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• Sediment E. coli population turnover differs based on stream energy.
• Waterborne E. coli is equally sourced from sediment and feces in upstream reaches.
• Sediment-sourced E. coli in low-energy streams is dominated by upstream sediments.
• Reach-specificity in sediment–water exchange of E. coli exists.
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Sediment-borne Escherichia coli can elevate waterborne concentrations through sediment resuspension or
hyporheic exchange. This study sought to correlate hydrological, sediment transport, andwater quality variables
with: (i) the temporal stability of sediment E. coli populations [concentrations, strain richness and similarity
(Raup–Crick index)]; and (ii) the contribution of sediment E. coli to the water column as defined through a
library-dependent microbial source tracking approach that matched waterborne E. coli isolates to sediment
E. coli populations. Three monitoring locations differing in their hydrological characteristics and adjacent upland
fecal sources (dairy operation, low-density residential, and tile-drained cultivated field) were investigated. Sed-
iment E. coli population turnover was influenced by sediment transport at upstream, high-energy reaches, but
not at the downstream low-energy reach. Sediment contributions to the water column averaged 13% and 18%,
and fecal sources averaged 17% and 21% at the upstream sites adjacent to dairy operations and low-density res-
idential areas, respectively. Waterborne E. coli at the downstream site had lowmatches to E. coli from reach sed-
iments (1%), highermatches to the upstream sediments (27% and 12%), and an average of 14%matches to the tile
drained field. The percentage ofwaterborne E. colimatching sediment-borne E. coli at each stream reach varied in
correlations to hydrological and sediment transport variables, suggesting reach-specific differences in the role of
sediment resuspension and hyporheic exchange on E. coli transport.
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1. Introduction

Microbiological water quality is monitored through the use of fecal
indicator bacteria (FIB) which are assumed to be derived from animal
excreta and, as such, indicate the possible presence of gastrointestinal
(enteric) pathogens in water resources (Tallon et al., 2005; Field and
Samadpour, 2007). Escherichia coli remains the dominant FIB used for
monitoring and modeling the quality of freshwater resources. Water-
borne E. coli can be derived from two major sources: (i) catchment
sources transported via surface and subsurface runoff fluxes; and (ii)
channel stores, or the reservoir of bacteria associatedwith the sediment
bed (Jamieson et al., 2005; Rodgers et al., 2003; Wilkinson et al., 2011).
Process-based water quality models havemost effectivelymodeled wa-
terborne E. coli concentrations by including both hillslope and in-stream
hydrological processes that govern the hydrological connectivity
between the water column and catchment or sediment stores (Kim
et al., 2010; Rehmann and Soupir, 2009).

Most water quality modeling studies assume that the exchange of
E. coli at the sediment–water interface results from the suspension
and transport of sediment particles, where FIB are irreversibly attached
(Cho et al., 2010; Gao et al., 2011; Pandey et al., 2012; Russo et al., 2011).
Pachepsky and Shelton (2011) recognized that sole reliance on sedi-
ment transport relationships to waterborne E. coli is a deficiency in
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Fig. 1. Map of the Thomas Brook Watershed identifying permanent monitoring locations
and adjacent land uses for stations Stn2, Stn3 and Stn6 included in this study.
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such watershed models. Some studies have reported that elevated FIB
concentrations can occur after sediment redistribution events, postulat-
ing the importance of transient storage or hyporheic exchange (Ghimire
and Deng, 2013; Grant et al., 2011; Yakirevich et al., 2013). Hyporheic
bacterial transport is defined as the release of bacteria trapped in pore
spaces by the advective flux of water through the sediment bed and
across the sediment–water interface, and is driven by variations in
streambed topography, fluvial geomorphology, and sediment perme-
ability (Boulton et al., 2010; Grant et al., 2011). The distinction between
E. coli release occurring through resuspension versus hyporheic ex-
change is important as the transport of sediment-bound E. coli occurs
during high-discharge events, whereas the release of E. coli through
hyporheic exchange could elevate waterborne E. coli in the absence of
sediment redistribution.

Although stormevents lead to E. coli loads being orders ofmagnitude
higher during peak discharge versus baseflow loads (Stumpf et al.,
2010), some stream systems in agricultural watersheds demonstrate
chronically elevated E. coli concentrations (Jamieson et al., 2003;
Muirhead et al., 2004; Sinclair et al., 2009), resulting in restricted
water usage for the purposes of irrigation during baseflow periods.
Waterborne E. coli is generally assumed to be derived from fecal sources,
but recent investigations indicate that E. coli is capable of proliferating in
soil and freshwater sediments under certain conditions (Byappanahalli
et al., 2006; Ishii et al., 2006). Surbeck et al. (2010) argue that FIB are not
static contaminants, like sediments and nutrients, but are biological en-
tities that experience differences in growth and transport based on am-
bient nutrient availability, competition with heterotrophic bacteria, and
predation. If persistent E. coli in streambed sediments is an important
contributor to the overall waterborne E. coli population, greater under-
standing of the population structure, relatedness to fecal sources and
potential environmental adaptation of sediment-borne strains would
improve risk assessments done for agricultural waters.

The objectives of this studywere to: (i) correlate sediment transport
and hydrological variables with sediment E. coli populations, particular-
ly their concentrations, strain richness (i.e. total number of strains pres-
ent in a sample) and population similarities; and (ii) determine the
contribution of sediment populations to waterborne E. coli using a
library-dependent microbial source tracking approach, and the correla-
tion of sediment-borne E. coli in the water column to hydrological and
sediment transport variables.

2. Materials and methods

2.1. Site description and sampling design

This study was conducted within the Thomas Brook Watershed
(TBW) of the Annapolis Valley of Nova Scotia. The TBW is part of the Ag-
riculture and Agri-Food Canada's (AAFC)Watershed Evaluation of Ben-
eficial Management Practices (WEBs) program, which was devised to
evaluate the performance of agricultural management practices on en-
vironmental quality. Previous studies have concluded that high surface
water E. coli levels are a critical water quality issue in this watershed
(Jamieson et al., 2003; Sinclair et al., 2009). Three stream reaches
were chosen for investigation based on their proximity to sources of
fecal material and differences in their hydrological characteristics. Sta-
tion Stn2 is located downstream from a dairy farm (cattle fecal source),
Stn3 is located downstream from low-density residential developments
(human fecal source), and Stn6 is located downstream from Stn2 and
Stn3, and adjacent to a tile-drained agricultural field (Fig. 1). The tile
drainage effluents from Stn6 demonstrates chronic annual E. coli load-
ing as a result of persistent and potentially naturalized E. coli being pres-
ent in the soil matrix or tile drains (Vanderzaag et al., 2010; Piorkowski,
2014). All monitoring sites have sand textured sediments, but differ
based on the coarseness of the sediments andwater surface slope, com-
bined with the relative energy of the flowing waters. Stations Stn2 and
Stn3 are located in higher sloped areas of the watershed, with TB3
having the greatest water surface slope and coarsest sediments, where-
as Stn6 has a relatively low water surface slope and finer textured sed-
iments (Table 1).

At each location, sediment andwater sampleswere collected on a bi-
weekly basis over the course of two growing seasons and an overwinter
period (May 2010–November 2011). In the 2011 growing season, water
samples from four storm events were collected during peak flow and
flow recession to determine hydrological variability in waterborne
E. coli source contributions. Sediment sampleswere not collected during
the storm events. Triplicate sediment samples (200 to 300 g) were re-
trieved from the sediment–water interface (0 to 5 cm depth) using a
lever-action grab sampler with a 950 cm3 bucket that was rinsed with
streamwater between each sample. Sampleswere collected fromdepo-
sitional areas (pools or point bars), riffles and runs of each stream reach
and composited in a single sterile container to accommodate heteroge-
neity in E. coli populations existing within stream reaches (Piorkowski
et al., 2013). Sediment particle size distribution and organicmatter con-
tent were determined as reported by Piorkowski et al. (2014).

Prior to sediment sampling, 500 ml water samples were collected
approximately 10 m downstream of the sediment collection areas at
the mid-point of the water column. Fecal material was obtained from
the manure lagoon at the dairy farm adjacent to Stn2 and from each of
three residential septic tanks in closest proximity to the Stn3 monitor-
ing location in May, July, August and October 2011. Three dairy manure
samples were obtained from separate locations within the lagoon and
composited. The retrieved samples were stored at 4 °C and cultured
for E. coli within 24 h of collection.



Table 1
Contributing landuse, channel geometry, hydrological characteristics, water quality, and sediment properties of the three investigated stream reaches (sites Stn2, Stn3, Stn6) in the Thom-
as BrookWatershed, Nova Scotia, Canada.

Parameter Units Stn2 Stn3 Stn6

Mean Range Mean Range Mean Range

Contributing land use
Agricultural % 38.9 18.2 35.1
Residential % 2.9 3.9 3.4
Forested % 51.7 67.6 54.2
Other % 6.5 10.3 7.3

Channel geometry
Width m 3.0 3.2 4.0
Slope – 0.0011 0.0019 0.0004
Manning's n – 0.024 0.027 0.021

Hydrology and sediment transport
Stream discharge m3/s 0.017 0.003–0.952 0.026 0.009–0.462 0.045 0.019–1.36
Bed shear stress N/m2 2.85 1.25–22.9 6.97 2.13–26.1 1.66 0.95–11.4
Sediment discharge kg/s 0.029 0.004–0.953 0.080 0.027–1.325 0.011 0.004–0.435

Water quality
Temperature °C 9.0 0.3–19.8 9.1 0.6–20.9 8.9 0.1–20.7
pH – 7.4 6.5–8.1 7.3 6.4–7.8 7.2 6.5–7.7
Dissolved oxygen mg/l 10.6 8.6–13.1 10.8 8.7–13.2 10.8 8.8–14.1
Electrical conductivity μS/cm 0.30 0.09–0.50 0.33 0.17–0.50 0.35 0.14–0.69
Total suspended solids mg/l 9.3 0.7–43 13.6 0.9–68 17.1 0.8–145
Turbidity NTU 6.5 0.3–35 7.2 0.4–36 16.1 0.5–124

Sediment variables
Organic matter % 8.45 7.0–11.3 6.61 5.0–8.0 7.03 5.2–8.9
Silt–clay % 0.10 0.04–0.17 0.08 0.03–0.13 0.13 0.04–0.20
Median diameter μm 526 754 414
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At the time of sampling, flow velocity was measured using a
FlowTracker Acoustic Doppler Velocimeter (SonTek/YSI, San Diego, CA,
USA) and used to calculate volumetric discharge via the midsection
method (Buchanan and Somers, 1969). The calculated discharge was
used for validating continuous discharge records obtained from AAFC.
At each stream reach, a continuous series of stage measurements was
obtained using either KPSI Series 169 pressure transducers (Pressure
Systems, Inc., Hampton, VA) in conjunction with Campbell Scientific
CR10X dataloggers (CSI, Logan, UT) or Global Water WL15 Water
Level Loggers (Global Water Instrumentation, Inc., Gold River, CA);
each recording water depths on an hourly basis. Stage–discharge rela-
tionships (Linsley et al., 1982) were developed for each site using pres-
sure transducer data and dischargemeasurements collected at each site.

At the time of sampling, the water column was analyzed for its tem-
perature, pH, electrical conductivity, and dissolved oxygenwith amulti-
parameter water quality sonde (600R, YSI Environmental Incorporated,
San Diego, CA, USA). A separate 1 l sample was collected for laboratory-
based measurement of turbidity (2100AN, Hach Company, Loveland,
CO, USA), and total suspended solids (TSS). The latter was achieved by
filtering a volume of water through a glass microfiber filter (934-AH,
Whatman, Maidstone, UK), and drying for a minimum of 4 h at 105 °C.
Topographic surveys were conducted on each stream reach to deter-
mine cross-sectional geometry and water surface slope for each of the
investigated stream reaches. Channel geometry, hydrological measure-
ments andwater quality parameters are summarized for each sampling
site in Table 1.

2.2. E. coli enumeration and isolation

Water and sediment E. coli concentrations were measured using
membrane filtration. Prior to analysis, sediment samples were sieved
(2.38mm,No. 8;W.S. Tyler, St. Catherines, ON, Canada) to remove coarse
particles and to further homogenize the samples. Twenty grams of the
b2.38mm fractionwere resuspended in 180ml of sterile peptone–saline
(0.1% peptone, 0.85% NaCl) by hand-shaking for 60 s. The supernatant
was collected after a settling time of 10 min, filtered through 0.45 μm
cellulose-nitratemembranes (Whatman LaboratoryDivision,Maidstone,
England), and the latter incubated on mFC basal media supplemented
with 3-bromo-4-chloro-5-indolyl-β-glucopyranoside (BCIG; Inverness
Medical, Ottawa, ON) for 2 h at 35 °C, then overnight at 44.5 °C. Distinct-
ly separate, blue E. coli colonies were counted and converted to concen-
tration per dry weight of sediment. Presumptive E. coliwere purified on
Sorbitol-MacConkey agar (Oxoid, Ltd., Hampshire, England) and con-
firmed as E. coli through enzymatic (DMACA Indole; Difco Laboratories,
Sparks, MD) and molecular procedures described below. Prior to DNA
extraction, indole-positive isolates were cultured in tryptic soy broth
(TSB; Difco Laboratories) at 37 °C for 24 h. The average number of vali-
dated E. coli isolates retrieved per sample and total number of isolates
collected per matrix are listed in Table 2.

2.3. DNA extraction and genetic analysis

DNA was extracted from the TSB cultures using prepGEM Bacteria
DNA kits (ZyGEM Corporation, Ltd., Hamilton, New Zealand) following
manufacturer's protocols. Each isolate was genetically identified as
E. coli through the phylogenetic grouping procedure developed by
Clermont et al. (2000), which assigns isolates to one of four phylogenet-
ic groups based on the presence of three target genes. Amplification
conditions described by Clermont et al. (2000) were used, except that
the denaturation time was extended to 10 s and the annealing and ex-
tension time was extended to 15 s to consistently amplify all three
bands in the control strain E. coli ATCC 25922. Strains exhibiting no
bands in the phylogenetic procedure (i.e. group A0) were confirmed as
E. coli using PCR amplification of the lacZ gene following protocols de-
scribed by Higgins et al. (2007). Strain typing was performed using re-
petitive element palindromic (rep)-PCR using BOX A1R primers (BOX-
PCR), following protocols reported by Rademaker et al. (2004). Poly-
acrylamide gel electrophoresis (PAGE) 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).



Table 2
Number of samples, isolates collected per sample, total number of isolates, total number and estimated richness of genotypes, and percentage of strains detected for the E. coli populations
inhabiting catchment sources, sediments, and the water column. Values presented are the averages with the range of values in parentheses.

Number of
samples

Number of isolates
collected per sample

Total number of
isolates collected

Total number of
genotypes identified

Estimated genotype
richness per sample

Percentage of genotypes
detected per sample

Rate of correct
classificationa

Catchment sources
Dairy manure holding tank 4 96 476 160 101 (68–139) 44 (37–50) 96%
Septic tanks 4 32 388 59 15 (1–46) 85 (64–99) 96%
Tile drainage system 33 18 (1–30) 991 123 20 (2–78) 63 (42–92) 100%

Stream reaches

Stn2 Sediment 28 22 (11–29) 535 150 28 (6–68) 45 (25–78) –

Water 33 21 (11–26) 671 325 58 (11–196) 36 (9–61) –

Stn3 Sediment 28 18 (4–30) 307 124 26 (2–67) 44 (14–94) –

Water 33 21 (7–30) 665 285 55 (10–270) 36 (8–63) –

Stn6 Sediment 28 20 (3–29) 509 129 25 (6–59) 47 (13–82) –

Water 33 22 (15–29) 696 251 63 (12–254) 32 (7–67) –

a Rates of correct classificationwere calculated only for the E. coli catchment sources. All sediment isolatesmatching catchment sourceswere assumed to be derived from the catchment
source rather than being attributed to incorrect classification.
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2.4. Computer-assisted image analysis and cluster assignment

BOX-PCR images were analyzed with GeneTools software (Syngene
Ltd., Frederick, MD, USA). Band matching was performed using the
rolling diskmethod for background subtraction and band sizes between
50 and 2000 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 Pearson's product moment correlation coefficient and
a 1% threshold. Isolates exhibiting ≥86% similarity were classified as
clonal strains; a threshold determined by the lowest similarity of
intergel matches for the control strain E. coli ATCC 25922. Those with
≤85% similarity were considered to be unrelated strain types. All iso-
lates from the sediment communities at each respective monitoring lo-
cation were compared in a single cluster analysis, and the abundance of
each strain observed during each monitoring event was tabulated.

Waterborne E. coli isolates were compared against the source librar-
ies (dairy manure, septic tanks, sediments, and tile drainage effluent)
using the library matching function in GeneDirectory. For matching,
each isolate was compared via UPGMA analysis against 200 of the clos-
est matching isolates, with 3% error in bandmatching allowed. The rate
of correct classification (RCC) was calculated for the dairy manure, sep-
tic tanks and tile drainage effluent sources. For each source, 100 isolates
from each category were compared against the three catchment librar-
ies. The RCCwas calculated as the number of isolateswhichwas correct-
ly assigned to a given group by the total number of isolates in that group
tested (n = 100) and multiplying by 100. The RCC of the sediment
sources could not be adequately calculated because of the hydrological
continuity existing between the catchment sources and the sediment
populations. All sediment isolates that matched the catchment sources
were assumed to have originated from those sources.
2.5. Sediment transport calculations

Bed shear and sediment rating curves were developed for each
stream reach using WinXSPRO software (v3.0, USDA Forest Service,
Fort Collins, CO, USA). Cross-sectional geometry and surface water
slopes were collected for each site through rod-and-level surveying.
User supplied Manning's nwas used for the resistance equations. Typi-
cal n values for sand bed rivers were used and adjusted for stream
meandering as discussed by Arcement and Schneider (1989). Sediment
discharge was calculated using the Ackers–White model and the aver-
age D50 values obtained from the grain size distributions measured for
each monitoring site. Power law functions were constructed using
SigmaPlot software (v11.0, Systat Software Inc., Chicago, IL, USA) with
stream discharge as the independent variable and bed shear stress
and sediment discharge from the WinXSPRO output as the dependent
variables. Continuous records of bed shear and sediment discharge
were calculated using the resultant power law functions and the contin-
uous record of discharge obtained from each of the three monitoring
sites. Cross-sectional geometry, surface water slope, Manning's n, as
well as geometric mean discharge, sediment discharge and bed shear
are presented in Table 1.

2.6. Richness and similarity of E. coli populations

The total richness, or the total number of individual genotypes, of
E. coli contained within each sediment sample 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 in SigmaPlot (v11.0, Systat Software Inc.), and the
asymptotes were estimated using a one-site saturation ligand model.
The asymptote (Vmax) estimates the strain richness at sampling satura-
tion. The proportion of the E. coli population characterized for each sam-
ple was calculated by dividing the number of strains detected in the
sample by the estimated number of strains calculated using the rarefac-
tion procedure outlined.

For the similarity analysis, sediment E. coli populationswere tempo-
rally constrained to assess the degree of population change occurring
between sampling events. E. coli population similarity was calculated
using the Raup–Crick similarity index and 999 Monte Carlo permuta-
tions in PAST software (Hammer et al., 2001). The Raup–Crick similarity
index is a probability-based procedure that compares the observed
number of species occurring in two samples with the distribution of
co-occurrences from n random replicates from the pool of samples
(Raup and Crick, 1979). In this example, the indexmeasures population
similarity between two temporally constrained samples by evaluating
the number of strains common to the two samples against the number
of strains expected to be shared if the samples were randomly generat-
ed from pooling all of the strains identified from the collection site.

3. Results and discussion

3.1. Coverage of E. coli strain diversity and rates of correct classification

Holding tank manure displayed high E. coli strain richness, but only
44% of the estimated numbers of strains were detected with the
sampling strategy used (Table 2). The human sourceswere better repre-
sented, with 85% of the estimated number of strains being character-
ized. Individual human or cow hosts typically harbor 1 to 10 E. coli

http://www.uga.edu/strata/software/
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strains at any time (Anderson et al., 2006; Gordon, 2010). Higher strain
richness in E. coli populations of the dairymanure holding tank likely re-
sulted from the higher number of cows (186 head) contributing to the
holding tank as compared to the domestic septic tanks (1–4 residents
per household). The tile drainage effluents had an average richness of
20 E. coli strains, and 63% of the strains were detected on average
(Table 2).

The stream reaches were found to exhibit similar trends in strain
richness between the sediment and water matrices at all three monitor-
ing stations. The sediment samples contained 25–28 strains on average,
with an average of 44%–47% of the strains being detected (Table 2).
The water samples exhibited higher E. coli strain richness, averaging
55–63 strains per sample and the average percentage of strains detected
ranged between 32% and 36% (Table 2). These results indicate that the
number of E. coli strains populating the water samples were higher
than in the sediment samples. Higher genetic diversity of waterborne
E. coli versus sediment sources has been reported previously (Brownell
et al., 2007; McLellan, 2004), presumably because sediment E. coli popu-
lations harbor persistent genotypes capable of survival and proliferation
rather than the introduction of transient genotypes as observed in water
samples (Ibekwe et al., 2011). In all cases, numerous uncharacterized ge-
notypes existed in the samples collected. High proportions of
uncharacterized strains in a sample are driven by the diversity of strains
in the sample, the number of isolates analyzed, and the number of con-
tributing sources to environmental samples; such uncertainty is a limita-
tion of the library-dependent source tracking programs (Mott and Smith,
2011).

3.2. Temporal fluctuations in sediment E. coli concentrations and estimated
strain richness

Sediment E. coli was detectable throughout the study period at all
stations (Fig. 2). Higher sediment E. coli concentrations were observed
in stream reaches draining agricultural areas, with the highest concen-
trations detected adjacent to the dairy operation (Stn2, 2.1 logCFU/g),
followed by the downstream cultivated field (Stn6, 1.7 logCFU/g) and
the low-density residential reach (Stn3, 1.4 logCFU/g). Although differ-
ences in sediment E. coli concentrations among the stream reaches ap-
pear to be dependent on land-use, the average percentage of sediment
E. coli isolates matching the catchment sources was relatively small for
the dairy manure source at Stn2 (3%) and septic system sources at
Stn3 (4%). No fecal (manure or septic) strainswere identified in the sed-
iments at Stn6. In contrast, the average percentage of sediment E. coli
isolates that matched tile drainage effluent strains at Stn6 was 33%.

E. coli population shifts are known to occur between primary (enter-
ic) and secondary (environmental) habitats, where the dominant
strains in the host population are different from the dominant strains
that occur in the secondary habitat (Gordon et al., 2002; Whittam,
1989). In a mesocosm experiment, Anderson et al. (2005) observed
that fecal strains have a lower capacity to survive in sediment and
water systems than those isolated from environmental samples. This
perhaps explains the greater prevalence of tile drainage effluent strains
within the sediment E. coli population at Stn6 in comparison to strains
attributed to fecal sources, since the tile drainage effluent is presumably
enriched for strains more adapted to secondary environmental habitats
(Piorkowski, 2014).

General seasonal fluctuations in sediment E. coli concentrations and
estimated strain richness were observed at all sites (Fig. 2). Water tem-
perature was significantly (p b 0.05) correlated with sediment E. coli
concentration (r = 0.53) and strain richness (r = 0.85) only at Stn3
(Supplement 2). Kim et al. (2010) reported a strong seasonal relation-
ship between sediment E. coli concentrations as a function of water
temperature. E. coli decay rates are generally reduced at lower temper-
atures (Garzio-Hadzick et al., 2010), so lower concentrations of sedi-
ment E. coli populations may reflect the failure to detect E. coli in the
viable-but-non-culturable state or reduced migration of E. coli from
the catchment to the sediment environment during the overwinter pe-
riod. Correlations of sediment E. coli concentrations with strain richness
at Stn2 (r= 0.40), Stn3 (r= 0.55) and Stn6 (r= 0.35) support this hy-
pothesis. Since single hosts generally yield only a few strains (Anderson
et al., 2006; Gordon, 2010), higher E. coli richness during the summer
period is likely related to seasonal fluctuations in wildlife densities or
runoff from livestock operations. However, higher discharge and sedi-
ment mobilization may explain the lower E. coli concentrations during
the winter season, since frequent redistribution of sediment often
leads to lower sediment E. coli densities (Droppo et al., 2011;
Jamieson et al., 2005;Muirhead et al., 2004). This assertion is supported
by the negative correlation of E. coli concentrations with cumulative
sediment transport at Stn2 (r = −0.30), Stn3 (r = −0.50) and Stn6
(r = −0.14); however the correlation is significant only at Stn3.

Sediment organic matter had site-specific correlations with sedi-
ment E. coli concentrations and strain richness. E. coli persistence in
freshwater sediments has been found to be positively correlated with
sediment organic matter likely due to the availability of utilizable nutri-
ents and protection from UV irradiation and predation via sorption and
habitation of small pore spaces (Garzio-Hadzick et al., 2010;Haller et al.,
2009). However, in this study sediment organic matter content was
negatively correlatedwith E. coli richness at Stn2 (r=−0.36), positive-
ly correlated with E. coli concentrations at Stn3 (r= 0.53), and exhibit-
ed no significant correlation to either E. coli concentration or richness at
Stn6. The sediments of Stn2 have higher organic matter content and
finer texture than Stn3 (Table 1). It is possible that temporal increases
in silt and organic matter at Stn3may improve the habitability of coars-
er sediments by increasing attachment substrates (Haller et al., 2009).
Conversely, increases in organic matter and silt in finer textured sedi-
ments with high initial organic matter may lower concentrations by
stimulating antagonistic behavior (e.g. resource competition and preda-
tion) of the sediment microbial community (Surbeck et al., 2010). Fur-
ther study would be required to confirm these hypotheses.

3.3. Temporal changes in sediment E. coli population structure

Some E. coli strain types occurred at multiple time points in the sed-
iment at all monitoring stations; however, the same pattern was noted
for strains associated with tile drainage effluent and fecal sources in the
sediment environment, albeit to a lesser extent. Consequently, conclud-
ing that particular E. coli strains were part of the autochthonous sedi-
ment environment at any monitoring station could not be confidently
justified, as has been asserted for studies in soil and beach sands
(Byappanahalli et al., 2006; Ishii et al., 2006; Ishii et al., 2007).

Frequent temporal changes in E. coli population structure were ob-
served over the course of the study at all sites (Fig. 3). The calculated per-
centage similarities fluctuated between 8% and 98% at Stn2 (mean =
58%), 15% and 96% at Stn3 (mean = 54%), and 7% and 99% at Stn6
(mean = 63%). Whittam (1989) asserts that changes in E. coli popula-
tion structure occur through the immigration and local extinction of
strains. Population turnover, as defined bymarkeddeclines in population
similarity between two sampling events, appeared to be dependent on
sediment transport events at the upstream sites (Stn2 and Stn3). At
Stn2, sediment E. coli population similarity was negatively correlated
with maximum bed shear (r = −0.72), cumulative sediment transport
(r = −0.52), and cumulative precipitation (r = −0.54) between sam-
pling events. Similarly, sediment E. coli population similarity was nega-
tively correlated with maximum bed shear stress (r = −0.40),
cumulative sediment transport (r = −0.41), and cumulative precipita-
tion (r=−0.51) between sampling events. These observations demon-
strate the importance of sediment redistribution as a driver for E. coli
population shifts in high-energy stream reaches that have high sediment
redistribution. Thus, E. coli populations tended to exhibit greater similar-
ity during low-flow conditions at thesemonitoring sites. At fine scales of
sampling (days), E. coli populations have been found to oscillate during a
period of equilibration in soils and sediments, resulting in a stable
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Fig. 2. Sediment E. coli concentrations (●) and estimated strain richness (◊) over the course of the study, compared against average dailywater temperature (dotted line),daily average bed
shear stress (grey dash-dot line) and daily average sediment discharge (black line) at sites Stn2 (a), Stn3 (b) and Stn6 (c).
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population once equilibrated (Garzio-Hadzick et al., 2010; Topp et al.,
2003). These oscillations are the result of strain-dependent responses
to the secondary environmental matrix, with only a subset of the intro-
duced strains being able to survive (Brownell et al., 2007; Guber et al.,
2007). Due to the coarser temporal sampling in this study, these oscilla-
tions were not detected after a sediment redistribution event, but the
stability (i.e. high similarity) of the E. coli population inhabiting the sed-
iments between redistribution events was observed.

In the downstream lower energy reach (Stn6), the similarity of sedi-
ment E. coli populations was not significantly correlated with sediment
transport variables, indicating a lower influence of sediment transport
on population turnover in this reach. At Stn6, sediment E. coli population

image of Fig.�2
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Fig. 3. Percentage similarity of sediment E. coli populations between successive sampling events (○) and the percentage of sediment E. coli populations matching adjacent catchment
sources (●) compared against daily average bed shear stress (grey dash-dot line) and daily average sediment discharge (black line) at sites Stn2 (a), Stn3 (b) and Stn6 (c).
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similarity significantly positively correlated with the percentage of tile
drainage strains identified in the sediment environment (r = 0.54)
and 7-day antecedent precipitation index (API-7; r = 0.39), and nega-
tively correlatedwith sediment organicmatter (r=−0.38) andmedian
grain size (r = −0.40). These correlations suggest that the sediment
E. coli population was strongly influenced by the adjacent tile drained
agricultural field, the connectivity of which is driven by antecedent pre-
cipitation. Changes in the E. coli population at TB6 were not correlated
with hydrological or sediment transport variables, perhaps due to the
relative stability of the sediment bed at this reach. In beach sands,
E. coli populations have been reported to be relatively stable (Ishii
et al., 2007; Kon et al., 2007), with gradual population shifts resulting
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from strain migration into the sediments (Byappanahalli et al., 2006).
The positive relationship between sediment and tile drainage effluent
population implies that similarity is driven by the influence of tile drain-
age effluent strains, with immigration from upstream sources or wildlife
possibly responsible for population turnover in this reach.

3.4. Waterborne E. coli concentrations in the Thomas Brook Watershed

Waterborne E. coli concentrations frequently exceeded guidelines
for irrigation water quality (100 CFU/100 ml; CCME, 1999) over the
course of the study period (Fig. 4). The percentage of samples exceeding
guideline values were 82% at Stn2, 51% at Stn3 and 82% at Stn6. Water
collected adjacent to livestock operations and/or manure-amended
fields tended to have higher E. coli concentrations than those sampled
adjacent to low-density residential developments. This is in agreement
with prior reports of greater concentrations of waterborne E. coli in
subcatchments draining agricultural land uses relative to forested or
low-density residential developments (George et al., 2004; Servais
et al., 2007; Tetzlaff et al., 2012). No significant correlation existed be-
tween sediment and waterborne E. coli concentrations at the stream
reaches investigated, matching previous reports (Pachepsky and
Shelton, 2011; Schilling et al., 2009). At all sites, E. coli concentrations
followed predictable correlations with discharge, bed shear, sediment
transport, daily precipitation, waterborne nutrients (particularly total
phosphorus), total suspended solids and turbidity (Supplementary
Tables S3 and S4); relationships that arewell supported in the literature
(Cho et al, 2010; Pandey et al., 2012; Rodgers et al., 2003).

More interestingly, waterborne E. coli concentrations exhibited site-
specific differences in their relationship with the identified sediment or
catchment sources. At Stn2, E. coli concentrations were positively
correlated with the proportion of waterborne E. coli isolates matching
dairy manure strains (r = 0.36), but were not related to sediment-
identified strains (r= 0.02). Conversely, at Stn3 waterborne E. coli con-
centrations were significantly positively correlated with the percentage
ofwaterborne E. coli isolatesmatching sediment E. coli strains (r=0.38),
but were not correlated with isolates matching strains from adjacent
septic sources (r = 0.14). These observations indicate reach-specific
differences in hydrologic connectivity between catchment and sedi-
ment sources of waterborne E. coli. At the downstream site (Stn6) wa-
terborne E. coli concentrations were positively correlated with
isolates matching strains from the sediment (r = 0.61) and dairy
manure (r = 0.36) sources of Stn2, and negatively correlated with
strains identified in the Stn3 sediments (r = −0.39). These correla-
tions suggest that the contribution of E. coli from the Stn2 reach to
the waterborne E. coli population at Stn6 dominates during high
E. coli concentration events, and the Stn3 reach has a greater influ-
ence on downstream waterborne E. coli during periods of lower
E. coli concentrations.

3.5. Comparative contribution of sediment versus catchment sources of wa-
terborne E. coli

The percentage of waterborne E. coli isolatesmatching dairymanure
E. coli strains averaged 17% (range: 0–68%) at Stn2 and 1% (0–17%)
at Stn6. The percentage of waterborne E. coli isolates matching
E. coli strains recovered from the septic systems averaged 21% at Stn3
(0–80%) and 1% (0–14%) at Stn6 (Fig. 5). Variable levels of fecal input
to waterborne E. coli loads have been observed in other studies.
Human inputs have been measured at 1 to 20%, livestock at 10 to 65%,
and wildlife inputs at 5 to 75% of the waterborne E. coli population in
other studies (Ahmed et al., 2007; Kon et al., 2007; Liwimbi et al.,
2010; Somarelli et al., 2007;Whitlock et al., 2002), reflecting the impor-
tance of site-specific hydrological connectivity between fecal sources
and water monitoring locations. Environmentally adapted E. coli from
secondary sources (e.g. sediments) have been reported to contribute
up to 23% of the waterborne population (Kon et al., 2007), making a
strong case for including environmentally adapted strains in microbial
source tracking studies.

At the upstream sites, the percentage of waterborne E. coli isolates
matching sediment-borne strains averaged 13% (0–50%) at Stn2 and
18% (0–90%) at Stn3 (Fig. 5). In the downstream, low-energy reach,
the percentage of waterborne E. coli isolates matching the reach-
specific sediment-borne E. coli averaged 1% (0–8%), but matched
sediment-borne E. coli from upstream sites on average 27% (5–65%)
from Stn2 and 12% (0–37%) from Stn3. The total percentage of water-
borne E. coli at Stn6 matching all sediment sources averaged 39% (5–
79%). Further, the percentage of waterborne E. coli isolated from Stn6
matching E. coli strains identified in the tile drainage effluent from the
adjacent cultivated field averaged 14% (0–48%). These observations
indicate that E. coli strains identified in environmental media had a
substantial contribution to the waterborne E. coli populations at all
sites. In the upstream reaches, E. coli isolated from the water column
tended to have equivalent matches between the sediment and fecal
sources.

Sediment-borne E. coli strains at the downstream site (Stn6) were
infrequently detected in the water column, likely due to low rates of
sediment resuspension occurring in this reach. Russo et al. (2011) ob-
served a minor influence of resuspension on waterborne coliforms in a
slow-moving stream and speculated that waterborne E. coli was domi-
nated by catchment sources. At Stn6, E. coli strains from fecal sources
in the catchment averaged 2% of the waterborne E. coli population,
while E. coli observed in the tile drainage effluents from the adjacent
field comprised 14% of the waterborne E. coli. However, the waterborne
E. coli population at Stn6 consisted of high proportions of strains associ-
ated with upstream sediments in comparison to identified catchment
sources. Wu et al. (2009) also linked waterborne E. coli strains
inhabiting upstream sediments to downstream water samples. These
observations demonstrate that upstream sediments can play an impor-
tant role in the waterborne E. coli population of slow-moving stream
segments, even in the absence of sediment redistribution occurring
within the investigated reach.

At all sites, the percentages of isolates notmatching any of the inves-
tigated sourceswere high,with an average of 70% (6–100%) at Stn2, 62%
at Stn3 (0–100%), and 42% (10–80%) at Stn6 (Fig. 5). The unidentified
component of the upstream reaches likely reflects wildlife inputs, but
could also represent uncharacterized E. coli isolates from the fecal or
catchment sources, or environmentally persistent strains from up-
stream sediments.

3.6. Correlations of reach-specific hydrology on sediment contributions to
waterborne E. coli

Differences in hydrological connectivity between the sediment- and
waterborne E. coli populations were evident at the upstream sites. At
Stn2, thepercentage ofwaterborne E. colimatching sediment strains ex-
hibited no significant correlation to any hydrological, sediment trans-
port, or water quality variables included in the analysis (Supplement
S3), despite sediment-borne E. coli being detected fairly consistently in
thewater column (Fig. 5a). The importance of sediment transport on el-
evatedwaterborne E. coli concentrations is well documented (Rehmann
and Soupir, 2009; Wilkinson et al., 2011). However, sediment-borne
E. coli has also been reported to populate the water column outside of
the influence of sediment redistribution (Jamieson et al., 2004;
Yakirevich et al., 2013), and models incorporating hyporheic exchange
at the sediment–water interface have yielded improved E. coli predic-
tion accuracy (Ghimire andDeng, 2013; Grant et al., 2011). Sincewater-
borne E. coli populations consistently contained sediment-associated
E. coli at Stn2, but their prevalence was not correlated with sediment
transport, hyporheic exchange processes may be more equally impor-
tant at this site. Conversely, percentages of waterborne E. coli isolates
matching sediment strains at Stn3 positively correlatedwith volumetric
water discharge (r = 0.47), bed shear stress (r = 0.47) and sediment
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Fig. 4.Waterborne E. coli concentrations (◊) over the course of the study compared against daily precipitation (grey bars) and daily average sediment discharge (black line) at sites Stn2 (a),
Stn3 (b) and Stn6 (c).
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discharge (r = 0.47). Thus, it appears that sediment transport has a
greater effect on the exchange between sediment- and waterborne
E. coli at this site; however, waterborne isolates matching sediment
strains were also relatively consistent at this site suggesting hyporheic
processes are occurring as well.
The differences in connectivity between the sediment and water-
borne E. coli populations in the Stn2 and Stn3 stream reaches may in
part be associatedwith strain-specific differences in particle attachment
behavior. Sediment-driven transport of E. coli is more important when a
higher proportion of waterborne E. coli is attached to particles
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Fig. 5. Box plots of the percentages of waterborne E. coli matching sediment and catch-
ment sources for sites Stn2 (a), Stn3 (b) and Stn6 (c).
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(Rehmann and Soupir, 2009). Strain-specific attachment has been ob-
served in E. coli particle attachment in other studies (Cook et al., 2011;
Pachepsky et al., 2008), and E. coli strains derived from human feces
has been associated with greater particle attachment compared to
those derived from livestock manure (Boutilier et al., 2009).
Piorkowski et al. (2013) reported higher particle attachment percent-
ages of waterborne E. coli in stream reaches dominated by human ver-
sus livestock fecal inputs. Thus, the stronger relationship between
sediment E. coli contributions and sediment transport observed at
Stn3 may be in part be due to the greater particle attachment efficiency
of human-derived E. coli. Conversely, lower attachment efficiencies of
livestock-associated E. coli at Stn2 may result in greater bacterial pene-
tration into the sediment environment as a result of lower filtration ef-
ficiency of the sediment matrix (Page et al., 2012). The speculated
importance of particle attachment efficiencies and hyporheic exchange
rates into sediment compartments warrants further investigation.
At the downstream Stn6, the contributions of E. coli from upstream
sediments demonstrated differences in hydrological connectivity that
differed from the reach-specific interactions between sediment and
water compartments at Stn2 and Stn3. The percentage of waterborne
E. coli at Stn6 matching those in Stn2 sediments positively correlated
with daily precipitation (r = 0.67), stream discharge (r = 0.45), and
bed shear stress (r = 0.45). Likewise, the contribution of dairy manure
strains to the waterborne E. coli population positively correlated
with precipitation (r = 0.59), stream discharge (r = 0.56) and bed
shear stress (r = 0.55). In comparison, the percentage of waterborne
E. coli at Stn6 matching sediment-borne E. coli at Stn3 positively corre-
lated with cumulative precipitation (r = 0.36) and those matching
E. coli isolated from residential septic systems positively correlated
with API-7 (r = 0.40). Cho et al. (2010) reported that upstream sedi-
ment compartments with high E. coli concentrations tend to have a
stronger influence on downstream waterborne E. coli during sediment
resuspension events than lower concentration sediment compartments.
Although sediment–water exchangewas not entirely influenced by sed-
iment transport within the Stn2 reach, the E. coli load disseminating
from Stn2 during storm events exerted a greater effect on the water-
borne E. coli at the downstream Stn6 location owing to the higher sedi-
ment E. coli concentrations in the Stn2 reach. Conversely, Stn3
sediments were associated with indicators of high precipitation but
not immediate transport, suggesting a lag period in the detection of
these strains downstream. The lag observed at Stn3 may result from a
combined effect of lower E. coli concentrations and higher overall sedi-
ment transport at this site. The low concentrations of E. coli at this site
would subsequently result in a lower influence compared with Stn2
during storm events, according to the postulations by Cho et al.
(2010). However, Stn3 experiences higher overall bed shear stress and
sediment transport than Stn2, particularly during non-peak flow. Con-
sequently, sediment-associated E. coli at Stn3may have a greater contri-
bution to waterborne E. coli when the high concentration Stn2
sediments are less active. The higher flow and coarser sediments of
Stn3 may also be resulting in hyporheic exchange processes as well
(Boulton et al., 2010), resulting in higher rates of interaction between
sediment and waterborne E. coli during non-storm flow conditions.

4. Conclusion

The Thomas BrookWatershed is a headwater agriculturalwatershed
that demonstrates chronic E. coli contamination above Canadian irriga-
tion water quality guidelines. This study sought to identify the relative
contribution of sediment-borne E. coli to waterborne E. coli populations
under variable stream flow regimes in comparison to fecal sources and
agricultural fields. Reach-specific differences in sediment texture, flow
conditions and sediment transport were seen to affect sediment E. coli
population dynamics. In upstream, high-energy reaches with greater
sediment transport, sediment E. coli population turnover appeared to
be driven by physical processes of sediment redistribution. In contrast,
immigration processes from adjacent catchment sources appeared to
be more important than physical disturbance for population stability
in low-energy stream reaches. Sediment E. coli strains were found in
the water column at most sampling events, but the relative importance
of sediment resuspension and speculated hyporheic exchange was
reach-specific. The influence of upstream sediments on downstream
water appears to be a combined effect of the sediment E. coli population
characteristics and the physical environment of sediment texture and
bed shear stress. The results of this experiment, however, should be ver-
ified through specific studies due to themoderate correlations between
E. coli population parameters and the environmental variables analyzed.
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