

the sample is considered as zero. In order for a standard method to be developed

for sediment, a similar value for the lower detection limit must be determined.

2.5.4 Growth of Non-Target Organisms

Early in the study processed sample plates showed extensive non-coliform

growth following incubation, which negatively impacted fecal coliform colony

counts both by covering up colonies and dominating the plates. Hundreds of

finished plates were discarded and complete test runs invalidated as a result. The

growth took the form of a white/clear filamentous covering as well as mucousoid

colonies that appeared in particular regions of the plate or entirely covering it.

Water samples taken from the microcosms and plated did not produce this growth.

During the study period other materials were plated in the same lab and did not

show this growth, nor did any of the control plates. One sediment microcosm was

autoclaved, and following addition of the dairy waste inoculate, plates again

showed foreign growth. The addition of the fungistat Amphotericin B ameliorated

the growth. The foreign growth appears to be a fungus present either in the dairy



waste, or a fungus present in the sediments whose spores are resistant to

autoclaving.

2.6 Conclusions

A method for estimating measurement precision of sediment fecal coliform

concentrations was developed. By carefully controlling treatment variables it was

possible to process and quantify sediment samples for fecal coliforms with

reasonable precision relative to standard microbial processing methods. A method

of splitting sediment samples for comparison was developed which resulted in sub-

samples of similar bacterial counts. Bacterially contaminated sediments of

different particle size distribution and TOC content showed different results in

terms of sample and measurement variation. Within the sediment measurement

technique the choice of agitation method significantly affected bacterial counts;

varying settling times did not affect counts for either of two sediment types tested.

Precision of the sample acquisition method (hand coring) was not tested. This is

potentially a source of additional variation in field sampling.
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3. Stream Sediments as Reservoirs for Fecal Coliform Bacteria

3.1 Abstract

Fecal coliform bacteria deposited in surface waters can attach to and survive

in aquatic sediments. Previous studies have shown that sediment-attached fecal

coliforms that settle to the bottom of a water body can be resuspended into the

water colunm and affect fecal coliform concentrations in the water column. It has

been suggested that sediments underlying slow moving water areas in streams, such

as alcoves, harbor more fecal coliform bacteria than sediments underlying nearby

main channels. This hypothesis was tested on a reach of the Willamette River in

Oregon during the fall, prior to the onset of the storm season. Sediment samples

were collected along a 1km reach of the river from the main channel and from 4

alcoves. Fecal coliform concentrations in one alcove's sediment and water were

also measured several times during the year. The average fecal coliform

concentration in the alcove sediments was 561 cfulcm3; those in the main channel

averaged 128 cfulcm3. This difference was significant at the .05 level (t 3.0, p =

.005). No significant differences were found among the alcoves tested in the level

of fecal coliform concentration in the sediments. The fecal coliform concentrations

in one alcove's sediment and water column were measured thirteen times over a

one-year period and found to be weakly correlated to each other (r = .59). When

the data were grouped by storm season and non-storm season the water and

sediment fecal coliform concentrations were found to be much more highly
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correlated in the non-storm seasons (r = 0.80) and not correlated during the storm

seasons (r = 0.03).

Alcove fecal coliform concentrations in the sediment and water column

were evaluated relative to main channel flow and fecal coliform concentrations

measured upstream of the alcove. The data suggest that the fecal coliform

concentrations in the alcove sediments and water column are affected by main

channel flow and/or fecal coliform concentrations.

Key Words: fecal coliform, sediment, stream
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3.2 Introduction

Bacteria that attach to particles and/or are in a sediment-laden environment

survive much longer in aquatic environments than unattached bacteria (Roper and

Marsha!!, 1974; Kay and Fricker, 1997; Davies, et al., 1995; Marshall, 1984;

LaLiberte, 1982; Roszak and Colwell, 1987; Hunter and McDonald, 1991(a);

Evans and Owens, 1972; Shiaris, 1987; Struck, 1988; Van Donsel and Geidreich,

1971). Recent studies indicate that bacteria-laden sediments can be resuspended

during disturbances (e.g., storm events) and impact water quality (Baudart, et al.,

2000; Sherer, etal., 1988; Wilkinson, et al., 1995; Grimes 1975; Grimes 1980;

Jenkins, 1984; Kay and McDonald, 1982).

Feca! bacteria are more concentrated in fine sediments (0.45- 1 Opt) than in

coarse sediments (Ganrion, 1983; Shiaris, et al., 1987; Auer and Niehaus, 1993;

Baudart, et al., 2000). Fine sediments in streams generally appear in larger quantity

in slow-moving water areas, such as backwaters, or 'alcoves', than in faster-

moving water areas. Particles settle out of the water column onto the underlying

bed in fast as well as slow-moving water; however, in the slow-moving water these

particles are not as quickly resuspended back into the water column, and have an

opportunity to accumulate.

Bacterially contaminated sediments harbor coliforms in much higher

concentration than in the overlying water column, in some cases up to 30,000 times

higher (Shiaris, et al., 1987; Matson, et al., 1978; Struck, 1988; Baudart, et al.,

2000; Crabil!, 1999; Erkenbrecher, 1981; Van Donsel and Geldreich, 1971;
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Stephenson and Rychert, 1982; Buckley, et al; 1998). Aquatic sediments contain

high levels of coliform bacteria proportional to their distance from identified point

sources (such as sewage treatment outfalls) in both fresh and marine water systems

(Rittenberg, et al., 1958; Shiaris, et al., 1987; Erkenbrecher, 1980). Few studies

have looked at the contamination levels in sediments not adjacent to point sources.

Crabill, et al. (1999) attributed high levels of fecal coliforms in creek sediments to

runoff from areas containing wild and domestic animal populations upstream of the

contamination.

A few researchers have attempted to characterize the relationship, expressed

as the correlation coefficient (r), between fecal coliform concentrations in water

and the concentrations in the underlying sediment. In most cases the relationship

has been found to be low. Struck (1988) reported a 0.71 correlation between

sediment and water fecal coliform concentrations in a stream; however the data

presented on that stream and one other as well as a lagoon indicated the correlation

coefficients to be 0.44 (stream), 0.28 (stream) and 0.23 (lagoon). Plots of the

stream data indicate that sediment fecal coliform levels drop with increased

precipitation, and are accompanied by increases in the water column concentration.

Nix, et al. (1993) suspended sediment bags in a stream and allowed the stream,

which was contaminated with fecal bacteria, to flow through them. He found the

correlation between the fecal coliforms in the sediment in the bags and the water at

measured intervals to be 0.53. Crabill (1999) determined the correlation between a

stream's sediment coliform concentration and its accompanying water column to be
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0.28. Alternatively, Erkenbrecher (1981) found a high correlation between fecal

coliform concentrations in estuarine sediment and water when data were averaged

for each collection site over an entire year.

Since fecal bacteria are found in greater concentration in fine sediments,

and these sediments congregate in alcoves, it was hypothesized that a stream's

alcoves could act as 'reservoirs' for bacteria originating from the stream main

channel Additionally it was hypothesized that there would be a correlation

between alcove water and sediment fecal coliform concentrations. The objectives

of this study were:

Determine whether the sediments in stream alcoves not adjacent to
contamination point sources can harbor significantly more bacteria than
the adjacent main channel sediments.

Observe the sediment-water column bacteria concentrations in an
alcove at different points during the year and determine the correlation
between them.



3.3 Materials and Methods

3.3.1 Measurement Location

A one-kilometer reach in the Willamette River near the city of Corvallis,

Oregon, was chosen for study (Figure 3.1). The yearly range for typical flows in

this reach is 8200 cfs to 24,000 cfs; it is approximately 500' wide and 8' deep

(thaiweg) during low flow periods. The river meanders in and around this reach,

and has several slow-moving water ('alcove') areas. The river bottom in the main

channel is primarily gravel, with sand/silt/clay with some organic matter in the

alcoves. The reach is lined by trees and brush; it is not directly adjacent to

pastureland, and includes no sewage treatment outfalls, combined sewer overflow

effluent streams, or any other known point sources of fecal contamination.

Portions of the west side of the reach lie along a walking path; the alcoves provide

habitat for herons, egrets, swans, nutria and other wildlife. Boating (motorized and

other) takes place in the main channel during the summer months. Upstream of the

reach is a water treatment plant and some pastureland. Combined sewer overflows

(CSO's) and a wastewater treatment plant for the City of Corvallis are located

downstream. There are no tributaries entering the stream in this reach.
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Figure 3.1 Willamette River Near Corvallis, OR. Study reach indicated
by dashed lines.

Willamette River
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3.3.2 Sample Collection and Processing

Sediment and water samples were collected from the reach over several

days in the early fall; the west bank sites were accessible by trail and the east bank

and main channel sites were accessed by canoe. Sediment samples were collected

and processed as described previously (Chapter 2). The exception to the technique

was that core samples were taken at a depth of 1.0 cm, and reporting units for this

study are in cfu/cm3. Water samples were collected as grab samples. All sediment

and water samples were stored in a cooler until their processing in the lab. All

samples were processed within four hours of collection.

Collection sites are shown on Figure 3.2. Alcoves are designated as 'A';

main channel sampling sites included areas on both sides of the river along the

length of the reach. A total of 65 sediment samples from 4 alcoves and the main

channel were taken; site water depths ranged from 0.5 to 2 m. The main channel

sampling was conducted on both sides of the river over the length of the reach, and

included two areas of slower-moving water. A minimum of 3 samples were taken

from each alcove; one alcove (#4) was sampled more extensively in order to

determine a within-alcove variance. Alcove #3 was the only one not directly

connected to the main channel; this alcove is connected to alcove #4.



Figure 3.2 Willamette River Alcove Measurement Sites.



3.3.3 Seasonal Sampling

In addition to the samples collected for the main channel/alcove fecal

coliform concentration comparisons, one alcove in the reach (alcove #4) was

sampled thirteen times during the year. Originally this sampling was intended to

provide data for a modeling effort as well as sediment/water correlation

determination. It became evident early on that not enough was known about the

system to construct a meaningful sampling design to calibrate and test a model.

However, sampling continued at various times over the year in order to establish

the relationship between the fecal coliform concentration in the alcove sediments

and the fecal coliform concentration in the alcove water column. Samples were

taken in triplicate from the same site in the alcove and averaged on each date.

Sediment and water were sampled as described above.

3.3.4 Experiment Hypothesis and Design

The first goal of this study was to determine if alcoves can act as

'reservoirs' for fecal bacteria; i.e., to see if the bacteria concentrations in the alcove

sediments are significantly greater than bacteria concentrations in the main channel

sediments. The null hypothesis was that there was no significant difference

between fecal coliform concentration in the alcove sediments and those in the main

channel. Analysis of variance (ANOVA) was conducted on the data from which

significance at the a .05 level was determined via F tests. Significant F test
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results in data groups were followed by t-tests on sub-groups to determine

differences between specific sub-group pairs.

From the sediment and water seasonal data the r value (correlation

coefficient) was used to determine the strength of the relationship between fecal

coliform concentrations in the alcove sediment and fecal coliform concentrations in

the overlying water column (Equation 3.1).

r = [Coy (logBas, logBaw)/(SlogBas * SlogBaw)] (3.1)

and

Coy (logBas, logBaw) =

1/n (i = 1 to n) [(logBasj-X1ogBas)(logBawj-XBogBaw) (3.2)

where

r = correlation coefficient
Coy = covariance
logBas = log fecal coliform concentration in the sediment
logBaw= log fecal coliform concentration in the water
Slogl3as = variance of logBas data
SlogBaw = variance of logBaw data
n number of sample pairs
XlogBas = mean of logBas data
XlogBaw = mean of logBaw data

Due to the log-normal distribution typical of bacterial populations, all

bacteria concentration values were log-transformed prior to statistical analyses

(APHA, 1995).



3.4 Results

3.4.1 Main Channel and Alcove Sediment Fecal Coliform Concentration
Comparisons

Average fecal coliform concentration in the main channel sediments was

128 cfulcm3 vs. 561 cfu/cm3 in the alcove sediments. All of the alcoves showed

higher fecal coliform concentrations than the main channel (Table 3.1). The final

number of samples included in the analysis was 36 out of the original 65 sampled.

Sample attrition was due primarily to plate counts exceeding those prescribed in the

standard method for the membrane filtration procedure (APHA, 1995). Most of the

discarded (too high) samples were from the alcove sediments; therefore the true

difference between the alcove and main channel sediment fecal coliform

concentrations is greater than the value reported.

ANOVA determined a significant difference in fecal coliform concentration

in the sediments at the .05 level among the sites (F = 3.4, p = .02); the subsequent t-

test found the difference between the alcove and main channel sediment

concentrations to be significant (t = 3.0, p = .005). Differences among the four

alcoves were found not to be significant at the .05 level (F = 1.3, p = .304).

The standard deviation within the more extensively sampled alcove (#4)

was 0.7 (variance 0.49) with a mean of 3.0 (log cfu!cm3). Standard deviations

within all of the alcoves tested ranged from 0.51 - 0.92.
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Table 3.1. Log Fecal Coliform Concentration Averages and Standard
Deviations in Main Channel and Alcove Sediments.

Table 3.2. Alcove Water (Baw) & Alcove Sediment (Bas) Fecal Coliform
Concentrations in Alcove #4.

57

Date Bas (cfu/cm3) Baw (cfuIlOO ml) logBas logBaw

2-Oct 1998 306 30 2.49 1.48

11-Oct1998 2656 500 3.42 2.70
16-Oct1998 495 19 2.69 1.28

2-Nov 1998 166 2 2.22 0.30
4-Nov1998 440 21 2.64 1.32
14-Jan1999 49 19 1.69 1.28

15-Jan1999 43 0 1.63 0.00
14-Feb 1999 90 48 1.95 1.68

7-Mar1999 151 8 2.18 0.90
23-Mar 1999 3 1 0.49 0.00
25-Jun1999 2 12 0.19 1.08

10-Aug1999 53 22 1.73 1.34

30-Sep 1999 61 15 1.78 1.18

Site Mean Std. n
(log cfu/cm3) Deviation

(log cfu/cm3)
alcove 1 2.84 0.51 3

alcove 2 2.43 0.53 8

alcove 3 2.66 0.92 3

alcove 4 3.03 0.67 9

main channel 2.11 0.54 13
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3.4.2 Alcove Sediment and Alcove Water Fecal Coliform Concentrations
Comparison

The sediment and water concentrations (Bas and Baw, respectively)

measured in alcove #4 over the year are presented in Table 3.2. Sediment

concentrations range from 2 cfu!cm3 in June to over 2600 cfu/cm3 in October. The

storm period in this year began in November. The relatively high levels prior to the

onset of storms and the lower levels afterwards are consistent with the notion that

bacteria build up in alcove sediments over the summer and early fall periods, and

then get 'flushed out' during high flow events.

Figure 3.3 is a plot of the alcove sediment and water fecal coliform

concentrations measured over the year. Water concentrations appear to roughly

track sediment concentrations for most of the year. Both are highest during the fall,

drop over the winter, and show an increase in the summer. The apparent

relationship between alcove sediment (Bas) and alcove water (Baw) was quantified

as an r value. The correlation (r) between Bas and Baw over the year was

calculated and found to be 0.59. Figure 3.4 is a plot of the correlation line relative

to the measured data. The larger, light-colored data points represent data collected

during storm periods (winter and spring, including January, February, early March

and June data points), the darker points represent data collected during non-storm

periods (including October, November, late March, August and September data

points). When the data from the storm periods and non-storm periods were

separated, the correlation was found to be much higher during the non-storm (low-



1000

100

10

Figure 3.3. Water and Sediment Fecal Coliform Concentrations in Alcove #4. Water
concentrations in cfuJlOOml; sediment concentrations in cfulcm3. Day #1 corresponds to October

2, 1998.
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flow) periods (r = 0.80, p <.01), and virtually nonexistent in the high flow periods

(r = 0.03, p 0.48). This result indicates that grouping yearly data to determine

water/sediment fecal coliform concentration correlations may hide strong

correlations exhibited during non-storm periods.

Bas and Baw values are plotted again in Figure 3.5, along with main

channel flow (Q) and main channel fecal coliform concentration measured

upstream of the alcove (Bmus). The plot indicates a relationship between the

alcove's fecal coliform concentrations and the main channel conditions. Early in

the year a slowly increasing Q from days 0 to 30 is accompanied by an overall

decrease in Baw and Bas; shortly thereafter a small drop in Q is accompanied by

sharp increases in Baw and Bas. There is a sharp and large increase in both Baw

and Bas around day 10; the cause for this increase is not known, although the

slowly increasing Q during this time could be responsible for an influx of bacteria

into the alcove from the main channel. Baw and Bas show precipitous drops

following the winter storms (days 50-150), followed by gradual increases later in

the year. This behavior generally follows that of the fecal coliform concentration

measured in the main channel (Bmus).

While the number of data points is too small to draw any firm conclusions,

it appears that the alcove's sediments and water are being influenced by main

channel conditions.
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3.5 Discussion

3.5.1 Main Channel and Alcove Sediment Fecal Coliform Concentration
Comparisons

The alcove sediments in this reach of the Willamette River harbored

significantly greater fecal coliform concentrations than those in the adjacent main

channel. None of these alcoves are in direct contact with known fecal coliform

point sources. The data suggest that the alcove sediments are affected by the main

channel flow and/or fecal coliform concentration. It is supposed that bacteria from

the main channel enter the alcoves and settle, although wildlife, birds and perhaps

dogs may also be contributing directly. In addition, there is uncertainty as to

whether or not the bacteria are growing in the sediment or experiencing overall net

die-off. Alcoves can present favorable conditions for bacterial growth in sediments

(low sunlight, high nutrients, small particle sizes, higher organic carbon content); if

fecal bacteria are growing in sediments the original source would not necessarily

have to be large to account for high concentrations in the sediments.

The decrease in the alcove sediment fecal coliform concentration observed

early in the year was greater than that indicated by die-off alone. Bacterial die-off

is typically modeled using first-order kinetics (Thomaim and Mueller, 1987):

where

Ct = C0e (3.3)
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Ct = fecal coliform concentration at time t
Co fecal coliform concentration at time t 0
k = die off rate (1/time)
t = time

Typical values for (fecal coliform) k in fresh water have been found to be on the

order of 0.4/day. Reported die-off rates in sediments have varied widely, and are

typically at least ten times lower than k in water (Roper and Marshall, 1974; Kay

and Fricker, 1997; Davies, et al., 1995; Marshall, 1984; LaLiberte, 1982; Roszak

and Colwell, 1987; Hunter, 1991; Evans and Owens, 1972). A review of bacterial

die-off is included in Appendix 3.1. The average bacterial die-off rate (k) in alcove

#4 was calculated for the period between the last measurement made before the

first storm event (October 16) and the first measurement made after the event

(November 2). The die-off rate in the sediment was found to be 0.07/day, and k for

the water was calculated to be 0.15/day. The calculated sediment die-off rate is

higher than the highest previously reported values, indicating that bacteria are

either growing in the sediments or are being flushed from the alcove sediments and

into the alcove or main channel water column. The disappearance of fecal coliform

bacteria in the water colunm could be attributed to die-off alone (the observed

disappearance rate is within the range of reported values for fecal coliform die-off

in water), although the data indicate that there is exchange between the alcove and

main channel water columns. Bacteria settling from the alcove water to the alcove

sediments is another possible loss mechanism.

64



65

The standard deviation in the alcove sediment fecal coliform concentrations

measured in alcove #4 ranged from 0.51 to 0.92 (log cfulcm3), corresponding to

variances of 0.26-0.85 ([log cfulcm3]2). Previously (see Chapter 2, above) it was

found that the proportion of variance due to measurement error for clay/silt

sediments was <1% of the total variance. The rest of the variation is due to some

combination of 1) collection error incurred during the core sampling, 2) real spatial

variation in the alcove sediments, and/or 3) temporal variation occurring over the

days in which sampling took place. The data indicate that temporal variation is

probably a large factor. The three measured October sediment concentrations

included one very high value (>2600 cfu/cm3, compared to measurements before

and after of <500 cftilcm3) suggesting a spurious measurement. However, this high

sediment concentration value was accompanied by a corresponding high

concentration in the water column (500 cfu/1 OOml compared to surrounding values

of 30 and 19), and there is no reason to believe that sample acquisition error

accounted for the simultaneous high values in both the water and the sediment.

Similarly, while it is likely that there was some spatial heterogeneity of bacterial

distribution in the sediments, the high value measured in the water column

indicated that there was a real bacterial increase in the alcove.

3.5.2 Alcove Sediment and Alcove Water Column Fecal Coliform Concentrations
Comparison

Alcove sediment and water column fecal coliform concentrations in alcove

#4 were highest in the early fall prior to the onset of the storm season, and lowest
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during and immediately after the storm season. This is consistent with previous

studies (Hunter and McDonald, 1991(b); Moorhead, 1998), where stream (water)

fecal coliform concentrations were highest during the summer (non-storm period)

months and low during winter (storm) months. In these cases the sampled reaches

were not adjacent to known fecal coliform point sources, and the observed seasonal

trends were attributed to the overland flow contribution to the stream being diluted

by high flows.

The overall behavior in alcove #4 during the year is consistent with fecal

coliforms from non-point sources dominating the pollutant load in the watershed.

Alcove sediment and water fecal coliform concentrations rose over the summer,

reaching their peaks just prior to the onset of winter storms (Figure 3.3). This

build-up, or 'reservoiring', of fecal coliforms in the alcoves is consistent with a

loading of the alcoves from exchange with the main channel during the summer

months. During the summer, where overall flows are relatively low, stream

channels show high concentrations of fecal coliforms due to leaking septic tanks

and/or agriculture (e.g., manure spreading on fields). Even though there is little

rainfall (and subsequently little runoff), the low main channel flows would not

greatly dilute these sources. At the onset of the initial winter storms, high

precipitation causes relatively large runoff, even with the dilution effect high flows

therefore result in relatively high fecal coliform levels in the stream main channel

available for exchange with the alcoves. Once a number of storms have occurred

the runoff sources are depleted, leaving few bacteria in the main channel to
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exchange with the alcoves. The continued flushing of the alcoves from the main

channel occurs without replenishment from the main channel. This behavior is

shown in Figure 3.3, where the alcove sediment and water fecal coliform

concentrations drop to near zero during the latter part of the winter storm season.

Different behavior would be expected in a watershed where point sources

dominate the fecal coliform load. Alcoves being directly fed by point sources

might undergo exchange (during storm periods) with the main channel. However

even with constant flushing of the alcove (water and sediments) during storm

seasons, the point source would continually feed the sediments, and in between

periods of high (storm) flow the sediment loads would undergo a more immediate

loading not observed in the non-point source scenario. Similarly, point sources

feeding the main channel would also result in the alcoves being more quickly

replenished following storm events, albeit more slowly during high flow periods

due to dilution. Whether point or non-point fecal coliform sources dominate the

watershed, bacteria 'reservoired' in the alcoves can be flushed out, contributing to

main channel coliform concentrations as an additional non-point source in the

watershed. The timing and magnitude of this impact will vary and is beyond the

scope of this study.

Year-long alcove water and sediment fecal coliform concentrations found in

alcove #4 were weakly correlated (r = 0.59). This value is similar to previously

recorded values (Struck, 1988; Crabill, 1999). When the data from alcove #4 were

split into storm and non-storm periods, a relatively high correlation (r = 0.80)
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between Bas and Baw was observed during non-storm periods, and no correlation

(r = 0.03) during storm periods. The low correlations indicated by Struck (1988)

were computed on yearly data; the correlation might be higher if the data were

separated into storm and non-storm periods. Similarly, the low correlation (r

0.28) between sediment and water fecal coliform concentrations found by Crabill

(1999) could be increased by grouping the data. In a study by Erkenbrecher (1981)

high correlations (r = 0.86) were found between fecal coliform concentrations in

estuarine sediments and waters when the data were averaged for each sampling site

over a period of one year. This high correlation may be due to the averaging effect

of correlated data from the many non-storm periods and the few uncorrelated data

collected from during storm periods.
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3.6 Conclusions

Fecal coliform concentrations in alcove sediments in one reach of the

Willamette River were significantly higher than concentrations in the main channel

sediments. This result has implications for management of recreational waters in

that fecal coliform counts in waters may not reflect the potential contamination risk

of waters underlain by contaminated sediments. This was shown to be the case

recently in a recreational swimming area (Battle Lake, Washington) where an E.

coli outbreak was attributed to fecal contamination in the sediment, although the

water met water quality standards.

These results lend support to the theory that coliform bacteria can be

transported to and 'reservoired' in sediments. None of the alcoves tested in this

study were adjacent to known point sources of fecal contamination, and the bacteria

are presumed to have come from exchange with the main channel water column.

Data taken from one alcove in the reach over a one-year period indicate that

bacteria 'reservoired' in the alcoves can be flushed out. In this case the within-

alcove bacteria act as an additional non-point source in the watershed. The timing

and magnitude of this impact is beyond the scope of this study.

The within-alcove concentration variance was lO-5O% of the measured

(average) concentrations. A small portion of this variation (<3%) could be

attributed to measurement error; the rest was due to some combination of sample

acquisition error and spatial and temporal variation in sediment fecal coliform

concentrations.
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The fecal coliform concentrations in one alcove's sediment and overlying

water column were measured at various times during one year and exhibited a low

correlation (r = 0.59). When the data were grouped into storm and non-storm

periods the sediment and water fecal coliform concentration correlations were

relatively high during the non-storm periods (r 0.80, p 0.01) and low in the

storm periods (r 0.03, p = 0.48). Previous studies indicating low correlation

between fecal coliform concentrations in sediments and overlying water columns

over an entire year may benefit from re-working the data to evaluate the correlation

during storm and non-storm periods separately.

The data suggest a relationship between the main channel conditions (flow

and bacteria concentration) and the alcove sediment and water fecal coliform

concentrations. Bacteria concentrations in the alcove sediments decreased at a rate

faster than that indicated by die-off alone; it is presumed that the alcove bacteria are

being flushed from the alcove and into the main channel. Disappearance of

bacteria in the alcove water could be attributed to die-off and/or exchange with the

main channel water column, or settling into the alcove sediments. The effect of

alcove sediment and water fecal coliform concentrations on main channel water

quality is not known and is a logical next step for investigation.
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4. Modeling the Impact of Bacteria-Contaminated Sediments
from Alcoves on Stream Water Quality

4.1 Abstract

A process-based model was developed which predicts the effect of fecal

coliform contaminated sediments from stream backwaters ('alcoves') on main

channel fecal coliform concentration. Previous studies have shown that stream

alcoves can act as reservoirs for coliform bacteria, and that stream sediments

contaminated with coliform bacteria can be resuspended into a water column. The

purpose of the model was twofold: 1) to determine how and under what conditions

stream alcove sediments can significantly impact main channel water quality, and

2) to determine via sensitivity analysis which of the process and system parameters

have the greatest impact on model results. Model results are presented for a single

alcove and for 100 alcoves in series. Results of the modeling effort indicate that

alcove sediments significantly contribute to main channel water quality problems

under high flow conditions when the sediments are heavily contaminated and when

main channel concentrations are low. The impact of the alcoves is modeled as a

dispersed bacteria concentration peak downstream in the main channel Model

results indicate that the alcoves' effect on the main channel is dominated by system

hydrology and the alcove-main channel exchange, and that in-alcove processes

(resuspension, settling, die-off) are relatively insignificant. Model input parameters



that have the greatest impact on results are the alcove-main channel exchange

parameter, fecal coliform die-off rate in water, and the alcove flow threshold.

Modeled output for one moderately contaminated alcove on the Willamette River

conducted over a year indicate that bacteria contributions from this alcove do not

significantly impact main channel water quality at any time during the year.

Analysis of bacteria mass exchange between the alcove and the main channel

indicates which time periods bacteria-laden alcove sediments are likely to

significantly impact main channel water quality for this systems.

Key Words: model, fecal coliform, sediment, stream
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4.2 Introduction

Indicator bacteria and various pathogens have been shown to survive for

long periods of time in aquatic sediments (Roper and Marshall, 1974; Kay and

Fricker, 1997; Davies et al., 1995; Marshall, 1984; LaLiberte, 1982; Roszak and

Coiwell, 1987; Hunter, et al., 1992; Evans and Owens 1972). These bacteria-laden

sediments have also been shown to resuspend into the water column upon

disturbances such as high flow events and impact water quality (Baudart, et al.,

2000; Sherer, et al., 1988; Wilkinson, et al., 1995; Grimes 1975; Grimes 1980;

Jenkins, 1984; Gary and Adams, 1985; McDonald, et al., 1982). Bacteria are

present in greater numbers in fine (clay, silt) than in coarse (sand, gravel) sediments

(Shiaris, et al., 1987; Buckley, 1998; Gannon, et al., 1983; Baudart, et al., 2000;

Auer and Neihaus, 1993), and it has been speculated that the finer sediments

present in slow-moving water areas such as stream backwaters, or 'alcoves', would

harbor more bacteria than main channel sediments. This was shown to be true for

one reach of the Willamette River in Oregon (Chapter 3), where alcove sediments

in the river were found to harbor significantly more fecal coliform bacteria than

those in the main channel.

Given that stream alcoves can harbor significantly greater numbers of

bacteria than main channels, it was hypothesized that these alcoves could act as a

nonpoint source of fecal coliforms to the main channel. An attempt to construct a

sampling regime to validate this effect resulted in a realization that not enough is
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known about the stream/alcove system to know where and when to sample to

determine the impact of one or more alcoves on a stream's water quality. In order

to create a meaningful sampling design it is necessary to understand under what

conditions an alcove or series of alcoves might significantly impact main channel

water quality; e.g., will an alcove contribute during storms events, and if so, which

storm events (early or late-season)? In addition there are a number of process and

system parameters that affect the stream/alcove system, such as sediment

resuspension rate, bacterial die-off rates, and hydraulic exchange between a main

channel and its alcoves. Many of these parameters are site-specific, and reported

literature values range over orders of magnitude. A model was created in order to

predict if and when alcoves could significantly contribute to main channel fecal

coliform concentration, and to identify the processes that drive that contribution.

Previous work in this area is summarized below. Studies related to this

effort include those on the fate and transport of fecal coliform bacteria in water, and

limited work on the hydraulics of main channel-alcove systems. A review of the

literature showed no previous attempts to model fecal coliform (or other pollutants)

contribution from sediments in slow-moving waters to main channels.

4.2.1 Modeling the Fate and Transport of Fecal Coliform Bacteria in Water

Previous modeling studies have looked at fecal coliform concentrations in

water using both mechanistic and empirical approaches. Purely mechanistic

approaches are difficult to apply. Consider the following list of factors (Table 4.1),
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all of which have been shown in varying degrees to correlate with coliform fate in a

watershed (Auer and Neihaus, 1993; Kay and Fricker, 1997; Hackney and Pierson,

1994; Crane and Moore, 1986; Davies and Evison, 1001; Wilkinson, et al., 1995;

Sherer, et al., 1992; Mahlock, 1974):

Table 4.1. Factors Affecting Fate and Transport of Fecal Coliform Bacteria in
Water

water chemistry & sediment hydrology bacterial type
availabili

salinity rainfall: intensity, species
frequency,
duration

pH rainfall: 'first strain
event' vs. ongoing

stream flowsnutrient & organic C availability

sediment availability, type of
sediment, sediment particle size

distribution
dissolved oxygen content in water

turbidity, TSS concentration in water
presence of toxins

tides

flushing
action/inaction of
receiving waters

environmental stress
history

stage of bacterial
growth curve

number

source

Predatory
Environment

predators

parasites

Overland Flow
Characteristics

land use and proximities to
water bodies

soil types and topography

soil moisture content
vegetation: amount
vegetation: species

Weather Conditions

water temperature

air temperatures (frozen land
increases runoff and decreases
adsorption of microbes to land

sediments)
humidity
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It is difficult to incorporate all of the processes and factors mentioned above

into a mechanistic model. On the other hand, empirical models require large

amounts of data over periods of time long enough to represent all typical seasonal

and hydrological variations. Empirical models created for a particular area cannot

necessarily be transferred elsewhere as many of the influencing factors are

inherently site-specific (Canale, et al., 1993; Canale, 1973).

Watershed or sub-basin level modeling studies have shown that recent

rainfall events, proximity of source to receiving water and relative river stage are

strong predictors of coliform concentrations (Canale, et al., 1993; Kay and

MacDonald, 1983). Subsurface flow as a coliform transport mechanism has been

shown to be insignificant compared to overland flow (Weiskel, et al., 1996). Kay

and MacDonald (1980) evaluated E. coli survival in a sub-basin waterway as a

distance-decay function. They considered it not useful as a predictive modeling

tool, and supplied data that suggested that empirical elements (e.g., rainfall) should

be considered. This study was followed by an empirical modeling effort that

considered 20 different hydrological, weather and water chemistry variables (Kay

and MacDonald, 1983). The regression analysis of the variables showed that in this

case rainfall events were the dominant factor in predicting coliform concentrations

in the water catchments of interest. Canale, et al. (1993) modeled spatial and

temporal variability of bacteria in a lake using a mechanistic model with

empirically determined loss coefficients. They found satisfactory agreement
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between measured values and model predictions. In this case only a few of the

potentially influential factors were considered; it should also be noted that the lake

environment is a simpler system than a stream.

4.2.2 Modeling Hydraulics of Main Channel/Alcove Systems

Little work has been done on characterizing the hydraulic exchange

between stream main channels and alcoves. The term 'alcove' refers to a water

body physically connected to but hydraulically separated from its main channel;

i.e., channels connected at their downstream end but not at the upstream, compared

to 'off channels' and 'side channels' which refer to minor channels still connected

both at the upstream and downstream end. 'Alcoves' include water bodies

popularly referred to as backwaters, sloughs, dead zones, pools, side-, dead- and

off-channels.

The work that has been done relative to alcove/main channel hydraulics has

primarily focused on the alcoves as transient storage areas for main channel flow.

This effect has been inferred from tracer studies and departures from expected

advection-dispersion modeling results of main channels. Bencala, et al. (1983)

found that advection-dispersion models do not accurately predict solute transport in

streams with significant alcove geometry, and that the inclusion of a "transient

storage" mechanism using an estimated empirical exchange coefficient improved

model predictions. In this case they assumed that the exchange was proportional to

concentration differences between stream 'dead zones' (including alcoves,
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turbulent flow eddies, areas behind flow obstructions, and hyporheic flow) and the

main channel. D'Angelo and Gregory (1993) evaluated exchange using

conservative tracers between main channel and "transient storage areas" on a

number of streams. They also estimated an empirical exchange coefficient ('a')

and incorporated this into an adapted advectionldispersion model. a was found not

to be dependent upon discharge for individual stream orders, although overall

dispersion was strongly affected by the amount of transient storage area, discharge

and exchange. Model results indicated that transient storage areas are incorporated

into the main flow under high flow conditions. Falconer and Lin (1997) created a

3 -D water quality model for predicting water quality constituent flux in an estuary.

In order to account for flow in and out of the estuary they initially considered

velocity-induced shear stress at the interface as well as tidal influences. The shear

stress-induced eddies in the estuary were found to be negligible relative to the tidal

influences.

One of the few models to-date in which fecal coliform concentrations were

studied as a function of resuspension was developed by Wilkinson, et al. (1995).

The Wilkinson model built upon a previous study by Jenkins (1984), who used a

process-based model to predict the resuspension of fecal coliform from main

channel sediments as a function of flow. The Wilkinson study was conducted

using controlled flow releases from a dam on three stream systems. Fecal coliform

concentration in the water was shown to track flow events (hydrograph peaks), and

predicted fecal coliform values showed good agreement with measured values (r>
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0.9) for two of the three streams. For the most meandering of the streams the

correlation between measured and actual results was lower (r < 0.6); it was

speculated that this was due to the effect of backwater areas which store and release

bacteria-laden sediment at a different rate than the main channel. In the case of this

model no measurements of fecal coliform concentration in sediments were made,

although sediment concentrations were modeled.

4.2.3 Study Objectives

The purpose of the modeling effort was twofold:

1) Determine how and under what conditions stream alcove sediments can

signicantly impact main channel water quality. What is or is not 'significant'

depends upon the system; e.g., is it water quality limited, and if so, for what uses?

Standards for drinking, shellfish harvest and recreational bathing vary among states

and can range from 0 cfu!lOOml (drinking water) to 14 cfu/lOO ml (shellfish

harvest water limit) to 400 cfull OOml (single sample, recreational use) (NRC,

1993). In addition coliform measurements have notoriously high variance; the 95%

confidence interval for the standard membrane filtration fecal coliform test ranges

from >100% at 1 cfuIlOO ml to 10% at 400 cfu/lOOml (APHA, 1995). The range

corresponding to the lowest non-zero standard (14 cfuIlOO ml) is 50%. As the

goals of this study were to identify conditions under which alcove bacteria might
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impact main channel water quality, a conservative value of 20% was selected as

'significant'.

2) Determine via sensitivity analysis which of the many process and system

parameters signflcantly impact results. A number of processes are involved in the

fate and transport of bacteria to and from an alcove and main channel. The

parameters controlling these processes vary widely in the literature, and as it is

impractical to measure them all for a specific system an effort was made to

determine which ones are predominant in driving results.

4.3 Model Structure

4.3.1 Approach

The model is process-based using fecal coliform mass balances between

three compartments: the alcove sediment, alcove water column, and a main channel

water control volume (Figure 4.1). The model assumes that the fecal coliforms in

the compartments are homogeneously distributed. The compartmental sources and

sinks include advection, die-off, settling, resuspension, overland flow, and

exchange. Original sources of fecal coliform to the system may include runoff

from land where animals are grazed or where manure is used as fertilizer, sewage

treatment effluent, failing septic tank systems, combined sewer overflows, and

direct deposit from wildlife, birds or grazing animals. The relative magnitude of

these sources is site and season-specific.



Figure 4.1 Model Compartments and Mass Flows.
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Term Units Definition
Bm cfulm3 Fecal coliform ('FC') concentration in the main channel control volume
Baw cfuJm3 FC concentration in the alcove water colunm
Bas cfu/m2 FC concentration (by surface area) in the alcove sediment

Bmus cfulm3 FC concentration in the main channel upstream of the control volume
Qmus m3/day main channel flow upstream of the main channel control volume
Qmds m3/day main channel flow downstream of the main channel control volume

a 1/day resuspension coefficient
p 1/day settling coefficient
k 1/day FC die-off rate in water
k 1/day FC die-off rate in sediment
Aa m2 alcove surface area
Va m3 alcove water volume
Vm m3 volume of main channel control volume
Q. m3/day flow from main channel control volume into alcove

Q m3/day flow from alcove to main channel control volume
Om cfulday FC contribution from overland flow into main channel control volume
Oa cfulday FC contribution from overland flow into alcove

upstream

mass in:

Qmus*Bmus

mass die-off in
sediment:
k*BaS*Aa
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4.3.2 Governing Equations

Three differential equations describe the source & sink processes for fecal

coliform concentrations in the compartments (Figure 4.2). No analytical solutions

to these equations are known. They were solved using a 4th order Runge Kutta

integral method with a stepsize of 0.001 day.

4.3.3 Model Parameters and Process Variables

The model parameters include coefficients for the processes of interest as

well as exchange and hydraulic relationships. The range of values for each

parameter was chosen from the literature.

4.3.3.1 Resuspension and Settling

Previous work has indicated that bacteria entering a water body attach to

particles and undergo settling to underlying sediment and eventual resuspension

into the water column (Dutka and Kwan, 1980; Mime, et al., 1986; Sherer, et al.,

1988; Pettibone, et al., 1996; Grimes, 1975; Grimes, 1980). Other studies have

shown that the highest concentration of bacteria reside on small (0.45-10gm, most

under 2pm) clay particles (Shiaris, et al., 1987; Auer and Niehaus, 1993; Baudart,

et al., 2000; Gannon, et al., 1983), therefore both the resuspension (a) and settling

coefficients (p) are typically represented in models as single values appropriate for

this particle size. It is likely that the exact particle size/bacteria concentration



Figure 4.2 Model Governing Equations. Equations expressed as mass balances.

change in fecal coliform mass over time in river control volume:
d(Vm*Bm)/dt = ((Qmus*BmUS - Qmds*Bm) - (Qin*Bm - Qout*BaW) - (kw*Vm*Bm) + Om) / Vm (4.1)

change in fecal coliform mass over time in alcove water column:
d(Va*Baw)/dt = ((Q1*Bm - Qout*Baw) + (a*Aa*Bas) - (p*Va*Baw) - (kw*Va*Baw) + Oa) I Va (4.2)

change in fecal coliform mass over time in alcove sediments:
d(Aa*Bas)/dt = ((p*Va*Baw) - (a*Aa*Bas) - (ks*Aa*Bas)) / Aa (4.3)

Term Units Definition
Bm cfu/m3 Fecal coliform ('FC') concentration in the main channel control volume

Baw cfiuim3 FC concentration in the alcove water column
Bas cfu/m2 FC concentration (by surface area) in the alcove sediment

Bmus cfu/m3 FC concentration in the main channel upstream of the control volume
Qmus m3/day main channel flow upstream of the main channel control volume
Qmds m3/day main channel flow downstream of the main channel control volume

a 1/day resuspension coefficient
p 1/day settling coefficient
k 1/day FC die-off rate in water
k, 1/day FC die-off rate in sediment
Aa m2 alcove surface area
Va m3 alcove water volume
Vm m3 volume of main channel control volume

Q11 m3/day flow from main channel control volume into alcove

Q0 m3/day flow from alcove to main channel control volume
Om cfu/day FC contribution from overland flow into main channel control volume
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relationship changes across watersheds and in a single watershed over the seasons

as the dominant fecal coliform sources change; source changes could affect

resuspension and settling rates. The effects of varying resuspension and settling

rates are evaluated in the sensitivity analysis.

Resuspension of sediment particles from a stream bottom results from shear

stress applied to the particles, which is largely a function of local velocity and

particle size (Yang, 1996). Due to the stochastic nature of sediment movement

along a bed, resuspension rate as a function of velocity is difficult to determine,

even for a single particle size (Yang, 1996; Simons and Senturk, 1992). Jenkins

(1984) conducted numerous flume studies and found that measured water velocities

did not correlate well with observed resuspension, and concluded that resuspension

of fine particles occurs at some level at ". . .all levels of bed velocity." Literature

values for the resuspension rate (a) range from 0.004 to 0.4 (day'), reflecting lab

studies and modeling work on 0.45-l0jim particles (Yang, 1996; Bokuniewicz, et

al., 1991, Wilkinson, et al., 1995). The value chosen for this study was 0.04 (day

1), which was the value used in the only other study to model resuspension of fecal

coliform bacteria in a stream system (Wilkinson, et al., 1995). An empirically

determined threshold flow value (Qt) above which all particles are assumed to

resuspend is incorporated into the model as an if/then statement.

Particle settling behavior is a function of particle size, particle shape, fluid

shear, and sediment concentration (Burban, et al., 1990; Yang, 1996). Milne, et al.

(1986) reported a ". . .dearth of research on the disappearance of coliform bacteria
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due to deposition..." The maximum value reported for the settling velocity of

small particles is 1.17 mlday, corresponding to the settling speed of 0.45um - 1 Oum

particles in a quiescent lake (Auer and Niehaus, 1993). Burban, et al. (1990)

reported settling speeds of <0.009 to 0.9 (rn/day), depending upon sediment

concentrations and fluid shear. The lowest settling coefficient for fine particles

(0.004/day) was reported by Wilkinson, et al. (1995), and represents a fitted value

determined via model calibration for a stream channel resuspension study. The

value chosen for this study was 0.022, representing a mid-value between those

found in studies of the most similar systems The full range of values tested in this

study was 0.004, 0.0176, 0.022, 0.0264, and 1 (day').

4.3.3.2 Water and Sediment Die-off Rates

The die-off rate of fecal coliform bacteria has been widely studied; a review

of the literature was provided in Appendix 3.1. Die-off rates in water (k) for

freshwater systems have typically been reported as 0.2 to 0.6 (day'). Similar to

resuspension and settling rates, die-off rates can change with changing (e.g.,

seasonal) conditions. A value of 0.4 (day') was chosen for this study. Sensitivity

analysis of this parameter will show how much variation in the rate affects results;

should the effect prove to be significant relative to model outputs a logical next

step would be to use functions (e.g., based upon sunlight) to describe the die-off

rate. This has been done previously (Milne, 1986; Wilkinson et al., 1995).
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Reported values for die-off in sediments (ks) are more widely varied than

for rates in water, and highly dependent upon local conditions. It has been shown

that fecal coliform survival in sediments is greater than in water, and most

researchers have reported k values of at least 1 Ox lower than k values (Appendix

3.1). The range of die-off rates reported for fecal coliform bacteria in sediments in

fresh water systems is 0.04 to 0.007 (day'). The majority of die-off values

reported were at the low end of the range (near 0.007 day'), including the value

used in the Wilkinson study (1995). In some cases fecal coliforms in sediment

appear to multiply, at least for a short (several days) period of time. Struck (1988)

found that fecal coliform bacteria in sediment/water mixtures grew over a period of

several days, with no die-off reported for the time period studied; this data

indicated a growth rate of >1.00 (day').

The value chosen for this study was the lowest positive (i.e., die-off) value

reported, 0.007 (day'). Note that this value is dependent upon a number of site-

and time-specific factors (e.g., sunlight, availability of nutrients, temperature) and

probably changes through the year.
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4.3.3.3 Direct Overland Contribution

Runoff directly from land adjacent to an alcove or main channel section

could contribute to fecal coliform levels; potential sources are wildlife, including

birds, and domestic dogs. For the purposes of this study the overland contribution

for both the alcove and main channel compartments was assumed to be zero.

4.3.3.4 Stream Main Channel-Alcove Exchange

Hydraulic exchange between stream alcoves and their adjacent main

channels has not been widely studied, possibly because the flows are greatly site-

specific. In addition to the exchange that takes place between the mouth of an

alcove and its main channel, contributors to flow in an alcove could include

groundwater and hyporheic flows, as well as runoff from surrounding land. As

there currently is little to no data or standard analytical relationships for the

hydraulic exchange between streams and alcoves, a simple relationship was

developed for the purposes of this model that describes the exchange at the mouth

of the alcove:

Net flow into an alcove (Qnet)
Qnet = + Qit

= d(h*Aa)dt (4.4)

Flow out of an alcove (Qout):
Q0 kex*(Qt/Qo) * Qbase (4.5)

and, from (4.4) and (4.5)



Base flow (Qbase) was estimated empirically. As main channel flows

increase, it is assumed that the flow into and out of the alcove also increases (even

if the net flow is 0). This increase is modeled as the main channel flow at time t

(Qt) divided by the flow at which Qbe is determined (Qo).

The possible range of exchange parameters (kex) was estimated by visually

observing the behavior in a number of alcoves, and for this study ranged from 1 to

10 (1 representing low exchange and 10 representing high exchange). The high

value of 10 is not an absolute limit, but a practical estimate based upon visual

observations of a number of types of alcoves at different times during the year.

This general approach for estimating an exchange coefficient by visual observation

has been used before in determining kinematic eddy viscosity coefficients for lakes

and streams (Bengtsson 1978, Fischer et al. 1979). Groundwater and hyporheic

flow were both considered negligible factors in exchange and were not included.
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Flow into an alcove (Qin):
Q in = Qnet + Qout

d(h*Aa)/dt+ kex (Qt/Qo) * Qbase (4.6)

where

Qin = flow into the alcove
Qout = flow out of the alcove
Qnet = net flow into the alcove
Qbase = base flow during low flow periods where there is no net flow into or out

of the alcove (i.e., Qnet = 0)
Qt = main channel flow at time t
Qo = main channel flow at low-flow where Qin Q00 Qbase
kex = exchange parameter
h = alcove depth
Aa = alcove surface area



This exchange relationship represents a highly simplified construction of

what is most likely a far more complex process. However, for the purposes of

determining the importance of the exchange relationship to the system (via

sensitivity analysis) it was thought adequate as a starting point.

4.3.3.5 Alcove Depth

It was presumed that specific alcove geometry would have a significant

effect on the exchange process. The depth of an alcove relative to the main channel

varies among alcoves and affects alcove water volume. Observation of a number of

alcoves indicated that typical 'deep' alcoves were typically O.5m shallower than the

corresponding main channel, and that 'shallow' alcoves were l .5m shallower.

Both deep and shallow alcoves were modeled.

4.4 Model Applied to Simple Flow and Contamination Regimes

The model was applied in two ways. First, a series of simple

flow/contamination regimes were evaluated, and then the model was applied to a

specific reach on the Willamette River over a one-year period.
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4.4.1 Introduction: Flow Regimes and Sensitivity Analysis

4.4.1.1 Flow Regimes

It was expected that the bacteria contribution from an alcove's sediment to

the main channel would largely depend upon flows in the main channel,

contamination levels in the alcove sediment, and bacteria concentration level in the

main channel. Therefore three simple flow/contamination regimes were modeled,

including high and low flows and high and low main channel upstream fecal

coliform concentration. The goal of this part was to determine under what flow and

main channel fecal coliform conditions alcove sediments would significantly affect

main channel fecal coliform concentration.

4.4.1.2 Sensitivity Analysis

Sensitivity analyses were conducted for each flow regime to determine to

which process parameters the model output was most sensitive. As described

above, studies on many of the basic process parameters (e.g., resuspension, settling,

die-off) have resulted in widely varying values, even among similar systems. It has

been suggested that many of these parameters as well as exchange behavior are

site-specific; i.e., they would have to be determined experimentally for each site.

For characterizing stream systems it is impractical to measure every parameter at

every time of interest. It was speculated that some parameters do not require
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precise determination, and that appropriate literature values within a range would

suffice. The overall objective of the sensitivity analyses was to determine which

parameters drive the model results, and therefore require the most precise

determination. The model result of interest is the main channel fecal coliform

concentration (Bm). The parameters tested were the process coefficients a

(resuspension), p (settling) and k & k (sediment and water dieoff, respectively),

as well as the exchange parameters kex and Qt.

4.4.2 Methods

4.4.2.1 Flow Regimes

Three scenarios were created which reflect various flow and upstream fecal

coliform concentration regimes:

High (peaked) main channel flow, constant low coliform concentration ("H-
L")
High (peaked) main channel flow, high coliform concentration peak ("H-
H")
Constant and low main channel flow, high coliform concentration peak ("L-
H")

These regimes are shown graphically in Figure 4.3.
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Figure 4.3. Flow and Bacteria Concentration Regimes. Time in days, flow (Q)
in m3/day, bacteria concentration input in cfu/1 00 ml.
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4.4.2.2 Model Parameters and Initial Conditions

The 'base' (nominal) case of the model was run for each flow regime using

the parameters, process values and initial conditions (PPIC) shown in Table 4.2.

Table 4.2. Base Model Parameters, Process Values and Initial Conditions
Used in Modeled Flow Regimes.

The three flow regimes were modeled using different depth and initial

sediment bacteria concentrations (Bas). The model output result of interest was the

fecal coliform concentration in the main channel (Bm).

Deep and shallow alcove depths (O.5m and 1 .5m shallower than the main

channel, respectively) were tested and compared. The effect of initial alcove

sediment bacteria concentration (Bas) was tested using four values for Bas: 0, 75,

1500, and 15,000 cftilcm2. These values were selected as representative of alcoves

not immediately adjacent to bacteria sources (see Part 3, above). The model was

run for one alcove and it was found that at initial alcove sediment bacteria

concentrations (Baso) of 75, 1500 and 15,000 cfu/cm2 the alcove did not

Parameter Value Units
a 0.04 (day1)

p 0.022 (day')
k 0.4 (day')
k 0.007 (day')
kex 5

Qt 27000000 (m3/day)
alcove depth deep

Baw0 20 (cfu/lOOrnl)
Bas0 15000 (cfti/cm2)
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significantly affect the bacteria concentration in the main channel (Bm). The

model was then reconstructed to simulate a main channel flowing by 100 identical

alcoves. In this scenario (Figure 4.4) the main channel interacts with and flows by

the first alcove. The resultant main channel concentration (Bm) at the downstream

end of the first alcove's control volume is then used as the upstream input to the

next alcove, and so on, for 100 alcoves.

4.4.3 Results: Flow Regime Analysis

4.4.3.1 Flow Regime Variations

Plots of the main channel fecal coliform concentration (Bm), alcove

sediment and water concentrations (Bas and Baw, respectively) at the 100th alcove

in the series were constructed for each flow regime. In each case the

concentrations shown are those computed for the last (100th) alcove in the series.

Plotted separately are the main channel bacteria concentrations (Bm) for the first

and 100th alcove in each series of 100.

4.4.3.1.1 H-L Flow/Bacteria Concentration Regime

Model results indicate that the H-L flow regime (peaked main channel flow,

constant low main channel bacteria concentration) constitutes a 'flushing' scenario,

where bacteria from the alcove sediments (B as) are quickly depleted upon onset of

the flow peak (Figure 4.5a). In this regime the main channel flow peak occurs
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Figure 4.4. Model Schematic for 100 Stream Alcoves in Series. Main channel
control volume fecal coliform concentration (Bm) in an upstream alcove

is the input concentration to the adjacent downstream alcove.
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between days 2,3 and 4, peaking on day 3 (Figure 4.3). Alcove water and main

channel bacteria concentrations (Baw and Bm, respectively) show rapid increases

corresponding with the drop in Bas, and slow decreases relative to the timing of the

flow peak.

Figure 4.5b indicates the main channel fecal coliform concentration at the

first and 100th alcove in the series. Bm values after the first alcove in the series

reflect the constant upstream loading of 20 cflu/lOOml and negligible contribution

from the first alcove's bacteria. By the time the flow passes by the 100th alcove,

the main channel exhibits a bacterial peak of >90cfu/l OOml. As there is no change

in upstream bacteria concentrations (Bmus) the increase in Bm can be attributed to

contribution from the alcoves.

4.4.3.1.2 H-H Flow/Bacteria Concentration Regime

In the H-H regime the main channel flow peak is accompanied by a bacteria

peak (Figure 4.3). In this regime there is an apparent flushing of the sediment in

the alcoves (i.e., Bas decreases at the time of the flow peak) with the onset of the

flow peak (Figure 4.6a). The alcove sediment (Bas) is not as completely 'flushed'

as in the H-L regime, dropping only to a value of 100 cfulcm2 before leveling off.

Similar to the H-L regime, Bm and Baw increase at the same time that Bas begins

to decrease; this increase is greater than in the H-L regime as would be expected

with the pulse of bacteria introduced at the upper end of the system. The increase



Figure 4.5b. Model Results for H-L Flow Regime. Main channel water colunm fecal coliform
concentration (Bm) predicated at the first and 100th alcove in series. Bm in cful 1 OOml; time in

days.
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Figure 4.6a. Model Results for H-H Flow Regime. Fecal coliform concentration in the main
channel water column (Bm), alcove water column (Baw) and alcove sediments (Bas) predicted at

the 100th alcove. Bm & Baw in cfuJlOOml; Bas in cfu/cm2; time in days.
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in Baw appears to lag behind the increase in Bm. Note from Figure 4.3 that the

upstream bacteria peak is less sharp than the flow peak; the lag in Baw reflects the

longer time it takes for the flow peak to ramp up and affect exchange between the

main channel and the alcove.

When the flow peak does begin its increase, Baw exhibits a slight jump,

resulting from the double impact of the bacteria and flow peaks. Both the Baw and

Bm curves show relatively long tails compared to the flow and upstream bacteria

conditions.

Review of the change in Bm after the first and last alcoves (Figure 4.6b)

shows that the Bm peak in the first alcove is greater than the Bm peak in the 100th

alcove, indicating bacteria movement from the main channel into the alcoves and/or

die-off. The Bm peak in the 100th alcove is dispersed relative to the 1st alcove; this

is consistent with previous findings (Bencala, 1983; Lee, 1995) where significant

alcove geometry in a stream resulted in dispersion of a pulse of tracer dye.

4.4.3.1.3 L-H Flow/Bacteria Concentration Regime

The L-H regime is characterized by a main channel bacteria peak with no

change in the main channel flow. Results from the L-H regime are shown in Figure

4.7a. Bas remains relatively constant, dropping at a rate similar to the sediment

die-off rate k (0.007/day). Bm increases as would be expected during the period of



Figure 4.6b. Model Results for H-H Flow Regime. Fecal coliform concentration in main
channel water column (Bm) predicted at the first and 100th alcove in series. Bm in cfuJlOOml;

time in days.
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Figure 4.7a Model Results for L-H Flow Regime. Fecal coliform concentration in main
channel water column (Bm), alcove water column (Baw) and alcove sediment (Bas) predicted
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the upstream bacteria pulse; on the falling limb of the peak the return to initial

values is slowed, presumably due to contribution from the alcove. The increase in

alcove water bacteria concentration (Baw) shows as a dispersed peak relative to the

Bm peak, indicating transient storage similar to the H-H scenario.

Results of the first/last alcove comparison of main channel bacteria

concentration (Bm) indicate similar results to the H-H scenario (Figure 4.7b). The

initial input of bacteria in the main channel peak is 1756 cfull0oml; by the time

this pulse gets to the 100th alcove the peak in the main channel drops to <1600

cfuIlOOml. This bacteria appear to have been removed from the main channel and

'stored' in the alcoves.

4.4.3.2 Deep vs. Shallow Alcoves

The effect of changing alcove depth on the main channel bacteria

concentration Bm varied with flow regime (Table 4.3). In the H-L regime the

deeper alcove resulted in greater contribution from the alcove to the main channel

(Bm) for both the day of and the day after the flow peak. This reflects the increase

in bacteria mass in the water column (constant concentration, increased volume) for

the deeper alcove exchanging with the main channel In the H-H regime changing

alcove depth did not significantly affect Bm either day. There is a small negative

effect during the day of the bacteria and flow peaks, reflecting the alcove's acting

as a 'sink' to the main channel bacteria: more bacteria can be taken away from the
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Figure 4.7b Model Results for L-H Flow Regime. Main channel fecal colifonn
concentraiton in water column (Bm) prdicted at the first and last alcove in series. Bm in

cfuJlOOml; time in days.
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Table 4.3. Effect on Model Output Bm of Varying Alcove Depth for 3 Flow
Regimes. Output for 100 Alcoves in Series. Main channel water fecal coliform
concentration (Bm) in cfu/1 OOml.

Table 4.4. Effect on Model Output Bm of Varying Bas0. Output for 100
Alcoves in Series. Main channel water fecal coliform concentration (Bm) values
in cfuJlOOml.
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Bm Bm
Flow Regime Alcove depth peak day peak

day + 1

H-L Deep 82 28
Shallow 58 21

Difference (%) 29 25

H-H Deep 1400 137
Shallow 1498 134

Difference (%) -7 2

L-H Deep 1470 129
Shallow 1296 155

Difference (%,) 12 -20

BasO (cfu/cm2) -) 0 75 1500 15,000
BmDayl 19 19 19 21

BmDay2 19 19 19 22

BmDay3 19 19 25 82
BmDay4 19 19 20 28
BmDay5 19 19 20 20
BmDay6 19 19 19 19



110

main channel and stored in the deeper alcove. This effect was reversed in the L-H

regime: the contribution from the alcove to the main channel (Bm) showed a

decrease as the alcove depth was decreased on the day of the flow peak. This

appears at odds with the characterization of the L-H regime as a 'loading' scenario.

Inspection of the modeled output revealed the deeper alcove stored a higher

concentration and greater mass of bacteria (than the shallow alcove) in the days

prior to the main channel bacteria peak. During the day of the main channel peak

the deep alcove was therefore less of a 'sink' than the shallow alcove. The day of

the peak the shallow alcove's water bacteria concentration was higher than that of

the deeper alcove. The bacteria were then exchanged with the main channel after

the peak, resulting in a higher Bm concentration in the main channel adjacent to the

shallow alcove than that of the deep alcove the day after the peak.

4.4.3.3 Effect of Initial Alcove Sediment (Baso) Concentration

For the H-L flow regime the model was run for the series of 100 alcoves

with four levels of initial alcove sediment concentrations. At the highest level

tested (15,000 cftilcm2) there is a significant impact (>100%) on the main channel

bacterial concentrations, presumably from flushing of the alcoves (Table 4.4). This

increase is not observed at the two lowest Bas0 values (0 and 75 cfulcm2) tested,

and is on the order of 10% at Bas0 equal to 1500 cfu!cm2.
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4.4.4 Methods: Sensitivity Analysis

Sensitivity analysis was conducted for each of the three flow regimes (H-L,

H-H, L-H), with Bm and Bas as the output values of interest. The flow regimes

were several days in duration and the sensitivities were calculated for three of those

days: the day of the flow and/or bacterial peak, the day before the peak, and the day

after. Process parameters a, p, k and k were all varied ± 20% around their base

values, as was Qt. Three values of the exchange parameter kex (1, 5, 10) were

tested.

Sensitivities were calculated using the following relationships (Haefner,

1996):

Relative sensitivity (RS) (change in output value/nominal value for output
value)/(change in input parameter/nominal value for
input parameter)

Absolute sensitivity (AS) = (change in output value)/(change in input parameter)

Relative sensitivity indicates the relative change in the output value as a

function of the change in the input value that is being varied, with both values

normalized. Absolute sensitivity describes how much the output value changes

with a change in the input value, and does not take into account what may be large

magnitude differences between input and output terms.



4.4.5 Results: Sensitivity Analysis

4.4.5.1 Sensitivity of Bm

The results of the sensitivity analysis tested on a series of 100 alcoves

indicate that variation of 3 of the parameters tested had a significant impact (± 20%

relative sensitivity) in one or more of the flow regimes (Table 4.5).
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Table 4.5. Sensitivities of Model Output Bm (main channel concentration) to
Changes in Process parameters, Exchange and Geometric Values. Parameters
Varied ± 20% Around the Nominal Values. Output for 100 Alcoves in Series.

H-L H-H L-H
Parameter Day relative absolute relative absolute relative absolute

(%) (cful (%) (cfu/ (%) (cfu/
lOOmI) lOOmI) lOOmi)

a peak-

nominal
value .04

1

peak
peak +

12

4

65

72

9

0

64

74

1

0

65

61

-15 -107 -3 -105 2 57

p peak-

nominal
value .022

1

peak
peak +

0

0

-2

0

0

0

-2

-7

0

0

-2

-13

0 -1 0 -17 -1 -34

k peak-

nominal
value .4

1

peak
peak +

-7

-15

-4

-30

-5

-2

-4

-72

-3

0

-2

-15

1 -20 -14 -27 -91 -13 -41

peak-

nominal
value .007

1

peak
peak +

0

-1

-4

-164

0

0

-4

-164

0

0

-4

-7

1 -1 -24 0 -24 0 -9

peak-

nominal
value 5,

other
values 1

&10

1

peak

peak +

2

24

0

4

-3

-13

0

-36

-2

-11

0

-32

1 -18 -1 50 14 54 14

Qt
peak - N/A N/A

nominal
value

1

peak

-36 0 -85 0

N/A N/A
27000000 21 0 4 0

peak+ 13 0 7 0 N/A N/A
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The three parameters to which the model results are sensitive at or above

the 20% level are kex (in all 3 regimes), k (in the H-L and H-H regimes), and Qt

(H-L and H-H regimes). Sensitivity to Qt occurs prior to and during the day of the

flow and bacteria peaks; this is not surprising as the value set for Qt determines the

timing of the alcove sediment resuspension relative to changes in main channel

flow. The effect on Bm of changes in the exchange parameter kex is both positive

and negative in the H-L regime. Bm increases with an increase in the exchange

parameter during the day of the flow peak (day 3). The day after the flow peak an

increased k causes Bm to decrease as the higher kex allowed more of the alcove

bacteria to be exchanged during the previous day, leaving less to be exchanged the

day after the peak. This effect is reversed in the H-H and L-H regimes; in these

regimes more exchange with the alcove depletes the main channel during the peak,

leaving more bacteria in the alcove to flow out the day after the flow peak.

Increases in k caused a significant decrease in Bm in the H-L and H-H

regimes the day after the flow peak (day 4). In the H-L regime the absolute effect

was greater during the day of the peak, but the relative effect larger the day after

when overall bacteria levels in the main channel are lower. The ± 20% variations

in settling, resuspension and sediment die-off rates did not result in significant

changes in Bm for any of the scenarios. Additional sensitivity analyses were

conducted on the H-L regime to determine if these parameters would perturb the

model if they were evaluated over the entire range of reported values (Table 4.6).

The resuspension rate significantly affected results during the day of the flow peak;



the model was not sensitive to changes in either sediment die-off rate (ks) or

settling rate (p).

Table 4.6. Sensitivities of Model Output Bm (main channel concentration) to
Changes in Process parameters in the H-L Flow/Bacteria Concentration
Regime. Parameters Varied Over their full ranges. Output for 100 Alcoves in
Series.
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Parameter Day relative absolute
(%) (cfu/l00

ml)

a peak-i 11 62
nominal value
.04; range .004

to.4 peak 24 491

peak+l -2 -11

p peak-i 0 -2
nominal value

.022; range .004
to 1 peak 0 -5

peak+l 0 -2

peak-i 0

nominal value
.007; range
-.007to.04 peak -1 -160

peak+i -I -24
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4.4.5.2 Sensitivity of Bas

A second sensitivity analysis was conducted using Bas as the model result

of interest. The model showed significant sensitivity to changes in Qt,

resuspension and settling rates in the H-L and H-H flow regimes (Table 4.7). An

increased Qt resulted in significantly greater Bas, reflecting less 'flushing' of the

alcove sediments at lower levels of main channel flows. Increased resuspension

decreased Bas in the H-L regime and during the days prior to and after the flow

peak in the H-H regime. During the day of the flow/bacteria peaks increased

resuspension resulted in an increase in Bas. Initially this seems counterintuitive;

however by looking at the absolute changes in Bas it can be seen that the increase

in resuspension greatly increases the Bas lost to the system in the day before the

flow peaks (-6820), thus leaving more material available for settling during the

peak.
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Table 4.7. Sensitivities of Model Output Bas (alcove sediment fecal coliform
concentration) to Changes in Process parameters, Exchange and Geometric
Values. Parameters Varied ± 20% Around the Nominal Values. Output for 100
Alcoves in Series.

H-L H-H L-H
Parameter Day relative absolute relative absolute relative absolute

(%) £cfiL
lOOmi)

(%) (cfu! (cfu/
lOOmI) lOOmi)

a
nominal

peak-i
peak

-1 -27216 -250 -6820 -8 -27216

value .04 -278 -71199 78 162 -12 -38942
peãk+i -537 -12250 -40 -14 -16 -49659

p
nominal

peak-I
peak

0 596 -8 -27216 0 598

value .022 14 631 -273 -71431 0 2470
peak+1 17 708 -290 -13196 2 10208

k
nominal

peak - 1
peak

0 -6 0 -6 -1 -242

value .4 0 -5 0 -78 -1 -350
peak+1 -6 -14 -14 -612 -2 -481

nominal
value .007

peak-i

peak

-1

-2

-27337

-3072

-1

-2

-27337

-3075

-1

-1

-242

-350
peak+i -3 -344 -2 -378 -2 -481

nominal
value 5,

other
values i

&10

peak-i

peak

0

0

0

-1

0

1

0

2

0

0

0

4

peak+i -14 3 13 5 1 20

Qt
nominal

value

peak-i 12 0 37 0 N/A N/A

27000000 peak 113 0 332 0 N/A N/A

peak+ 1 184 0 379 0 N/A N/A
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4.5 Model Applied to the Willamette River Over a One-Year
Period

The model was applied to a real system and bacteria concentration behavior

in the three compartments observed for one year. Flow and fecal coliform

concentration values upstream of an alcove were measured and used as system

inputs.

4.5.1 Methods

Data from a reach of the Willamette River (described in Part 3, above) was

used for this part of the study. Flow in this reach typically ranges from 20000000

m3/d (8200 cfs) to 60000000 m3/d (24,000 cfs). One alcove was selected in the

reach from which geometry and velocity measurement data were collected. Main

channel flow (Q) and upstream fecal coliform concentrations (Bmus) were

provided by Corvallis Public Works, both measured at a water treatment plant 1

km upstream of the alcove. Flow data is reported in daily values, fecal coliform

concentrations were reported in weekly values. Figure 4.8 is a plot of the Q and

Bmus values for 430 days for this reach of river.
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Figure 4.8 Flow (Q) and Main Channel Fecal Coliform Concentration (Bmus) in the
Willamette River. Measured values, August 1998 to September 1999.
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Noteworthy on this graph is the coincidental nature of flow peaks with

Bmus peaks. This holds true for the first set of winter storms (occurring in

November, days 110-120 ) but less true for storms later in the year. This is

consistent with the fecal coliform sources being non-point in nature; early storms

'wash out' overland and possibly stream sediment fecal coliform reservoirs, and

when the later storms occur these sources are depleted and no bacterial peaks are

observed. The yearly mass of fecal coliforms transported through the system

predominates during the storm periods; 72% of the fecal coliform mass is

transported during these periods, which make up only 29% of total year.

Concentrations of fecal coliform in the alcove water and sediments were

determined at the beginning of the time period using the method described

previously (see Part 2, above). These values were used to set initial conditions for

Baw and Bas. The nominal model parameters used for this system are shown in

Table 4.8.

Table 4.8. Nominal Model Parameters, Process Values and Initial Conditions
for Model Applied to the Willamette River.

Parameter Value Units
a 0.04 (day')
p 0.022 (day')
k 0.4 (day1)
k 0.007 (day1)
kex 5

Qt 27000000 (m3/day)
alcove depth deep

Baw0 20 (cfull OOml)
Baso 75 (cfu!cm2)
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4.5.2 Results

Model outputs along with input flow and upstream fecal coliform

concentrations are plotted in Figure 4.9. Little difference is evident between the

concentration in the main channel control volume (Bm) and the upstream

concentration (Bmus), reflecting negligible impact by the alcove on the main

channel This is not surprising as previous model runs had indicated that one

alcove would produce a negligible effect on the main channel unless the alcove

were highly contaminated.

Alcove sediment (Bas) and water concentrations (Baw) are plotted vs. flow

(Q) and main channel fecal coliform concentration (Bmus) in Figure 4.10. Prior to

the first winter storm events the alcove sediments gradually increase in

concentration as the result of steady accumulation from the main channel. When

the storm events begin (day 114) they are accompanied by high upstream fecal

colifonn concentrations (Bmus), and the alcove sediment concentration sharply

increases. During the later storms (around day 180) Bmus is lower, and following

the flow peaks the alcove sediment concentration does not show the large increases

exhibited earlier in the year. Flushing of the alcoves (precipitous drops in Bas) is

evident during the falling limb of storm events throughout the year. Alcove water

concentration (Baw) tracks with the main channel concentration (Bmus) with a

consistently lower value. The exception to this is during the first couple of winter

storm events, where high levels of alcove sediment concentration are resuspending

and contributing to the alcove water concentration.
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Figure 4.9 Model Prediction of Main Channel Fecal Coliform Concentration (Bm). Bm
plotted with upstream main channel bacteria concentration (Bmus). Applied to the Willamette

River, August 1998-September 1999. Bm and Bmus values are indistinguishable.
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Figure 4.10 Model Prediction of Alcove Sediment (Bas) and Water (Baw) Fecal Coliform
Concentrations. Baw in cfu/1 OOml; Bas in cfu/cm2. Applied to the Willamette River, August

1998 to September 1999.
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To better understand the relationship between the alcove and the main

chamiel, a plot of the fecal coliform mass coming out of the alcove over time was

constructed. The mass of bacteria leaving the alcove is plotted with main channel

flow in Figure 4.11. This plot highlights the periods where there is the greatest

impact on the main channel from the alcove, and can be used as a starting point to

determine appropriate sampling periods. Large mass peaks (positive and negative)

occur during the first storm, and smaller peaks during the second, third and spring

storms. Early in the year the significant mass out of the alcove occurs right after

the alcove has been inundated with main channel FC; the 'flushing' then represents

more of a throughput/transient storage issue, rather than a long-term storage/release

scenario. During the spring storms ( day 275) there is a smaller (relative to the

winter storms) mass peak; however as this occurs during a period of relatively low

main channel bacteria concentration (Bmus, Figure 4.8) it may be a period of

greater potential interest in terms of the alcove making a significant impact on the

main channel.
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Figure 4.11 Model Prediction of the Bacteria Mass Contributed From the Alcove to the
Main Channel. Mass calculated as alcove water concentration times flow out of the alcove

(Baw*Qout). Applied to the Willamette River, August 1998-September 1999.
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4.6 Discussion

4.6.1 Flow Regime Variations

The model results indicate that a series of alcoves with bacteria

contamination in their sediments and water can significantly contribute to main

channel bacteria concentrations, particularly during 'flushing' scenarios (i.e.,

periods of high main channel flow). This effect is shown as a dispersed (relative to

upstream) peak in Bm downstream of the alcoves. This dispersion in the peak is

consistent with the results of previous studies (Bencala, et al., 1983; Lee, 1995)

where the dispersion of conservative tracers in a stream increased with increasing

alcove geometry. In one of the few studies to relate fecal coliform concentrations

in stream sediments to water quality, Crabill, et al. (1999) related high sediment

fecal coliform concentrations (on the order of >= 10,000 cftilcm3, measured at a 2

cm depth) to measurable impacts on overlying water quality during storm surges.

In this case the overlying water was not measured in the main channel of the

stream, but in slower-moving water areas designated for recreational use.

The model predicts that a series of alcoves with sediment concentrations on

the order of 15,000 cfu!cm2 would significantly (>100% impact) contribute to the

main channel while those on the order of 1500 cfulcm2 would result in insignificant

(<20%) impact. A single alcove could significantly impact main channel water

quality if the sediment concentration were much higher; subsequent model runs

indicated that in the H-L scenario a single alcove would impact the main channel
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concentration (Bm) at the 20% level when the alcove sediment reached 100,000

cfulcm2. Sediment bacteria concentrations greater than the high limit (15,000

cftilcm2) used in this study have been reported for sediments directly ad] acent to

sources such as sewage treatment outfalls.

The magnitude and direction of the effect of alcove depth on the main

channel fecal coliform concentration are dependent upon the flow regime and at

what point in time the effect is being measured. The greatest effect of alcove depth

variation was found under the H-L regime. In this case the deeper alcove had a

larger effect on Bm than the shallow alcove, resulting from the deeper alcove's

ability to hold more bacteria mass and therefore make a larger contribution to the

main channel. For the H-H and L-H regimes the effect could not be simply

characterized, and was of varying magnitudes (both positive and negative)

depending on what day (the day of or day after the flow peak) was evaluated. Prior

conditions (i.e., how much loading or unloading of bacteria occurs in an alcove)

affect the alcoves' behavior as a source or sink relative to the main channel. This

has implications for sampling plan design. Sampling plans for characterizing

alcoves' effects on main channel water quality should pay close attention to the

timing of the sampling relative to main channel conditions (flow and bacteria

concentration). Sampling conducted during a H-H scenario would show a

relatively deep alcove acting as more of a sink on the day of a peak than a shallow

alcove. The day after the peak the shallow alcove would appear to act as more of a

sink.
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In periods of high flow where main channel fecal coliform concentrations

are also high (the H-H scenario, which occurs during early winter storms on the

Willamette), the effect of the alcoves on the main channel is small compared to the

already high bacteria levels. This suggests that in systems dominated by nonpoint

source pollution such as pasture runoff the late winter or spring storms are the

periods of greatest impact, where fecal coliform concentrations are low in the main

channel. Note that this will change depending upon the watershed; the study by

Crabill, et al. (1999) supports the intuitive notion that timing and quantity of fecal

coliform concentrations in a stream change depending upon the source of the

contamination.

4.6.2 Sensitivity Analysis

Sensitivity analyses conducted on the flow regimes using the main channel

bacteria concentration (Bm) as the output indicate that the hydraulic exchange

process (as represented by kex and Qt) and water die-off rate (k) significantly

impact the system. Processes specific to the alcove (resuspension, settling, and

sediment die-off rates) do not significantly impact Bm. The effect of variations in

the hydraulic exchange parameter (kex) were both positive and negative, depending

upon whether or not the main channel was acting as a source (as in the H-H regime)

or a sink (as in the H-L regime) relative to the alcove. These results suggest that

characterizing the impact of contaminated alcove sediments on a stream's water

quality does not require precise determine of in-alcove processes, and that
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resources should be focused on understanding the nature and timing of the

exchange between the alcove and the main channel.

Sensitivity analysis using the alcove sediment (Bas) as the model output

indicated (not surprisingly) that the alcove sediment fecal coliform concentration

was sensitive to changes in the in-alcove settling and resuspension processes, as

well as the alcove threshold flow (Qt). The effects of varying these parameters

varied (in magnitude and direction) depending upon when the output (Bas) was

evaluated relative to the main channel flow/bacterial peaks. Variations of ±20% in

the sediment die-off rate (ks) did not significantly affect Bas in any flow/bacteria

regime on any of the days evaluated. Subsequent model runs indicated that when

the range of k was extended to include bacterial growth (i.e., k assumed a negative

value) it did significantly affect Bas. While characterizations of fecal coliform

contamination in sediments may be dominated by the resuspension, settling and

flows, die-off rates in the sediment may be significant if the bacteria are undergoing

growth rather than die-off.

4.6.3 Model Applied to the Willamette River

Modeling a reach of the Willamette River showed that a moderately

contaminated alcove did not significantly affect main channel water quality over

the course of a year; i.e., Bmus and Bm were not significantly different at any time

during the test period. Evaluation of bacteria mass exchange indicates that the

alcove does contribute fecal coliforms to the main channel, but not enough to affect
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the main channel concentration. This evaluation indicates sampling periods of

interest for other systems; periods of relatively high mass exchange not

accompanied by high main channel bacteria concentrations indicate when an alcove

or series of alcoves would have the greatest impact on the main channel.

Post-hoc analyses were conducted on the model output to identify

correlations (r values) between system input and output components. Of particular

interest is the relationship between the alcove sediment (Bas) and water (Baw) fecal

coliform concentrations. The overall correlation (r) for the year between the two

output variables was 0.14. When the data were separated into storm and non-storm

periods the correlation between Bas and Baw was found to be 0.66. This modeled

correlation is similar to the measured correlations reported in Chapter 3 (above).

Water and sediment fecal coliform concentrations were measured in one alcove in

the Willamette over the course of a year (see Chapter 3, above), and the correlation

(r) between Bas and Baw was found to be 0.64 during non-storm periods, and very

low (0.0009) for storm periods and for the year in total (0.35). These results

indicate that during non-storm periods an increase in alcove water fecal coliform

concentration will be accompanied by an increase in alcove sediment

concentrations (and visa versa). Little to no correlation can be expected between

sediment and water fecal coliform concentrations during high-flow periods.

Alcove water fecal coliform concentration was found to strongly correlate with

main channel fecal coliform concentration over the entire year (r = 0.90) as well as

for storm periods (r = 0.87). During non-storm periods the correlation was lower (r
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= 0.34). This makes sense as during high flows there is more exchange between

the alcove and the main channel.

The amount of fecal coliform in an alcove's sediment may be of interest in

shellfish harvesting areas, or recreational use areas where overlying water

concentrations can be significantly affected by resuspension of contaminated

sediments. Sensitivity analysis conducted using Bas as the output variable

indicated that it is sensitive to ± 20% changes in settling, resuspension and the

alcove flow threshold. This suggests that the local area processes (resuspension,

settling and local threshold flow level) should be evaluated when characterizing

sediment bacteria concentrations.
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4.7 Conclusions

An attempt was made prior to creation of the model to collect data directly

from a streamlalcove system in order to assess the effect that bacterially

contaminated sediments in the alcove would have on the main channel. It became

obvious that not enough was known about the system to create a meaningful

sampling plan, particularly with regards to the timing of measurements and to the

choice of process parameters. A literature review revealed that system process

parameter values can vary widely, over orders of magnitude, and that the exchange

relationship between streams and alcoves has not been previously evaluated. A

process-based model was created to identify processes and parameters of greatest

importance in characterizing the effect of bacterially contaminated alcove

sediments and water on main channel water quality. A linear exchange relationship

was developed to describe the exchange process between a stream and an adjoining

alcove.

The purpose of the model was to identify the conditions under which a

stream alcove or series of alcoves would significantly impact main channel water

quality, and to determine what parameters are important in understanding the

system. Model results predicted fecal coliform concentrations in the main channel,

alcove sediment and alcove water colunm under varying flow and main channel

bacteria concentration conditions.

Under conditions of high main channel flows and low main channel bacteria

concentrations stream alcoves can significantly impact the main channel. High
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bacteria concentrations in a main channel can mask this impact. Single alcoves

will not impact main channel water quality unless sediment concentrations are very

high. The results from the model presented here indicate periods of potential

interest (with regards to sampling) and which parameters are important to know

precisely in order to characterize or predict behavior in a stream/alcove system.

For a series of alcoves at moderate sediment fecal coliform concentration,

the processes which drive the alcoves' impact on the main channel are the

hydraulic exchange (described by the exchange parameter kex and alcove flow

threshold Qt) and the die-off rate in water. These parameters are likely to change

throughout the year. k changes with temperature and sunlight levels (among other

things); kex is likely to change with changing alcove geometry, which can occur

naturally from season to season with changing sunlight and temperature conditions

(Appendix 3.1). The threshold flow (Qt) relates to at what point the river stage

breaches the alcove, and where the alcove acts more as part of the main channel

than a separate body. Previous work and visually observing the behavior of a

number of alcoves on the Willamette River indicated that this threshold is

dependent upon individual alcove geometry, which can change seasonally

depending upon deposition and erosion in the stream (Mosley, 1982; Van Steeter,

1998 1 &2). When attempting to characterize the contribution that alcoves have on

main channel water quality these values should be determined at the time when the

alcoves are expected to make a significant impact (periods of high flow and
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relatively low Bm). In-alcove processes (settling, resuspension, sediment die-off

rate) did not significantly affect Bm at the 20% level.

The exchange process used in this model is a highly simplified construction

of what is going on in the system; alcove/main channel exchange likely changes

throughout the year and among alcoves with different geometries. A useful next

step would be to measure the exchanges in and out of alcoves of various geometries

under different main channel flow conditions.
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4. Summary

The overall objective of this study was to gain understanding of the role that

stream alcoves, particularly the alcove sediments, play in affecting coliform

concentration of their main channels. As no standard method for enumerating fecal

coliforms in aquatic sediments exists, it was necessary to define a sediment sample

processing method and determine what level of error is induced into the

measurements by the method. A sediment sample splitting device was created and

tested in order to evenly (with respect to fecal coliform concentration) split aquatic

sediment samples for testing. Elements of the enumeration technique were then

varied according to common techniques to see if the results would be sensitive to

changes in the enumeration process. The technique used was found to split

samples with no significant bias in two sediment types representing fine and coarse

sediments with high and low TOC, respectively. The proportion of variation (PV)

due to measurement error of the technique was found in the lab to be < 1% for

clay/silt-sized sediments and <3% for sandy sediments. Variation in the choice of

agitation method used in the enumeration technique was found to significantly

affect counts for the fine sediment and not the coarse sediment

In the second study sediment and water samples were collected from a reach

in the Willamette River to determine whether or not sediments underlying slow-

moving water areas in streams ('alcoves') can harbor more fecal coliform bacteria

than sediments underlying the main channel when neither are directly adjacent to
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coliform point sources. Sediments from four alcoves in a reach of the river were

found to harbor significantly more fecal coliform bacteria than sediments in the

main channel in the same reach. A single alcove's sediments and water were

measured thirteen times over the course of a year. A correlation (r = 0.80) was

found between alcove sediment and alcove water column fecal coliform

concentrations during non-storm periods, and no correlation (r = .03) during storm

periods. The data indicated a relationship between the main channel flows and the

fecal coliform concentrations in the alcove sediments and waters.

In the third study a process-based model was constructed in order to

identify the conditions under which an alcove or set of alcoves might impact main

channel water quality, and to determine which of the processes are the primary

drivers of an alcove's capability to affect the main channel. Sensitivity analyses

were run to identify process drivers. Alcoves with high sediment fecal coliform

concentration were found to significantly impact main channel fecal coliform

concentration during periods of high main channel flow and low upstream fecal

coliform inputs. High fecal coliform concentrations in the main channel masked

the alcoves' effect. The impact of the alcove on the main channel was found to be

sensitive to the hydraulic exchange parameters and the fecal coliform die-off rate in

water, and not sensitive to the in-alcove processes of resuspension, settling, and

fecal coliform die-off rate in sediment. The model was applied to a reach of the

Willamette River using 14 months of flow and fecal coliform concentration data.

The model predicted that a single alcove with typical fecal coliform contamination



in the sediment would not significantly affect main channel water quality. The

correlation (r) between predicted alcove sediment and water fecal coliform

concentrations was found to be 0.66 during non-storm periods and lower during

storm periods. This result was similar to the correlations determined in the

previous study.
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Appendix 2.1. Advantages and Disadvantages of the Membrane
Filtration and Multiple Tube Fermentation Techniques.

Both the membrane filtration and multiple tube methods rely on culturing

bacteria and counting colonies. The multiple tube method is commonly referred to

as "MPN" (most probable number) that refers to the way in which multiple tube

results are reported. Both techniques are acceptable standard methods for

enumerating fecal (and other) coliforms in water (APHA, 1995). Advantages and

disadvantages of the techniques are presented below.

Membrane Filtration Procedure

Advantages
Commonly used by many water quality labs
Relatively fast to conduct; 20 samples can be processed in less than an hour
Produces results within 24 hours of processing
Little glassware is required
Reported by APHA to be 93% accurate in distinguishing between coliforms
from warm-blooded animals and other coliforms
More precise than the multiple tube method (APHA, 1995); the 95%
confidence limit for the sample mean is {± 2 * sqrt(mean)]

Disadvantages
High-turbidity samples must be diluted in order to avoid clogging filter
Incubation temperature must be tightly controlled (within ± 0.2 °C)
Can underestimate fecal coliform count by not detecting non-culturable
coliforms or overlapping coliforms
Presumed less accurate (than MPN) as coliform detection relies on acid
production alone
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Appendix 2.1. Advantages and Disadvantages of the Membrane
Filtration and Multiple Tube Fermentation Techniques,

Continued.

Multiple Tube Fermentation Procedure

Advantages
Commonly used by many water quality labs
Useful for analyzing turbid samples
Presumed more accurate (than MF) as test detects coliforms via both acid
and gas production

Disadvantages
Relatively slow to conduct; test takes 4-5 days
Much glassware is required
Precision is low unless large numbers of tubes are used
Can underestimate fecal coliform count if sample is not shaken thoroughly
as the result of "clumping" of the bacteria



Appendix 2.2 Agitation Pre-Tests to Determine
Optimum Agitation Times.

The pre-tests determined, within typical ranges, the optimum agitation time

for maximum bacterial extraction for each agitation method. For each set of tests

10 sediment cores were taken from microcosm 1, split, then subjected to two

different agitation times. Each time was compared against the other two times.

Extraction (bacterial counts) was compared for each set of times. All

sediment/water mixtures were allowed to settle for 10 minutes after agitation.

Results of the tests are shown in Table A2.2. Bolded values in the table

indicate the times chosen for the study. In the case of homogenization there was no

significant difference at the .05 level among the times tested, although the mean

was highest for the longest time (90 seconds) tested. Sixty seconds was chosen to

minimize the possibility of cell damage.

Table A2.2 Results of Varying Agitation Times on Sediiment Fecal Coliform
Counts. Mean values reported in log(cfu!split sample core)
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Agitation Method F (p) Mean* Std. dev.
Sonication 7.5 (.00 1)
1 minute 2.73 1.1

5 minutes 3.74 .3
15 minutes 3.01 .8

Homogenization 3.0 (.059)
3Osecs 3.24 .4
60 secs 3.47 .5
90 sees 3.60 .4

Manual shaking: .4 (.540)
two vigorous shakes 3.90 .9
60 second shaking 4.2 .9
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Appendix 2.3 Data from Pre-Tests Used to Determine
Each Agitation Method

Optimum Times for

efu/split log(cfu/split
agitation method time (seconds) sample sample core sample core)
homogenization 60 1 1628 3.21
homogenization 60 1 1116 3.05
homogenization 60 1 977 2.99
homogenization 60 1 2558 3.41

homogenization 60 1 1070 3.03
homogenization 60 1 1023 3.01
homogenization 60 1 791 2.9
homogenization 60 1 3442 3.54
homogenization 60 1 8977 3.95
homogenization 60 1

homogenization 30 2 1349 3.13
homogenization 30 2 791 2.9
homogenization 30 2 651 2.81
homogenization 30 2 1023 3.01
homogenization 30 2 930 2.97
homogenization 30 2 558 2.75
homogenization 30 2 837 2.92
homogenization 30 2 2186 3.34
homogenization 30 2 8140 3.91
homogenization 30 2

homogenization 90 1 930 2.97
homogenization 90 1 6884 3.84
homogenization 90 1 2419 3.38
homogenization 90 1 3256 3.51

homogenization 90 1 1023 3.01

homogenization 90 1 2884 3.46
homogenization 90 1 4558 3.66
homogenization 90 1 2512 3.4
homogenization 90 1 5023 3.7
homogenization 90 1 2977 3.47
homogenization 30 2 1581 3.2
homogenization 30 2 6698 3.83

homogenization 30 2 2791 3.45
homogenization 30 2 2326 3.37
homogenization 30 2 837 2.92
homogenization 30 2 1674 3.22



Appendix 2.3 Data from Pre-Tests Used to Determine Optimum Times for
Each Agitation Method, Continued
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agitation method time (minutes) sample
cfu/split log cfu/split

sample core sample core
homogenization .5 2 5023 3.7
homogenization .5 2 1209 3.08
homogenization .5 2 3535 3.55
homogenization .5 2 3535 3.55
homogenization 1.5 1 13767 4.14
homogenization 1.5 1 8930 3.95
homogenization 1.5 1 21116 4.32
homogenization 1 2 12651 4.1

homogenization 1 2 10884 4.04
homogenization 1 2 26884 4.43

sonication 1 1 1116 3.05
sonication 1 1 0

sonication 1 1 419 2.62
sonication 1 1 0

sonication 1 1 47 1.67
sonication 1 1 47 1.67
sonication 1 1 93 1.97
sonication I 1 186 2.27
sonication 1 1 140 2.14
sonication 1 1 93 1.97

sonication 15 2 1023 3.01

sonication 15 2 186 2.27
sonication 15 2 512 2.71
sonication 15 2 93 1.97
sonication 15 2 186 2.27
sonication 15 2 233 2.37
sonication 15 2 93 1.97
sonication 15 2 186 2.27
sonication 15 2 233 2.37
sonication 15 2 47 1.67
sonication 5 1 5701 3.76
sonication 5 1 6916 3.84
sonication 5 1 5794 3.76
sonication 5 1 2523 3.4
sonication 5 1 6262 3.8
sonication 5 1 5140 3.71
sonication 5 1 4860 3.69
sonication 5 1 935 2.97
sonication 5 1 4299 3.63
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Each Agitation Method, Continued
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time cfu/split sample log cfu/split
agitation method (minutes) sample core sample core

sonication 5 1 6075 3.78
sonication 15 2 4860 3.69
sonication 15 2 7757 3.89
sonication 15 2 7757 3.89
sonication 15 2 2804 3.45
sonication 15 2 6729 3.83
sonication 15 2 5234 3.72
sonication 15 2 4019 3.6
sonication 15 2 3925 3.59
sonication 15 2 6636 3.82
sonication 15 2 6449 3.81
sonication 5 1 7477 3.87
sonication 5 1 5047 3.7
sonication 5 1 5514 3.74
sonication 5 1 5234 3.72
sonication 5 1 8224 3.92
sonication 5 1 10561 4.02
sonication 5 1 20841 4.32
sonication 1 2 11122 4.05
sonication 1 2 4953 3.69
sonication 1 2 4860 3.69
sonication 1 2 4112 3.61

sonication 1 2 7009 3.85
sonication 1 2 17757 4.25
sonication 1 2 6822 3.83

manual 60 1 1656 3.22
manual 60 1 614 2.79
manual 60 1 986 2.99
manual 60 1 45679 4.66
manual 60 1 51852 4.71
manual 60 1 59259 4.77
manual 60 1 53086 4.72
manual 60 1 80247 4.9
manual 60 1 46914 4.67
manual 1 2 818 2.91
manual 1 2 353 2.55
manual 1 2 632 2.8
manual 1 2 1235 3.09
manual 1 2 43210 4.64
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Each Agitation Method, Continued
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time cfu/split sample log cfufsplit
agitation method (minutes) sample core sample core

manual 1 2 56790 4.75
manual 1 2 39506 4.6
manual 1 2 32099 4.51
manual 1 2 55556 4.74
manual 1 2 25926 4.41



Appendix 2.4 Data from Split Sample Process Precision Tests for
Microcosms 1 and 2.

Microcosm 1
sample B, raw sample A sample B.

block sample A, raw cfu count cfu count log(cfu/cm2) Iog(cfu/cm2)

160

1 159 175 4.77 4.81
2 150 180 4.75 4.83
3 163 109 4.78 4.61
4 186 199 4.84 4.87
5 117 155 4.64 4.76
6 185 149 4.84 4.74
7 123 234 4.66 4.94
8 181 158 4.83 4.77
9 149 147 4.74 4.74
10 117 125 4.64 4.67
11 70 72 4.42 4.43
12 94 100 4.54 4.57
13 165 151 4.79 4.75
14 81 174 4.48 4.81
15 35 37 4.11 4.14
16 84 95 4.49 4.55
17 176 176 4.82 4.82
18 92 99 4.53 4.57
19 108 93 4.6 4.54
20 92 95 4.53 4.55
21 115 120 4.63 4.65
22 97 94 4.56 4.54
23 142 102 4.72 4.58
24 110 119 4.61 4.65
25 98 105 4.56 4.59
26 121 81 4.65 4.48
27 107 110 4.6 4.61
28 116 93 4.64 4.54
29 60 52 4.35 4.29
30 65 68 4.38 4.4
31 66 58 4.39 4.33
32 136 131 4.7 4.69
33 45 48 4.22 4.25
34 54 110 4.3 4.61
35 54 39 4.3 4.16
36 42 38 4.19 4.15
37 48 24 4.25 3.95
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Appendix 2.4 Data from Split Sample Process Precision Tests for Microcosms
1 and 2, Continued.

38 22 3.91 4.1
39 24 24 3.95 3.95
40 39 46 4.16 4.23
41 34 31 4.1 4.06
42 57 37 4.33 4.14
43 31 17 4.06 3.8
44 32 33 4.08 4.09
45 79 140 4.47 4.72
46 42 52 4.19 4.29
47 53 51 4.29 4.28

Microcosm 2
1 40 70 4.17 4.42
2 65 60 4.38 4.35
3 99 60 4.57 4.35
4 83 84 4.49 4.49
5 88 60 4.52 4.35
6 45 35 4.22 4.11

7 91 125 4.53 4.67
8 85 87 4.5 4.51

9 75 41 4.45 4.18
10 101 73 4.57 4.43
11 71 74 4.42 4.44
12 71 108 4.42 4.6
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Appendix 3.1 Bacterial Die-Off in Water and Aquatic Sediments.

3.1.1 Fecal Bacteria Survival in Water

While the number of factors affecting die-off is large and the combined

effects complex, some generalizations can be made on fecal bacteria survival in

water. Solar radiation, temperature, presence of sediments, nutrient availability,

water chemistry and microbial type are generally considered to be major factors.

High irradiation, high salinity, and extremes of water temperature and pH are

generally unfavorable for microbial survival. High suspended solids in a water

body and subsequent attachment by bacteria increases survival time. Different

types and even strains within a bacterial type exhibit different reactions to varying

environmental conditions.

3.1.2 Fecal Bacteria Survival in Sediment

Reported die-off rates in sediment vary widely, and some studies have

shown that fecal bacteria in sediments undergo net growth rather than die off.

Researchers seem to converge on the fact that survival in sediments is at least 1 Ox

that in water. Attachment of bacteria to sediments or particulates in water improves

their chances of settling out to the stream bottom.
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Bacterial die-off is typically modeled using first-order kinetics, where the

rate of change of the population is proportional to the existing concentration

(Thomann and Mueller, 1987),

R = dC/dt = -kC
and

C co * e1

where
C = bacterial concentration
k = overall first-order loss coefficient (d')
t = time (d)
R = rate of change in bacterial concentration (bacterial concentrationldays)

The first order loss coefficient k is comprehensive and is influenced by a

number of factors which can cause it to vary significantly. These factors include

weather conditions, bacterial type, water chemistry, predatory environment, and

hydrology, the major elements of which are described in the following section.

Table A3.1 is a short list of varying k values reported by several researchers. For a

comprehensive list of die-off values in soil as well as the aquatic environment, see

Crane and Moore, 1986.



Table A3.1 Reported Coliform and E. coli Loss Coefficients in Aquatic
Systems.
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k Value Length of Description Experimental Authors
Study Conditions

.73 14 days dark death k at 20°C raw sewage mixed
with river water

Auer,
Niehaus

1993
.73 +

.008241
14 days dark death k plus

irradiation losses at 20°C
raw sewage mixed

with river water
Auer,

Niehaus
1993

1.17 5 days dark death k plus loss
due to sedimentation for

lake sediment traps
based on 1 meter

Auer,
Niehaus

bacteria attached to
particles of .45-10tm

falling distance 1993

2.4 5 days dark death k plus loss
due to sedimentation for

lake sediment traps
based on 1 meter

Auer,
Niehaus

bacteria attached to
particles of> l0im

falling distance 1993

12.05 <1 day coliform k in marine
water

Feacham
et al.,
1983

.4 3 days coliform k in fresh water Feacham
et al.,
1983

.285 4 days overall k at 10-12°C field study with
inoculated well

water

McFeters
et al.,
1974

1.97 5 days k of E. coli at 4-6°C field study with
stream water

McFeters
et al.,
1974

.151 5 days k of E. coli at 4-6°C lab study with
stream water

McFeters
et al.,
1974

.192 20 days k of F. coli at 0°C lab study with river
water

Mitchell,
Starzyk,

1975
.144 20 days k of E. coli at 5 °C lab study with river

water
Mitchell,
Starzyk,

1975
.256 20 days k of E. coli at 10 °C lab study with river

water
Mitchell,
Starzyk,

1975



Table A3.1 Continued.
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.288 20 days k of E. coli at 20 °C lab study with river
water

Mitchell,
Starzyk,

1975
1.45 14 days k of fecal coliforms at lab study with storm Geldreich

20°C water runoff , et al.,
1968

.246 14 days k of fecal coliforms at lab study with storm Geldreich
10°C water , et al.,

1968
.227 k of fecal coliforms at lab study with storm Geldreich

20°C water runoff , Keimer,
1975

1.354 k of fecal coliforms at lab study with storm Geidreich
10°C water runoff , Kenner,

1975
.217 10 days k of E. coli at 20 °C and

0% seawater
lab study with BOD

dilution water
Hanes,

Fragola,
1967

.274 10 days k of E. coli at 20 °C and
33% seawater

lab study with BOD
dilution water

Hanes,
Fragola,

1967
.774 10 days k of E. coli at 20 °C and

67% seawater
lab study with BOD

dilution water
Hanes,

Fragola,
1967

1.332 10 days k of E. coli at 20 °C and
100% seawater

lab study with BOD
dilution water

Hanes,
Fragola,

1967
.32 35 days k of E. coli seawater study using

multiple sources
Orlob,
1956

.96 k of E. coli at 25°C seawater study using
multiple sources

Orlob,
1956

.52 k of E. coli during winter seawater study using
multiple sources

Or][ob,
1956

.85 k of E. coli during spring seawater study using
multiple sources

Oriob,
1956

1.0 k of E. coli during
summer

seawater study using
multiple sources

Orlob,
1956

.67 k of E. coli at 14°C seawater study using
multisle sources

Orlob,
1956
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3.1.3 Irradiance

Solar radiation is probably the single most important factor in determining

fecal coliform die-off in surface waters (Wilkinson, et al., 1995). Several authors

have quantified the effect of radiation by the use of a constant coupled with

irradiation level. Auer and Niehaus (1993) determined that k due to irradiation (k1)

for bacteria in water was equal to aT, where a is a proportionality constant equal to

.00824cm2ca1' and I is the average irradiance expressed in cal*cm2/day. That is,

k = 0.73 + .008241

where the first term is the 'dark death' k and the latter the portion of k due to solar

radiation. Other authors have found similar relationships with various a values.

The effect of sunlight is less pronounced in heavily contaminated or turbid water;

dissolved organics and attenuation with water depth can also mitigate the effects on

bacteria (Davies and Evison, 1991).

3.1.4 Temperature

Temperature is considered to be an important determinant of bacteria

growth and survival. E. co/i, which makes up approximately 90% of the fecal

coliform group, grows optimally at 37°C and is able to tolerate higher

temperatures. Nevertheless, for both clean and sewage-contaminated water, k has

been found to go up (i.e., quicker die-off) as temperature increases in the range 0-
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30°C. Alexander and Koretsky (1995) found that under laboratory conditions

concentrations of E. coli varied significantly over a 4-day period with temperatures

in the range 4 to 23°C. In this case die-off was most severe at 23°C, and negligible

at 4°C. Results of some temperature studies have been inconclusive. Auer and

Niehhaus (1993) found no statistical correlation between temperature and coliform

die-off in the range of 10-35°C. Geidreich in two different studies (1968 & 1975,

see Table 1) found opposite trends for the die-off/temperature relationship. There

are several possible explanations for these results. Quicker depletion of nutrients at

higher temperatures can shorten the overall life of bacteria in a system even though

they grow faster initially. Predators may be more active at higher temperatures.

Effects of toxic substances present in the water may be more pronounced at higher

temperatures. In addition, especially in the field, greater growth due to higher

temperatures can be offset by increased die-off from solar radiation. Lastly,

depending upon environmental conditions, bacteria can enter the viable but not

culturable growth phase ('VBNC', see below).

3.1.5 Availability of Substrate and Nutrients

Nutrients dissolved in water have been found to decrease the loss

coefficient (k) for E. coli (Milne, et al, 1991). Bacteria which attach to particles

exhibit significantly longer life than free-floating organisms, and in some cases

grow (i.e., die-off coefficient is negative (Struck, 1988, others). This has been

correlated with, among other things, the availability of organic carbon and nutrients
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on/in the particles, and the organisms' increased ability to access nutrients from the

particle (Shiaris et al, 1987; Davies et al., 1995; Kay and Fricker, 1997).

3.1.6 Salinity

All other things equal, bacteria survive longer in fresh water than in salt

water. Alexander and Koretsky (1995) found significant survival rate differences

between E coli growing in salt and fresh water after a period of one day. Table 1

shows a number of authors reporting increased k values (i.e., quicker die-off) as

salinity increases.

It should be noted that like most factors influencing die-off, the effects of salinity

can confound with other factors producing ambiguous results. Higher salinity

water increases the likelihood of particle/bacteria flocculation. Since particle-

bound bacteria have a much greater chance of survival (see below) this can mitigate

to some extent the bactericidal effects of greater salinity.

Frequently modeling efforts consider microorganisms which have settled

out on the bottom of stream beds to be removed from the system; i.e., a settling-out

coefficient is included in the overall die-off rate k (Auer, Niehaus 1993; Wilkinson,

et al., 1995). This approach is somewhat misleading in predicting water quality as

it is well documented that enteric microorganisms can live and reproduce in

sediments, to be resuspended into the water column at a later time (Wieskel, et al.,

1996; Sherer, et al., 1988; Wilkinson, et al., 1995).
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3.1.7 Bacterial Growth Stages

Coliforms released into the environment may be stressed into one of several

stages of bacterial growth, some of which are not culturable. VBNC (viable but not

cultural) bacteria live but are not detected by methods which require culturing such

as the membrane filtration and MPN methods. This is shown graphically in Fig. 2

(Roszak and Colwell, 1987). In addition, previously stressed bacteria have

demonstrated the ability to survive what are typically deadly conditions for non-

stressed organisms. Benjamin and Datta (1995) found tolerance to acid to vary by

a factor of three for a strain of E. coli depending upon in what stage of the bacterial

growth curve the bacteria resided. Munro et al. (1987) found that E. Coli which had

been 'conditioned' in seawater experienced lower die-off in subsequent

experiments than unconditioned E. Coli exposed to seawater. Under these

circumstances, modeling and even counting of coliforms in the field can be subject

to various interpretations. The first-order model described earlier is commonly

used to express die-off however Moore and Crane (1986) proposed a two-stage

model which matched a number of data sets and which resembles the declining and

survival stages of the typical bacterial growth curve. This is expressed by

Ct C0 * for O<t <ta
Ct C0 * e +k2)lt for ta < t

C = bacterial concentration
k1, k2 = overall first-order loss coefficients (d') which apply at different

times for a bacterial population; e.g., following a period of stress
with the stress removed at time ta

t = time (d)
ta = the point in time where the influence of k2 begins




