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Abstract Escherichia coli can persist in streambed
sediments and influence water quality monitoring pro-
grams through their resuspension into overlying waters.
This study examined the spatial patterns in E. coli con-
centration and population structure within streambed
morphological features during baseflow and following
stormflow to inform sampling strategies for representa-
tive characterization of E. coli populations within a
stream reach. E. coli concentrations in bed sediments
were significantly different (p=0.002) among monitor-
ing sites during baseflow, and significant interactive
effects (p=0.002) occurred among monitoring sites and
morphological features following stormflow. Least abso-
lute shrinkage and selection operator (LASSO) regression
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revealed that water velocity and effective particle size
(Do) explained E. coli concentration during baseflow,
whereas sediment organic carbon, water velocity and
median particle diameter (Dso) were important explana-
tory variables following stormflow. Principle Coordinate
Analysis illustrated the site-scale differences in sediment
E. coli populations between disconnected stream seg-
ments. Also, E. coli populations were similar among
depositional features within a reach, but differed in rela-
tion to high velocity features (e.g., riffles). Canonical
correspondence analysis resolved that E. coli population
structure was primarily explained by spatial (26.9-
31.7 %) over environmental variables (9.2-13.1 %). Spa-
tial autocorrelation existed among monitoring sites and
morphological features for both sampling events, and
gradients in mean particle diameter and water velocity
influenced E. coli population structure for the baseflow
and stormflow sampling events, respectively. Represen-
tative characterization of streambed E. coli requires sam-
pling of depositional and high velocity environments to
accommodate strain selectivity among these features ow-
ing to sediment and water velocity heterogeneity.

Keywords E. coli - Sediment - Fluvial morphology -
Sampling design - Clonal population

Introduction
Fecal contamination of water resources introduces en-

teric pathogens, which can be subsequently transmitted
to human populations through recreational exposure
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and consumption of inadequately processed drinking
water or irrigated food crops (Solomon et al. 2002;
Reynolds et al. 2008; Yoder et al. 2008). Escherichia
coli is the most commonly used fecal indicator bacte-
rium (FIB) for monitoring freshwater resources, where
it is assumed to have high fecal specificity and exhibit
similar environmental fate and transport to fecal path-
ogens (Tallon et al. 2005). E. coli remains the primary
FIB for water quality monitoring programs and for
simulating microbial dynamics in deterministic water-
shed models, such as SWAT and WATFLOOD (Dorner
et al. 2006; Kim et al. 2010). However, the appropri-
ateness of E. coli as a FIB has been questioned given
recent evidence that E. coli is capable of long-term
persistence in forest soils, beach sands and freshwater
sediments (Ishii et al. 2006; Whitman et al. 2006; Ishii
et al. 2007; Halliday and Gast 2011). Recognition of
persistent sediment-borne E. coli in watershed models
through process-based representations of particle set-
tling and resuspension has improved the efficacy of
model simulations (Rehmann and Soupir 2009; Pandey
et al. 2012).

Uncertainty in predicted stream water E. coli con-
centrations using these models has been attributed in
part to uncertainty in E. coli concentrations within
stream sediments, which can vary by several orders
of magnitude (Cho et al. 2010; Kim et al. 2010).
Although sediment E. coli concentration is an impor-
tant parameter when modeling waterborne E. coli, and
attempts have been made to model temporal variability
in sediment E. coli concentrations (Kim et al. 2010),
sediment sampling programs for model parameteriza-
tion often do not consider the potential spatial variabil-
ity possible within a stream reach. Single or composite
grab samples are typically taken at the point of water
collection, which is to represent the concentrations and
population structure of sediment-borne E. coli along
the investigated stream reach (Rehmann and Soupir
2009; Ouattara et al. 2011; Yakirevich et al. 2013).
Fluvial sediments are characterized by considerable
spatial heterogeneity in sediment properties brought
about by differential patterns in water velocity and
shear stress (Gordon et al. 2004). Since elevated con-
centrations of organic matter and percentages of silt
and clay affect the environmental persistence of E. coli
(Burton et al. 1987; Davies et al. 1995; Craig et al.
2004; Haller et al. 2009; Garzio-Hadzick et al. 2010),
spatial variation in sediment E. coli concentrations may
exist along a stream reach and lead to uncertainty in
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monitoring and modeling programs designed to link
sediment- and waterborne E. coli. Greater under-
standing of the spatial variability existing in sedi-
ment E. coli concentrations could improve model
performance by incorporating representative estimates
of E. coli concentration within a stream reach. Model
performance has been improved by incorporating
spatial heterogeneity in particle properties (Pandey
et al. 2012), and better representation of sediment
E. coli concentrations may further improve model
performance.

Another important consideration in modeling E. coli
distribution is the potential for persistent sediment E.
coli to dominate the microbial budget of waterborne E.
coli in streams (Kim et al. 2010). Previous studies have
attempted to associate sediment-borne E. coli popula-
tions to waterborne E. coli strains in an effort to link
persistent E. coli strains to water quality impairment,
often concluding that high variability in sediment and
waterborne E. coli populations limited study outcomes
(Kinzelman et al. 2004; Lu et al. 2004; Wu et al. 2009).
In these studies, sediment sampling occurred at the
point of water collection without consideration of pos-
sible spatial variability in E. coli population structure
within the stream reach. Strain-dependent variability
in the response of E. coli to environmental conditions
has been demonstrated previously (Topp et al. 2003;
Anderson et al. 2005; Pachepsky et al. 2008). Failure
to represent the spatial variability inherent in a source
population can affect confidence in source assign-
ment of waterborne E. coli (Lu et al. 2004; Johnson
et al. 2004). Insight into the spatial patterns of E. coli
populations within streambed sediments would aid in
guiding sampling design for studies aiming to relate
clonal E. coli populations in sediments to waterborne
E. coli strains.

The present study evaluated the influence of sedi-
ment properties and streambed geomorphology on the
concentration and population structure of sediment-
borne E. coli in a stream draining a rural, mixed-use
watershed. The objectives of the study were to: (1)
assess differences in E. coli populations among water-
shed monitoring sites and streambed morphological
features; (2) examine the degree to which spatial and
environmental variables explain streambed E. coli pop-
ulation variability; and (3) assess the stability of the
observed spatial patterns during baseflow and follow-
ing stormflow. This information was required to help
design future studies examining temporal alterations in
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streambed strain composition and the relationship be-
tween sediment and waterborne E. coli.

Material and methods
Site description and sampling design

Sampling was conducted in the Thomas Brook Water-
shed (TBW), which is part of Agriculture and Agri-
Food Canada’s Watershed Evaluation of Beneficial
Management Practices (WEBs) program, located in
the Annapolis Valley of Nova Scotia. The soils of the
TBW are predominantly sandy loam textured Humo-
Ferric Podzols (CSSC), and the area experiences aver-
age annual precipitation and temperatures of 1211 mm
and 6.9 °C, respectively (Environment Canada 2013).
Previous studies have concluded that high surface wa-
ter E. coli levels are a critical water quality issue in this
watershed (Jamieson et al. 2003; Sinclair et al. 2008).
Three stream reaches located downstream from perma-
nent monitoring locations (Sites 2, 3 and 4) were se-
lected for study: Site 2 is downstream from a large
dairy operation; Site 3 is influenced by low-density
residential development; and Site 4 is in a mixed land-
use area downstream from both Sites 2 and 3 (Fig. 1). At
each stream reach, five morphological features were
identified at stream meanders (point bars and bank
scours), pool-riffle sequences and straight segments
(i.e., runs). Each stream reach was sampled in the fol-
lowing order: riffle, pool, point bar, bank scour and run
(Fig. 2).

At each morphological feature, triplicate sediment
samples (200-300 g) were retrieved from the sedi-
ment-water interface (0 to 5 cm depth) using a lever-
action grab sampler with a 950-cm® bucket that was
rinsed with stream water between each sample. The
retrieved samples were stored at 4 °C and cultured
for E. coli within 24 h of collection. Geographic co-
ordinates of each sample location were obtained with
a HiPerGa GPS system (Topcon Positioning Systems
Inc., Livermore, CA, USA) for use in spatial statistics.
Flow velocity was measured at each feature using a
FlowTracker Acoustic Doppler Velocimeter (SonTek/YSI,
San Diego, CA, USA). Channel geometry and water
velocity are summarized for each sampling site and event
in Table 1.

Duplicate sampling events were conducted to assess
the stability of the observed spatial structure. The first

sampling event occurred in August 2010 during a
period of prolonged baseflow (~2 weeks), and the
second event was conducted in September 2010, 3 days
following a storm event (40 mm over 24 h) that lead to
a 5- to 8-fold increase in discharge in the investigated
reaches. Previous storm hydrographs measured on
Thomas Brook indicate stormflow recession occurs
within 24 to 48 h following a precipitation event.
Sampling 3 days following the storm event ensured
that no significant sediment redistribution was occur-
ring at the time of sampling.

E. coli enumeration and isolation

Sediment E. coli concentration was measured using
membrane filtration. Prior to analysis, sediment samples
were sieved (2.38 mm, No. 8; W.S. Tyler, St. Catherines,
ON, Canada) to remove coarse particles and homoge-
nize the samples. Twenty grams of the <2.38 mm frac-
tion were resuspended in 180 ml of sterile peptone—
saline (0.1 % peptone, 0.85 % NaCl) by handshaking
for 60 s. The supernatant was collected after a settling
time of 10 min, filtered through 0.45-pm cellulose-nitrate
membranes (Whatman Laboratory Division, Maidstone,
England), and incubated on mFC basal media sup-
plemented with 3-bromo-4-chloro-5-indolyl-3-glu-
copyranoside (BCIG; Inverness Medical, Ottawa, ON,
Canada) for 2 h at 35 °C, then overnight at 44.5 °C.
Distinctly separate, blue E. coli colonies were counted
and converted to concentration per dry weight of sedi-
ment. Presumptive E. coli were purified on Sorbitol-
MacConkey agar (Oxoid, Ltd., Hampshire, England)
and confirmed as E. coli through enzymatic (DMACA
Indole; Difco Laboratories, Sparks, MD, USA) and
molecular procedures described below. Prior to DNA
extraction, indole-positive isolates were cultured in tryp-
tic soy broth (TSB; Difco Laboratories) at 37 °C for
24 h. Twelve E. coli isolates were taken from each
replicate sample of the morphological features, yielding
36 isolates per morphological feature per site. This
generated a total of 540 isolates for each sampling event
and a total of 1080 isolates.

DNA extraction and genetic analysis
DNA was extracted from the broth cultures using
prepGEM Bacteria DNA kits (ZyGEM Corporation,

Ltd., Hamilton, New Zealand) following manufacturer’s
protocols. Each isolate was genetically identified as E.
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Fig. 1 Plan view of the Thomas Brook Watershed (Somerset, Nova Scotia, Canada) illustrating the location of permanent monitoring

sites and associated land uses

coli through the phylogenetic grouping procedure de-
veloped by Clermont et al. (2000), which assigns iso-
lates to one of four phylogenetic groups based on the
presence of three target genes. Amplification conditions
described by Clermont et al. (2000) were used, except
the denaturation time was extended to 10 s and the
annealing and extension time was extended to 15 s to
consistently amplify all three bands in the control strain
E. coli ATCC 25922. Strain typing was performed using
repetitive element palindromic (rep)-PCR using BOX
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A1R primers (BOX-PCR), following protocols reported
by Rademaker et al. (2004). Polyacrylamide gel electro-
phoresis was used, with 3.5 % gels run at 7.5 V/cm for
195 min. E. coli strain ATCC 25922 was used as a
positive control for intergel comparison, and AmpliSize
Molecular Ruler (50-2000 bp; Bio-Rad, Hercules, CA,
USA) was used as a size standard. The PAGE gels were
stained with ethidium bromide and imaged using an
ImageMaster VDS-CL documentation system (Amersham
Pharmacia Biotech, Inc., UK).
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Fig. 2 Generalized sche-
matic representing the study
stream reaches, denoting
morphological features sam-
pled and sampling sequence
(riffle to run)

Computer-assisted image analysis and cluster
assignment

BOX-PCR images were analyzed with GeneTools soft-
ware (Syngene Ltd., Frederick, MD, USA). Band
matching was performed using the rolling disk method

Riffle

Thalweg

Point Bar

Bank Scour

Point Bar

Sample
Location

Run

for background subtraction and band sizes between 50
and 2,000 bp were used in subsequent cluster analysis.
Cluster analysis was performed with GeneDirectory
software (Syngene Ltd.) through unweighted pair
group method with arithmetic mean (UPGMA), using
the Dice coefficient of similarity and a 1 % threshold.
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Table 1 Land use, channel properties and discharge for the monitoring sites studied in the Thomas Brook Watershed, NS, Canada

Stream Primary Geometric mean Minimum Maximum Cross-sectional Median particle
reach  land use discharge, discharge, discharge, dimensions [width diameter (pum)
2010 (m’/s) 2010 (m’/s) 2010 (m%/s) (m)xdepth (m)]
Baseflow Post- Baseflow Post-
stormflow stormflow

Site 2 Agricultural 0.022 0.005 0.504 1.9x0.46 2.2x0.51 168 116
Site 3  Residential 0.036 0.009 0.503 1.7x0.12  1.7x0.14 2,120 829
Site 4 Mixed 0.094 0.016 2.498 2.1x0.09 2.5x0.11 1,866 631

Values represent the discharge and channel properties at the run morphological features. The geometric mean, minimum and maximum

discharges are only for the year the study occurred (2010)

Isolates exhibiting >90 % similarity were classified as
clonal strains.

Sediment analyses

The >2.38-mm sieved fraction was combined with the
sieved material (<2.38 mm) for determining particle size
distribution (PSD). The reconstituted sample was dried
at 105 °C for 24 h and mechanically sieved to determine
mass distributions for particle classes between 6 and
0.25 mm. For samples where the <0.25-mm fraction
was >10 % of the total dry mass of the sediment, a laser
in situ scanning and transmissometer (LISST-100X;
Sequoia Scientific Inc., Bellevue, WA, USA) was used
to determine the PSD between 0.0025 and 0.25 mm.
Here, approximately 100 mg of the <0.25-mm sediment
was dispersed in 10 ml of 5 % hexametaphosphate
solution, diluted with 110 ml deionized water in the
LISST-100X mixing chamber attachment, and analyzed
for 30 repetitions. Particle size concentrations were
converted to proportions by dividing the average for
each class by the sum of all classes. The mass of each
class was calculated by multiplying the class proportion
with the final mass of the <0.25-mm sieve fraction. All
mass data were combined and particle size properties
were calculated with GRADISTAT software (version
4.0; Blott and Pye 2001). The calculated values in-
cluded geometric mean diameter, sorting, percent sand
(>0.063 mm), percent silt/clay (<0.063 mm), D755
(ratio of interquartile particle diameters), median particle
diameter (Dsg) and effective particle size (D;), where
10 % of the particles in that sample (by weight) are
of a smaller diameter. Organic carbon concentration
was determined by the dichromate redox titration
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method outlined by Skjemstad and Baldock (2008).
Approximately 1 g of dry sediment from the <0.25-mm
sample was used in the analysis.

Statistical analysis of E. coli concentrations

The significance of spatial location on sediment E. coli
concentration was assessed using two-way analysis of
variance (ANOVA) in SigmaPlot (version 11.0; SYSTAT
Software Inc., Chicago, IL, USA), where monitoring site
and morphological feature served as the main factors.
Tukey’s test was used for post-hoc determination of
significant differences (p<0.05) among factors. Prior to
analysis, E. coli concentrations were computed per gram
of wet weight sediment and log transformed. Least abso-
lute shrinkage and selection operator (LASSO) regres-
sion was performed in MATLAB (Version 2012a; The
MathWorks Inc., Natick, MA, USA) to determine the
environmental variables that explained sediment E. coli
concentration. LASSO regression was performed on nor-
malized variables to examine the relative effect of the
variables by removing measurement scale, and the model
chosen had the lowest mean squared error calculated
through 10-fold cross-validation.

Richness and similarity of E. coli populations in stream
morphological features

The richness of E. coli strains observed the stream mor-
phological features was estimated through rarefaction
procedures described by Lu et al. (2005). Rarefaction
curves were generated through the freeware program
Analytical Rarefaction 1.3, available at http://www.uga.
edu/strata/software/. The rarefaction curves were plotted
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in SigmaPlot (v11.0; Systat Software Inc.), and the as-
ymptotes were estimated using a one-site saturation li-
gand model. The asymptote (V,,,x) estimates the strain
richness at sampling saturation, and the Ky value esti-
mates the number of isolates required to capture 50 % of
the estimated richness. All isolates obtained from each
morphological feature (n=36) were used to build the
rarefaction curves.

Principle coordinates analysis (PCoA) was conducted
in PAST (version 2.11; Hammer et al. 2001) software to
visualize similarities in E. coli population structure
existing among monitoring sites and fluvial features.
The intent of this analysis was to visualize patterns of
E. coli population similarity based on the monitoring
sites and streambed morphological features. Ordinations
were generated using Euclidean distances on Hellinger
transformed abundance data (Legendre and Gallagher
2001). All isolates (n=36) obtained from each fluvial
feature were composited to aid in visualization, and a
transformation exponent of 4 was chosen.

Variation partitioning between spatial
and environmental variables

Variation partitioning was used to inform whether
clonal E. coli populations exhibit spatial clustering or
random distribution in the streambed, and identify
whether these distributions result from responses to
environmental and/or spatial gradients. Spatial explan-
atory variables [S] were produced using topological-
based Moran’s eigenvector maps, generated from the
MATLAB code produced and distributed by Griffith
and Peres-Neto (2006). All of the listed PSD proper-
ties, organic carbon and water velocity were used as
environmental explanatory variables [E]. Partial ca-
nonical correspondence analysis (pCCA) was used to
evaluate the influence of environmental variables in
the absence of spatial autocorrelation [E|S], and the
influence of spatial location without the influence of
environmental gradients [S|E]. These analyses were
performed using CANOCO Software (version 4.5;
Plant Research International, Wageningen, The Neth-
erlands). For all analyses, biplot scaling was used
focusing on inter-sample differences, and rare species
were downweighted. Automatic selection of variables
was conducted using 999 unrestricted Monte Carlo
permutations. For pCCA analysis of environmental
variables, only significant (p<0.05) spatial variables

were used as covariables to retain high analytical pow-
er (Peres-Neto and Legendre 2010).

Results

Influence of sampling site and fluvial morphology
on E. coli concentration

For the baseflow sampling event, sediment E. coli
concentrations among the fluvial morphological fea-
tures were not significantly different (p=0.0697), but
varied significantly among monitoring sites (p=0.002)
(Fig. 3a). Following the storm event, E. coli concen-
tration exhibited significant interactions (p=0.002) in-
dicating that differences among morphological fea-
tures varied by site. High sediment E. coli concentra-
tions existed in the pools following stormflow, where it
was highest at Sites 3 and 4, and second highest at Site
2 (Fig. 3b). Overall, sediment E. coli concentrations
were greater at all sites after the September storm
event compared to the August baseflow sampling.

LASSO regression with normalized variables was
used to determine the relative influence of environ-
mental factors on sediment E. coli concentrations in
the absence of measurement scale. The resultant beta
coefficients demonstrate the magnitude of change in
sediment E. coli given one standard deviation change
in the predictor variable within the system studied, and
should not be interpreted as broadly applicable regres-
sion coefficients. During baseflow, sediment E. coli
concentrations were observed to be influenced by wa-
ter velocity and effective particle size (Do) according
to the following equation:

In (CFU / g)

= 4.573-0.0915(D1)—0.2745(Velocity)

Both variables have negative beta coefficients,
suggesting that lower effective particle size (D) and
velocity are associated with higher sediment £. coli con-
centrations. Velocity had a greater influence on sediment
E. coli concentrations than texture during baseflow,
according to the magnitude of the beta coefficients.

Following stormflow, organic carbon, water veloc-
ity and median particle diameter (Dso) were included in
the regression equation:
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Fig. 3 Average sediment E. coli concentration (In CFU/g) col-
lected within fluvial morphological features sampled at each
stream reach for the: a baseflow sampling event and b post-

1n(CFU / g) — 6.6797 + 0.4837(0rgC)—0.1839(Dso)
—0.3224(Velocity)

Similar to baseflow, sediment texture and velocity
are negatively associated with sediment E. coli con-
centrations, with velocity exhibiting greater influence
than texture. Organic carbon is positively associated
with E. coli concentrations, suggesting that higher
organic carbon is associated with higher E. coli con-
centrations. Furthermore, organic carbon appears to
exhibit a greater relative effect on E. coli concentration
than velocity and sediment texture. Average values of
the sediment variables and velocity for both baseflow
and stormflow are included in the Online Resources.

E. coli strain similarity among sites and morphological
features

Repetitive element analysis (BOX-PCR) separated the
1080 E. coli isolates into 274 genotypes, with 82
genotypes uniquely identified during baseflow, 121
genotypes uniquely identified following stormflow,
and 71 genotypes present on both sampling occasions.
High diversity in E. coli genotypes was observed in the
sediments studied. During baseflow, runs and bank
scours exhibited the highest estimated E. coli genotype
richness, followed by point bars, pools, and then riffles
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stormflow sampling event. From /eft to right, the grayscale bars
indicate point bar, bank scour, pool, riffle and run for all group-
ings. Error bars represent standard deviation (n=3)

(Table 2). The sampling effort required to characterize
50 % of the total genotypes present ranged from 41 to
100 isolates (Table 2). Following stormflow, all mor-
phological features demonstrated an increase in the
number of estimated genotypes present, ranging from
88 to 107 genotypes (Table 2). The sampling effort
required to characterize 50 % of the total strains also
increased, ranging from 93 to 105 isolates. Within a
stream reach, assuming a composite sample of mor-
phological features is obtained, the number of geno-
types present was 55 to 77 genotypes during baseflow,
increasing to 79 to 117 genotypes following stormflow
(Table 2). The sampling effort required to characterize
50 % of the genotypes in a stream reach was 58 to 83
isolates during baseflow, and 77 to 122 isolates follow-
ing stormflow.

E. coli population similarity among the sites and
stream morphological features was visualized with
PCoA. For the baseflow event, coordinates 1 and 2
explained 32.9 % and 14.7 % of the variance, respec-
tively (Fig. 4). Samples from Sites 2 and 4 demonstrat-
ed clustering indicating higher population similarity,
whereas samples from Site 3 were dissimilar on the
basis of their distance from Sites 2 and 4 in the PCoA
ordination. A common spatial pattern was evident
among all sites, where populations associated with point
bars, bank scour and pools exhibited similarity, whereas
riffles exhibited a lower degree of similarity (i.e., greater
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Table 2 Estimated genotype richness and the number of isolates required to detect 50 % of the estimated genotypes separated by

baseflow and post-stormflow sampling periods

Location Baseflow

Post-stormflow

Estimated genotype

No. isolates to detect

Estimated genotype No. isolates to detect 50 %

richness 50 % of genotypes richness of genotypes

Morphological feature

Point bar 68 (£10) 76 (+14) 97 (£30) 95 (31)

Bank scour 72 (£5) 77 (£8) 99 (+49) 102 (+47)

Pool 57 (£10) 61 (9) 88 (£14) 93 (£7)

Riffle 37 (+7) 41 (&5) 107 (+37) 105 (+37)

Run 96 (+48) 100 (+48) 91 (15) 95 (+24)
Stream reach

Site 2 55 (+15) 58 (£14) 93 (£20) 94 (£19)

Site 3 77 (+43) 83 (+41) 79 (£17) 78 (18)

Site 4 66 (£19) 72 (£22) 117 (£34) 122 (£27)

Values presented are for each morphological feature, as the average across stream reaches, and for each stream reach, as the average
across the morphological features. Standard deviations are in parentheses

multivariate distance) to other morphological features.
The likeness of E. coli populations found in runs varied,
as these populations were similar to the riffles at Site 2,
depositional environments (i.e., pools and point bars) at
Site 4, and dissimilar to all features at Site 3.
Following stormflow, coordinates 1 and 2 explained
33.0 % and 22.4 % of the E. coli population variance,
respectively (Fig. 5). A similar spatial structure to the

baseflow event was observed, where Sites 2 and 4
showed greater population similarity compared with
Site 3, and the depositional areas exhibited a high
degree of similarity. However, streambed features char-
acterized by higher velocities tended to cluster together,
particularly at Site 3, where populations at the bank
scour, riffle and runs exhibited higher similarity. Bank
scours at Sites 2 and 4 showed less similarity to the

Fig. 4 Principle coordinate
analysis ordination diagram +s
to explain variations in the E. 0.32 1
coli community composition
for the baseflow sampling 0.24 1
event. Black circles repre-
sent Site 2, crosses denote 0.16 1 DS
Site 3 and open boxes indi- 9 Pb
: : ™~ i Bs @ O
cate Site 4. Morphological < 0.08 o p
features: Pb point bars, Bs g* +5 pO® [
Bs
bank scours, P pools, R for o 0.0
riffles, S runs % +Pb o o
8 -0.08 S
-0.16 A
+Bs O R
-0.24
+r
-0.32 A
-0.4 i i i i i . . .
-0.5 0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Coordinate 1 (32.9%)
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Fig. 5 Principle coordinate

analysis ordination diagram 0.8 1 Pb
to explain variations in the E.
coli community composition 0.641 + +Bs
for the post-stormflow sam- P +S
pling event. Black circles 0.48 +R
represent Site 2, crosses de-
note Site 3 and open boxes 0.324
indicate Site 4. Morphologi- =
cal features: Pb point bars, Q_ 0.16
Bs bank scours, P pools, R N
riffles, S runs & 00- DPb S
g i
© g
% 0.16+ P
S o o
o Bs P
-0.321 o
0.48 . .o
-0.64 B® R
-OI.8 -(I).6 -(I).4 -IO.2 OI.O 0I.2 0I.4 OI.G OI.8

depositional areas than was observed during baseflow.
The riffles of Sites 2 and 4 still clustered together, along
with the run of Site 2. The run at Site 4 clustered with the
depositional areas, similar to the baseflow event. Over-
all, other than differences in the bank scour feature, the
spatial structure among the sites appeared relatively
consistent between the sampling events.

Variation partitioning to determine the influence
of spatial and environmental variables on E. coli
populations

For both sample events, spatial variables explained a
greater proportion of variance in E. coli population
structure than environmental variables, with spatial
eigenvectors [S] explaining 26.9 % of the population
variance during baseflow and 31.7 % following stormflow
(Table 3). Comparatively, environmental variables [E]
explained 9.2 % of the variance during baseflow and
13.1 % of the variance following stormflow. Variance in
E. coli population structure explained jointly by environ-
mental and spatial variables [ENS] was relatively low both
for baseflow (1.8 %) and following stormflow (2.9 %),
suggesting low spatial structuring of the environmental
variables according to the spatial eigenvectors included in
the analysis. The residual, or unexplained, variance [R] is
63.9 % during baseflow and 55.2 % following stormflow,
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Coordinate 1 (33.0%)

Table 3 Partitioned variance among environmental and spatial
variables on E. coli strain composition during baseflow and
following a stormflow event in an agricultural watershed

Fraction® Explained Significant
variance (%) variables (p value)
Baseflow
[S] 26.9
[SIE] 25.1 ME-2 (0.002)
ME-10 (0.026)
[E] 9.2
[E|S] 7.6 Mean diameter (0.037)
[ENS] 1.8
[R] 63.9
Post-Stormflow
[S] 31.7
[SIE] 28.8 ME-2 (0.026)
ME-7 (0.043)
[E] 13.1
[E|S] 10.2 Velocity (0.025)
[ENS] 2.9
[R] 55.2

ME Moran’s eigenvector

2[S], [SIE] is spatial variance after environmental variance is
removed, [E£] is the environmental variance, [E]S] is the environ-
mental variance after significant spatial autocorrelation is re-
moved, [ENS] is the combined environmental and spatial vari-
ance, [R] is the residual variance
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indicating that variables other than those modeled greatly
influenced E. coli population structure.

A total of 26 Moran's eigenvectors with positive
eigenvalues were produced through spatial analysis.
For the baseflow event, spatial partial canonical coor-
dinates analysis (pCCA) [S|E] revealed that Moran’s
eigenvectors 2 (ME-2) and 10 (ME-10) were signifi-
cant in explaining strain variation. Comparatively, ME-
2 and ME-7 explained E. coli strain variation following
stormflow. Plots of these eigenvectors suggest that
ME-2 represents spatial autocorrelation, or clustering,
based on site location, and ME-7 and ME-10 represent
spatial autocorrelation according to morphological fea-
tures (Online Resources). Environmental pCCA [E]S]
revealed that mean particle diameter (p=0.037) and
water velocity (p=0.025) explained the variance in E.
coli population structure during baseflow and follow-
ing stormflow, respectively.

Discussion

Influence of sampling site, morphological feature
and environmental variables on E. coli concentration

The observed differences in sediment E. coli concentra-
tions among sampling sites, and the higher concentra-
tion of E. coli following stormflow, are likely associated
with variable fecal loading into the stream system af-
fected by upstream land use. Sinclair et al. (2008), in
examining the same watershed, found that waterborne
bacterial loading was highest in subcatchments contain-
ing livestock operations (i.e., Site 2), and increased
throughout the growing season and during stormflow
events. Likewise, waterborne E. coli concentrations
have been reported to be greater during stormflow events
and adjacent to livestock operations in other studies
(McKergow and Davies-Colley 2010; Pachepsky and
Shelton 2011).

During prolonged baseflow, E. coli concentrations
were different among sites, but not among morpholog-
ical features within a stream reach. This result is surpris-
ing considering that water velocity and effective particle
size (Do) were identified as important predictors in the
LASSO regression equation, and that morphological
features are defined by sediment textural differences
brought about by differential velocity and shear stress
distributions (Charlton 2008). Heterogeneity in sedi-
ment texture within the morphological features could

explain the non-significant difference among morpho-
logical features. For example, Powell (1998) reported
sediment fining from the head to tail of depositional
bars, indicating textural difference within the same mor-
phological feature. Although sediment properties were
different among morphological features (Online Re-
sources), considerable variability was observed within
the samples retrieved.

Following stormflow, sediment E. coli concentra-
tions were variable among the morphological features
depending on the stream reach, although pools exhibited
high E. coli concentrations at each site. Higher deposi-
tion in pools is expected since these features are charac-
terized by lower velocity and settling of finer particles,
which are in turn associated with greater E. coli attach-
ment (Oliver et al. 2007). Similar to baseflow, water
velocity and sediment texture (Ds) explained variance
in sediment E. coli concentrations, but organic matter
had greater relative influence on E. coli concentrations
than both velocity and texture. The importance of or-
ganic matter following stormflow, but not during
baseflow, supports the postulation of Pachepsky and
Shelton (2011) that sediment E. coli concentrations are
positively associated with organic matter following run-
off events as bacteria enter the stream together with an
influx of fecal organic matter, whereas organic produc-
tion during baseflow is disassociated with aboveground
inputs. In this study, sediment organic carbon concen-
trations were higher following stormflow than during
baseflow (Online Resources), reflecting the possibility
of runoff inputs.

Sediment textural differences reflect velocity and
shear stress distributions within a stream reach. In our
study, finer sediments (lower D;( and Dso) were asso-
ciated with higher E. coli concentrations. The signifi-
cance of median particle diameter and effective particle
size on E. coli numbers as opposed to explicit percent-
ages of silt and clay is in contrast to other studies that
relate silt—clay percentage to sediment E. coli concen-
tration (Haller et al. 2009; Garzio-Hadzick et al.,
2010). High E. coli concentrations have been previ-
ously observed in fine sand sediments (Cinotto 2005),
which may reflect greater nutrient exchange via
hyphoreic flow in the pore space of sandy sediments
(Grant et al. 2011).

Although sediment texture and organic matter in-
fluence E. coli persistence in sediments, there appears
to be no significant relationship between E. coli con-
centrations and fluvial morphological features during
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baseflow. The lack of statistical relationship could result
from sediment heterogeneity and, consequently, statisti-
cal homogenization of E. coli persistence within a
stream reach. Spatial structuring of E. coli concentration
among morphological features within a stream reach
only appears to be relevant following stormflow events,
where recent inputs and limited die-off have occurred.
Adequate characterization of sediment E. coli concen-
trations for the purposes of monitoring or modeling
should capture the variability within a stream reach.
There exists a clear relationship of E. coli concentrations
to sediment properties and water velocity, but the rela-
tionship to particular streambed morphological features
is not temporally stable. Sampling programs should
focus on the collection of multiple samples of sediments
consisting of a variety of textures for representative
characterization of a reach, although targeting particular
morphological features does not appear to be necessary.

E. coli diversity and strain similarity among sites
and morphological features

Site-level differences in E. coli population structure
were observed between Sites 2 and 3, presumably due
to differences in fecal inputs: large dairy farm versus
low-density residential dwellings with on-site wastewa-
ter systems. The E. coli population at Site 4 exhibited
high similarity to Site 2, illustrating that the higher
loading of fecal inputs at Site 2 has a greater influence
on the downstream Site 4. Wu et al. (2009) also reported
a similar association of downstream waterborne E. coli
isolates with isolates from upstream sediments. Walk
et al. (2007) observed homogenous sediment E. coli
populations across sites within beach sand, suggesting
association with a well mixed waterborne population.
The association between Sites 2 and 4 could be due to
high similarity in waterborne strains owing to high fecal
loading at the upstream site, but comparison with the
waterborne E. coli population is required to support this
assertion.

Within each stream segment, greater similarity in £.
coli populations occurred among low water velocity
depositional features compared to high velocity fea-
tures. The population dissimilarity does not appear to
be a function of strain richness, as all features demon-
strated relatively consistent strain richness, other than
the riffle features during baseflow. Thus, it appears that
some characteristic of high water velocity features are
selecting for different strains within the streambed,
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possibly due to the capacity for these strains to resist
migration either through the production of, or associa-
tion with, biofilms (Droppo et al. 2009; Hirotani and
Yoshino 2010). Conversely, the selection for E. coli
strains in depositional environments could be attributed
to strain-specific differences in attachment to, and depo-
sition of, suspended particles of various sizes (Oliver
et al. 2007; Pachepsky et al. 2008). Strain-dependent
survival of E. coli strains in sediments has been reported
previously (Anderson et al. 2005). This study shows that
sediment heterogeneity along a stream reach affects
which strains persist in fluvial morphological features.

The observed spatial pattern appeared to be fairly
consistent between the two sampling events, suggesting
stability in the observed spatial structuring in terms of
certain E. coli genotypes preferentially existing in depo-
sitional features while others preferentially exist at high
velocity features. However, E. coli populations in bank
scours exhibited variability, where the populations were
similar to depositional environments during baseflow,
but not following stormflow. The similarity in bank
scour populations to depositional environments during
baseflow could result from comparable texture, as bank
scour sediments in this system are fine textured and
poorly sorted (Tables S1 and S2), or as a consequence
of dispersal from the point bar or pools, which are
located in close proximity to the bank scours. Determin-
ing the relative importance of spatial and environmental
factors in explaining E. coli population structure could
provide evidence to the dominant force affecting E. coli
populations in these environments.

Variation partitioning to determine the influence
of spatial and environmental variables on E. coli
populations

Spatial autocorrelation, or clustering, was observed
within monitoring sites on both sampling occasions
indicating that E. coli populations within each site are
more similar than among sites. In this context, spatial
autocorrelation is the degree to which E. coli genotypes
exhibit higher similarity as a function of sample dis-
tance rather than as a response to ecological gradients.
However, population similarity was also observed be-
tween Sites 2 and 4, suggesting that the site-level
autocorrelation results from the disconnected Sites 2
and 3. Indeed, ME-2, which was significant at both
sampling events, emphasizes the separation of Site 3
from Sites 2 and 4, further supporting the conjecture
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that high E. coli loading at Site 2 is contributing to the
E. coli found at the downstream Site 4. In the absence
of variance explained by environmental gradients, spa-
tial autocorrelation was observed within morphologi-
cal features, suggesting that E. coli populations within
fluvial features are more similar than populations
among features within a stream reach, perhaps due to
dispersal limitations.

Although spatial variables dominated the explained
variance, environmental gradients were also important
for structuring E. coli populations. During baseflow,
mean particle diameter was found to explain E. coli
population variance suggesting that texture selects for
different E. coli strains, possibly a result of differences
in nutrient acquisition, predation, UV damage or bio-
film association (Craig et al., 2004; Haller et al., 2009).
Following stormflow, water velocity explained E. coli
population variance, likely a result of differences in
velocity-dependent particle settling behavior among
the morphological features. Since strains vary in their
attachment to particles of various sizes (Pachepsky
et al. 2008), differential sedimentation could result in
a strain sorting effect.

The combination of spatial and environmental in-
fluences on E. coli strain composition can be explained
through ecological metacommunity theory. According
to Cottenie (2005), the combined significance of spa-
tial dependence in the absence of environmental gra-
dients [S|E] and response to environmental gradients
after the removal of spatial autocorrelation [E|S] de-
notes mass-effect, or source-sink, ecological dynamics.
For this structuring effect to occur within E. coli pop-
ulations, strains must exhibit preference for ecological
gradients and be subject to sufficient dispersal, such
that they emigrate from environments where they are
good competitors (source) to environments where they
are bad competitors (sink; Leibold et al. 2004). Adap-
tation, or preferential deposition, of strains to particular
sediment environments yields a source effect, whereas
dispersal occurring from frequent patterns of sediment
resuspension or hyporheic exchange (Grant et al. 2011)
disperses the strains to sink environments. The statis-
tical methods used in this study demonstrated the im-
portance of both spatial and ecological gradients in
clonal E. coli population structure. However, future
research should consider explicit representation of spa-
tial boundaries and downstream dispersal conditions
inherent in stream systems by using dendritic ecolog-
ical networks (Peterson et al. 2013).

The observed source-sink effect is an important
consideration when characterizing sediment E. coli
populations. Previous studies linking sediment E. coli
to waterborne load have taken sediment samples at the
point of water collection (Lu et al. 2004; Kinzelman
et al., 2004; Wu et al. 2009). Considering the stream-
bed environment affects strain-sorting among low ve-
locity deposition and high velocity features, a targeted
sampling campaign is required to capture the diversity
of strains found within a reach in order to develop
unbiased, representative sediment libraries required to
confidently assign waterborne E. coli strains to sources
(Johnson et al. 2004). Particular focus should be paid to
depositional environments (point bars and pools) and
riffles, since these environments demonstrated the
greatest dissimilarity of E. coli populations.

Conclusion

Spatial heterogeneity of sediment properties and water
velocity exerts a selective effect on E. coli concentra-
tion and population structure, although the differences
are not necessarily reflected among fluvial morpholog-
ical features within a stream reach. Sampling programs
attempting to characterize sediment E. coli concentra-
tions and population structures should consider hetero-
geneity in streambed properties, rather than collecting
sediments at the point of water collection. At a mini-
mum, representative characterization of £. coli concen-
trations should be performed at each stream reach of
concern, particularly where different land use inputs
occur, and should capture differences in sediment
properties in depositional areas (pools and point bars)
and higher velocity features (riffles and runs). High
diversity in stream sediments requires substantial iso-
late characterization, where up to 120 isolates are re-
quired to identify 50 % of the isolates within a stream
reach. Strain-sorting based on spatial and environmen-
tal variables should be accommodated in sampling
programs, by collecting samples from depositional
and high velocity features. Better representation of
streambed E. coli concentrations and population struc-
ture can increase confidence in waterborne E. coli
modeling and source assignment.
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