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Escherichia coli is the leading indicator of microbial contamination of natural waters, and so
its in-stream fate and transport needs to be understood to eventually minimize surface
water contamination by microorganisms. To better understand mechanisms of E. coli
release and transport from soil sediment in a creek the artificial high-water flow events
were created by releasing 60—80 m? of city water on a tarp-covered stream bank in four
equal allotments in July 2008, 2009 and 2010. A conservative tracer difluorobenzoic acid
(DFBA) was added to the released water in 2009 and 2010. Water flow rate, E. coli and DFBA
concentrations as well as water turbidity were monitored with automated samplers at
three in-stream weirs. A one-dimensional model was applied to simulate water flow, and E.
coli and DFBA transport during these experiments. The Saint—Venant equations were used
to calculate water depth and discharge while a stream solute transport model accounted
for release of bacteria by shear stress from bottom sediments, advection-dispersion, and
exchange with transient storage (TS). Reach-specific model parameters were estimated by
evaluating observed time series of flow rates and concentrations of DFBA and E. coli at all
three weir stations. Observed DFBA and E. coli breakthrough curves (BTC) exhibited long
tails after the water pulse and tracer peaks had passed indicating that transient storage
(TS) might be an important element of the in-stream transport process. Comparison of
simulated and measured E. coli concentrations indicated that significant release of E. coli
continued when water flow returned to the base level after the water pulse passed and
bottom shear stress was small. The mechanism of bacteria continuing release from sedi-
ment could be the erosive boundary layer exchange enhanced by changes in biofilm
properties by erosion and sloughing detachment.
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1. Introduction magnitude) as the pulse of water passed the sampling station.

Microbial activity influences the safe use of surface waters for
recreation, irrigation, aquaculture, husbandry, as well as for
drinking and other household uses. Fecal bacteria like
enterococci and Escherichia coli are commonly used to measure
the sanitary quality of water and when in high numbers
suggest an increased likelihood of bacteria pathogens which
can adversely impact human health (Wade et al., 2006). E. coli
can exist for up to several days in surface water or perhaps
months in river and lake sediments, and it is the leading in-
dicator of microbial contamination of natural waters (US EPA,
1986, 2003; Elmund et al., 1999; Garzio-Hadzick et al., 2010).
There is a need to understand in-stream fate and transport of
E. coli so as to understand and limit contamination of surface
water by microbial organisms.

Runoff from manured fields and pastures, as well as direct
deposition of animal waste to water are traditionally viewed
as important sources of E. coli in rural watersheds (Jamieson
et al., 2004). There is increased evidence that sediment
resuspension during the high-flow events can detrimentally
impact the microbial quality of recreation and irrigation wa-
ters (Pachepsky and Shelton, 2011). Recent studies indicate
that sediments can harbor higher populations of fecal co-
liforms (FC) than the overlying water column (An et al., 2002;
Muirhead et al., 2004). Consequently, Crabill et al. (1999) and
Smith et al. (2008) have shown the importance of the moni-
toring sediment-borne E. coli for microbiological water quality
studies during and after high-flow events.

Experiments with artificial high-flow events have been
used in the past to distinguish the effect of resuspended
sediment microbial releases from the effect of runoff micro-
bial inputs. For example, water release from reservoirs
(McDonald et al., 1982; Muirhead et al., 2004) or from tankers
(Cho et al., 2010) to streams on rainless days has been used to
simulate high water flows. In these studies, E. coli concentra-
tions in water increased dramatically (up to two orders of

The increases in E. coli were attributed to sediment resus-
pension and bacteria release.

Data from the artificial high-flow experiments demon-
strate a very slow E. coli disappearance from water column
after the high-flow events. Stable levels of E. coli and total
coliform concentrations were observed by McDonald et al.
(1982) for one hour after the pulse of water released from
the reservoir passed the observation station. Similarly, in
another experiment, high concentrations of about 2000 CFU
per 100 ml was observed for two hours after the pulse of water
from a supply reservoir had passed the observation stations
1.2 and 2.5 km downstream from the water supply reservoir
(Muirhead et al., 2004). The high concentrations of E.coli
perpetuating long after the water pulse passage could be
interpreted as the result of a continued release of E. coli from
the streambed. However, extended presence of high E. coli
concentrations was also observed when the sampling location
was relatively close to the water release location and the pulse
was short enough to provide the fast return to the base flow
after the pulse passage. For example, Cho et al. (2010) reported
the presence of E. coli concentrations of about 1/3 of the
maximum for two hours after the water pulse passage ob-
tained at short distances of 130 and 260 m from the water
release location. To explain the continuing E. coli presence,
one had to assume that substantial release of bacteria from
sediment continued in conditions close to base flow. Such an
assumption seems to be dubious given the low E. coli con-
centrations in water column during base flow before the
experiment, and exponential decrease of E. coli concentrations
in sediment with depth (Pachepsky and Shelton, 2011).

A conceptual explanation of prolonged and elevated
chemical and microbial concentrations after high-flow events
in streams has been developed by analyzing transport of
various solutes tracers through short sections of the stream
networks (Gooseff et al., 2008). The explanation consists in
formation of the transient storage (TS) which is filled during
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the pulse passage and then gradually emptied thus providing
a continuously working source of high chemical or microbial
concentrations (Bencala and Walters, 1983; Gooseff et al.,
2008). The existing frameworks for modeling bacteria trans-
port in steams are based on advection-dispersion transport
and sediment—water column interactions. Currently, models
of sediment/bacteria transport in streams account for
processes of resuspension and settling (Tian et al., 2002; Steets
and Holden, 2003; Jamieson et al., 2005; Collins and
Rutherford, 2004; Bai and Lung, 2005; Yang et al.,, 2008;
Rehmann and Soupir, 2009; Cho et al., 2010; Russo et al., 2011).
However, they disregard the effect of TS and therefore cannot
simulate the long tails observed on the graphs of E. coli con-
centrations as a function of time or water flow. As a result,
models with a term for TS need to be developed and evaluated
to better understanding the release and transport of bacteria
in streams.

The objectives of this work were: (1) to analyze results of
three years (2008—2010) of artificial high and low flow exper-
iments on a perennial first-order creek in a riparian zone; (2) to
develop a numerical model of E. coli transport for the creek
water as affected by resuspension, settling, and presence of
transient storage; and (3) to assess inter-annual changes in E.
coli transport parameters, and to elaborate on mechanisms of
bacteria release and transport based on simulation results.

2. Materials and methods
2.1. Description of study area

The study site (Supplementary data, Figure S1) is located at
the Optimizing Production Inputs for Economic and Environ-
mental Enhancement (OPE3) watershed research site, USDA-
Beltsville Agricultural Research Center on the mid-Atlantic
coastal plain of Maryland. The entire watershed area is
about 70 ha, with 75% employed in agricultural crop produc-
tion while 15% is under deciduous forest. The site contains a
small first-order creek (the Beaver Dam Creek Tributary
described in detail by Angier et al., 2005) of ~1100 m long that
is instrumented with four stations for monitoring stream flow
and water sampling. The creek bed is from 100 to 160 cm wide
and bed slope varies along the creek from 0.0008 to 0.0122 (Cho
et al., 2010). The creek runs within a riparian corridor of var-
iable width from about 65 m at its narrowest point, to more
than 100 m. Four fields (A, B, C, and D in Figure S1, total area of
22.5 ha) have been under continuous corn production for the
last 12 years. Field A receives 70,000 kg ha ! dairy manure
annually, whereas other fields receive only chemical fertil-
izers. Mean electrical conductivity and pH of water measured
before and during experiment were 136 + 58.2 uS cm ™' and
6.91 + 0.35, respectively.

2.2. Sampling design and high-flow experiments

Four sampling stations located at 10, 150, 290 and 640 m from
the water release point were instrumented with weirs and
automated refrigerated samplers (Sigma 900 Max All Weather
Refrigerated Sampler, Hach Company, Loveland, CO) to mea-
sure depth of water and to sample water in the creek

(Figure S1). The weirs have been calibrated to convert depth of
water to flow rate (Hively et al., 2006). The sections of the creek
between stations 1 and 2, 2 and 3, and 3 and 4 are referred
below as reach 12 (~ 140 m length), reach 23 (~140 m length),
and reach 34 (~350 m length), respectively. The Trimble
GeoXM 2005 Series global positioning system was used to
determine elevations of the creek bottom at incremental dis-
tances along the creek. Creek sediment was sampled at 20-m
increments along the creek to measure particle size distribu-
tion in the top 1-cm layer of the streambed. Fifty grams of
sediment were collected at four positions across the creek at
each sampling location to represent the texture variation
across the stream.

Three artificial high-flow experiments were conducted on
August 12, 2008, July 21, 2009 and July 20, 2010. In 2008 the
creek sediment was sampled for E. coli concentrations at three
locations downstream from stations 1, 2 and 4, while in
2009—-2010 sediment was sampled equidistantly (every 20 m)
in four replications within each reach 1 h before and one day
after the high-flow event. Composite samples were taken
across the creek from the top 2-cm layer of the streambed. The
artificial high-flow event was created by releasing 60—80 m> of
city water on a tarp-covered stream bank 10 m upstream from
station 1 at a rate of around 60 L s~* in four allotments (Table
S1, Supplementary data). In 2009, 2010, a conservative tracer
difluorobenzoic acid (DFBA) was added to the release water.
Water was delivered in trucks, and time intervals between
allotments (1 min, 3 min, and 1 min) were determined by truck
logistics. The inlet pipe of the autosampler was placed on the
bottom of the stainless steel weir. The weirs were cleaned
before the experiment, so there was no sediment lying in the
weir. Water samples were collected every 2 min at station 1,
and every 5 min at stations 2, 3, and 4 while water depth in
each weir was measured every minute.

2.3. Physical and microbiological analysis

2.3.1. Water

Water samples were transported to the laboratory on ice
within 1 h and analyzed for E. coli concentrations using Col-
iert-18® (IDEXX Laboratories, Inc., Westbrook, Maine) with
Quanti-tray /2000 trays (Olstadt et al., 2007). Five milliliters of
the supernatant was added to IDEXX 100 mL bottles (two
bottles per subsample for replication) containing 95 mL of
sterile distilled water. One packet of Colilert-18 reagent was
then added to each bottle and thoroughly shaken. After the
reagent dissolved, bottle contents were poured into IDEXX
trays and sealed with the IDEXX Quanti-Tray Sealer model 2X.
The trays were then incubated at 37 °C for 18 h. To determine
the Most Probable Number (MPN) of E. coli, positive, fluores-
cent wells within each Quanti-tray™/2000 tray were counted
under 365 nm UV lighting (Spectroline CM-10, Spectro Cor-
poration, Westbury, NewYork, USA). Turbidity was measured
with the Orbeco-Hellige Digital Direct Reading Turbidimeter
(Sarasota, FL). To quantify the DFBA tracer, a 3-mL aliquot
from each sample was passed through a 0.2 pm filter and then
analyzed by high performance liquid chromatography (HPLC)
The HPLC conditions were as follows: mobile phase, acetoni-
trile 15 mM KH,PO, (titrated to pH 2.6 with phosphoric acid
(35:65, v/v) flow rate 1.7 mL min ' guard column, Sperisorb
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SAX1 (10 mm x 4.6 mm x 5-um i.d., Waters Milford, MA);
analytical column Supelcosil SAX (25 cm x 4.6 mm x 5-um i.d.,
Sigma—Aldrich, St. Louis); injection volume 50 pL; and UV
detection, 205 nm. The detection limit for DFBA was 50 pg L%,

2.3.2. Sediment

Sediment samples were scooped from the upper 1 cm of
sediment, put into tubes with lids to prevent water loss, and
immediately transported to the laboratory. The wet sediment
and 90 mL of sterile distilled water were blended (blender
model 34BL97, Waring) at high speed for 2 min in order to
produce a homogeneous slurry (Garzio-Hadzick et al., 2010).
After allowing the slurry to settle for 1 h, the supernatant was
analyzed using the same procedure applied to water (Section
2.3.1). Note that potential IDEXX quantification errors due to
particle-bound organisms have been previously explored by
Fries et al. (2006) and determined to be minor in most sce-
narios. Sediment particle size was determined with the
pipette method (Gee and Or, 2002). Sediment water content
was determined in subsamples dried at 40 °C for 24 h. E. coli
concentrations were expressed in MPN per gram of dry weight
of sediment (gdw).

2.4. Flow and transport modeling

A one-dimensional model was applied to simulate water flow,
E. coli and conservative tracer transport during the artificial
high-flow events. The shallow water Saint—Venant equations
were used to calculate water depth and discharge. The con-
tinuity and the momentum equations, respectively, are
(Cunge et al., 1980):

0A  0Q

ot + ol o]
0Q 9 (Q?

ot + = (K + gh) = gA(So — Sr) + gl + Bqgu 2

where A is the cross-sectional area (m?), Q is the discharge
(m? s, qg is the groundwater flux to the creek per unit of
creek length, (m? s7%), S¢ = n?uju|/h*? is the friction slope (-),
n is bed roughness, Sy is the bed slope (-), g = 9.8 is the
gravitational acceleration (m s~?), u = Q/A is the average flow
velocity (m s~?), 8 = 1 accounts for the effect of groundwater
upwelling on momentum of flow, x is the distance along creek
(m), and t is time (s),

/ h
I :/(h—Z)W(x,z)dz and I, = /(h_z)w
0

0

dz 3)

where h is height of water column (m) and w is the creek
width.

For the simplicity we consider a stream of a rectangular
cross-section of the width W(x), then

I, = Ah/2, I, = bh?/2 @

where b = 9W/dx.

The advection-dispersion equation is applied to simulate
transport of E. coli and transport of a conservative DFBA tracer.
The one-dimensional stream solute transport model accounts
for advection-dispersion, lateral inflow/outflow, exchange

with TS, linear die-off/production, and resuspension of bac-
teria from bottom sediments. Two approaches exist with
respect to simulations of suspended bacteria transport (Russo
et al,, 2011). One approach assumes that bacteria are typically
represented as “free” phase, or unattached to suspended
sediments (Jamieson et al., 2004a) while the second approach
assumes partitioning between “free” floating bacteria and
those associated with suspended solids (Characklis et al,,
2005; Bai and Lung, 2005). Often, a linear reversible adsorp-
tion isotherm is used describing microbe—sediment associa-
tion (Russo et al., 2011). However, contradictory data exist
with respect to the numbers of E. coli or FC associated with
suspended sediments or between E. coli concentrations and
turbidity (Pachepsky and Shelton, 2011). Also, introducing
partitioning between “free” and “suspended sediments asso-
ciated” phases into mathematical terms requires additional
model parameters, which are difficult to determine and may
increase uncertainty of predictions. Therefore, we assume
that only one phase of E. coli is presented in the water column
and their resuspension from bed sediments and settling is
characterized by lumped parameters that can be estimated
based on experimental data.

The governing equation of stream E. coli transport has a
form

d(AC) 0 [, 9C\ 0(QC) o
ot 7&(AD&> _T_aA(C_CSt)+ngg_ng

+ WR,Cp — WR,C — kqcAC )

where C and Cg; are the E. coli concentration in stream and TS,
respectively (MPN m~3), Dis the dispersion coefficient (m?s™?),
a is stream-storage exchange coefficient (s™%), R, and R, are E.
coli resuspension (kg m~2 s%) and deposition rates (m s™?),
respectively, C, is the E. coli concentration in streambed
sediments (MPN kg™), C; is the E. coli concentration in
groundwater (MPN m>), g% = (qg + |q¢[)/2, and is k4. the bac-
teria die-off rate in water (s7%).

Exchange with TS (dead zones represented by stagnant
pools, eddies etc.) is governed by a linear kinetic equation
assuming first-order mass transfer (Bencala and Walters, 1983)

9(AstCst)

ot = OCA(C - Cst) - kchstcst - huscst (6)

where Agis cross-sectional area of the storage zone (m?), and
Us is the settling velocity (m s~ ). Note that we neglect the
bacteria release in TS zone. Since both the stream and the
storage zone cross-sectional areas vary with time, a dimen-
sionless measure of the storage effect is obtained by calcu-
lating the ratio of storage zone cross-sectional area to main
channel cross-sectional area (Runkel et al., 1999). We assume
that the storage ratio parameter, fs: = As/A, does not change
with time, yet, it is reach specific.

The mass balance equation E. coli of in a streambed layer of
a thickness Hy, is

oC
Hb/)ba_tb = —R,Cp 4 R4C — RapHppp,Cy ?)

where kgp, is the bacteria die-off/production rate in sediments
(s71), and is p, the sediment bulk density (kg m~3).

The resuspension and deposition rates are calculated as
(Russo et al., 2011):
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~ [ Re(w/ter — 1) for 1 > tor

Rr= {O for o < 1er (8a)
_ Jus(1—1p/tca) for m < tea

Ra= {o for 15 > teq (8b)

where R, is the entrainment coefficient (kg m=2 s™%), 7,is the
bed shear stress (N m~2), 7., and t.qare critical shear stresses
for resuspension and deposition, respectively (N m™2).

The best estimate of the bed shear stress in a complex flow
field can be obtained using the turbulent kinetic energy method
(Biron et al., 2004). However this requires measurement fluc-
tuations of the flow velocity components. Fairly good approxi-
mation of the average shear stress at the bed can be also
obtained using the quadratic stress law, which relates stress to
the square of the average fluid velocity (u) (Schlicting, 1987)

Tp = ngIM2 (9)

where p is water density (kg m>), and c, is the drag coefficient.
In our simulations we use average value of c¢; = 0.003
(Cardenas et al., 1995).

The longitudinal dispersion is expected to increase with
increasing discharge and flow velocity (Wallis and Manson,
2004), due to turbulence structures developing within the
water column. Therefore we assume a linear dependence of
the dispersion coefficient on flow velocity, as commonly
accepted in porous media transport simulations (Bear, 1979),
i.e. D = au, where a is the dispersivity (m).

To describe transport of a conservative tracer in a stream,
we use Equations (5) and (6) assuming zero die-off/production
rate, and resuspension-deposition processes.

For the Saint—Venant equations, the initial conditions
define the distribution of water fluxes and water depth along
the creek for base flow; while boundary conditions specify the
value of flux (Neumann boundary condition) as a function of
time at the stream inlet (for the supercritical flow, also the
value of water depth is prescribed), and the transmissive
boundary at the outlet (Neumann boundary condition). For
the transport equation, the initial conditions define the con-
centration of E .coli and the tracer in the water and bed layer
along the creek for base flow; while boundary conditions
specify value of concentration in water column as a function
of time (Dirichlet boundary condition) at the stream inlet, and
the zero dispersive flux (Neumann boundary condition) at the
outlet. The inlet boundary was assigned 10 m upstream of
station 1, where water from trucks generated the high-flow
events; and the outlet boundary was 10 m downstream of
station 4.

The Saint—Venant equations were solved numerically by
the finite volume method using a central-upwind scheme
(Kurganov and Petrova, 2008) and the fourth order Runge-
Kutta method with the estimate of truncation error
(England, 1969) and the adaptive stepsize control (Press et al.,
1992). The transport equations were solved by using implicit
finite differences method and applying the front limitation
algorithm (Haefner et al,, 1997). The FORTRAN code was
developed to implement numerical algorithm.? Benchmarking
was performed using dam break solution (Stoker, 1957) for the

! Available from the corresponding author by request.

Saint—Venant equations, and analytical solutions for the
advection dispersion equation (van Genuchten and Alves,
1982).

2.5.  Model fit procedure

Analysis of Beaver Dam Creek data relied on the trial-and-
error approach. Reach-specific model parameters were esti-
mated manually by using observed time series of water flow
rates and concentrations of E. coli and DFBA at stations 2, 3 and
4. Any groundwater upwelling flux into the creek was calcu-
lated for each section of the creek between the weirs based on
water balance as a difference between discharge at the reach
outlet and inlet per unit length. Firstly, flow parameters were
estimated by fitting simulated arrival time of artificially
induced wave to the observed arrival time at a reach outlet.
The bed roughness parameter (n) was changed consequently
for each reach to fit the model simulations and observation.
The second step was to estimate transport parameters: dis-
persivity (a), storage ratio (fs) and exchange rate parameter
(o) for each reach using DFBA breakthrough curves (BTCs).
Calibration started from reach 12 by changing above three
parameters for this reach, while holding values (initial guess)
of these parameters at downstream reaches constant. When
satisfactory agreement between observed and simulated BTCs
at station 2 was achieved, this stepwise procedure was per-
formed for each of the downstream reaches. Third step was to
estimate parameters of bacteria resuspension using E. coli
BTCs at stations 2, 3, and 4: the entrainment coefficient (R,)
and the critical shear stresses for resuspension (zo). The
critical shear stress for deposition was set as 1.4 = 0.8, based
on data of Russo et al. (2011). If a reasonable fit of E. coli BTCs
was not achieved for the tested range of resuspension pa-
rameters values, then additional trial simulations were per-
formed by modifying the storage ratio and exchange rate
parameters initially found from DFBA tracer simulations.
The goodness-of-fit of the model was evaluated using the
Nash-Sutcliffe efficiency index (NSE) and the modified index
of agreement (MIA), as given by Legates and McCabe (1999):

NSE:l—Zz;ﬂi:ﬁ@i (10)
S (0-0)°
S|P — O
MIA =1— =1 (11)

Z?I:I‘P" 76| +ZlNzl|Oi *6|

where P; and O; represent the simulated and observed values
of state variables (head, concentration), O is the mean of O;
and is N number of observation. Values of NSE between 0 and
1 are generally viewed as acceptable level of model perfor-
mance. Following K6éhne et al. (2005) we consider simulations
with MIA >0.75 as being “accurate”.

3. Results and discussion
3.1. Sediment composition

The distributions of sediment particle fractions (clay + silt) at
bottom along the creek in 2008—2010 are shown in Figure S2
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(Supplementary data). Sediment was predominantly sandy at
reach 12; the amount of silt and clay were generally higher in
reaches 23 and 34. The percentage of clay and silt was variable
with the smallest being observed in 2010. After the high-flow
event the percentage of clay and silt slightly decreased in
reach 12 and in the first half of reach 23 (Fig. S2b and S2c),
while toward the end of reach 23 a decrease of clay and silt
particles was observed. Percentage of clay and silt particles
predominantly decreased along reach 34 after high-flow
events. The significant increase in percentage of clay and silt
particles occurred at the end of reach 23 in 2009 and along all
creek length in 2010. Variations in sediment particle size along
the creek are at least partially attributable to the channel slope
of the creek (Cho et al., 2010). The relative contents of clay and
silt were greatest in sites where the channel slope was lowest.

E. coli concentrations in the sediment along the creek one
day before and one day after high-flow event are shown in
Figure S3 (Supplementary data). The results illustrate that E.
coli concentrations can vary substantially within relatively
short distances. The spatial variability of E. coli and FC con-
centrations has often been attributed to the differences in
sediment particle size distributions. For example, association
of E. coli with clay and silt particles has been shown to be
stronger than with sand particles (Guber et al., 2007;
Pachepsky et al., 2006). Regression analysis has confirmed a
significant direct relationship between the percentage of clay
and silt particles and FC and E. coli concentrations in estuarine
and riverine sediment samples from Northern California
(Atwill et al., 2007). Garzio (2009) observed an increase in
sediment E. coli concentrations with increasing silt content in
the sediment of the creek where our experiments were con-
ducted. On the other hand, Doyle et al. (1992) did not find a
significant relationship between sediment coliform concen-
trations and sediment textural fractions contents; but in their
case sediments were very coarse (>90% sand and gravel) and
might not have provided a sufficient range of particle sizes to
establish a relationship. In our study, the bacteria concen-
trations in sediment 2 h after the high flow event was initiated
were smaller than just before the water release event and then
significantly increased one day afterwards.

Distributions of E. coli in sediment and their resuspension
can be influenced by the thickness of the sediment layer being
disturbed by the high water-flow event. Results demonstrate
that sediment E. coli content exhibits the power law depen-
dence on the distance from the sediment surface with highest
value in upper 1 cm of bed sediments (Pachepsky and Shelton,
2011). Alm et al. (2003) observed a twofold decrease in E. coli
content in beach sand with 5 cm increments of depth within
the first 15 cm. The coefficient of variation was about 30% and
did not change with depth. Concentrations of FC in the top
2 cm of sediments were significantly ( p < 0.001) higher than in
the 2—10 cm layer (Ferguson et al., 1996).

3.2. Flow modeling

Table 1 shows the parameters associated with the flow model
along with model goodness-of-fit indices. The most substan-
tial addition of groundwater flux to creek flow occurred in
reach 23. This is in agreement with the results of the study by
Angier et al. (2005), who found a small (4.8 m?) upwelling area

that comprised only about 0.006% of the total riparian area (or
approximately 0.001% of the entire catchment), yet supplied
on average 4% of total stream flow.

The calibrated values of the roughness coefficient (Table 1)
were between 0.06 and 0.15 and generally decreasing down-
stream. These values are consistent to those reported for
some streams, e.g., n = 0.11 for Cypress Creek (Arcement et al.,
1979) or n = 0.12 for Yockanookany River (Colson et al., 1979),
but they were 2—3 times greater than the values reported by
Chapra (1997). Inter-annual changes of the roughness coeffi-
cient are of order 10—20%, except reach 23 (Table 1), for which
roughness estimates were almost half as large in 2009 because
of the much earlier arrival time (by around 4 min) of the water
pulse compared to that in 2008 and 2010. Channel geometrical
irregularities, various obstructions to flow caused by riparian
vegetation and large wooden debris that were present in the
creek, can increase roughness (Chow, 1959). Additionally, one
cannot exclude some effect of the weirs at the sampling sta-
tions on the water flow (Cho et al., 2010).

Fig. 1 shows the observed and simulated hydrographs at
the three weir stations. Interruptions in water release caused
several rising and falling limbs at the stations hydrographs
with amplitude decreasing with distance. Although only
roughness coefficient values were calibrated by fitting wave
arrival times, the predicted flow rates were mostly in accor-
dance with observed values. The values of NSE and MIA
goodness of fit criteria (Table 1) indicated that the
Saint—Venant equations simulated creek water flow accu-
rately. The largest disagreement with the flow model was
observed at station 2 in 2010 when simulated maximum
values of water discharge were almost twice as large as those
observed. However, the observed discharge at this station was
significantly smaller than discharge at the creek inlet during
water dumping. The discharge increased at stations 3 and 4
which was consistent with the simulation results. It is
possible that flow can partly bypass this weir due to bank
destruction. The model simulates rising limbs of the hydro-
graphs better than falling ones which became less steep as the
water pulse moved along the creek. We speculate that the
relatively long tails could be attributed to rising pressure head
making water move from the creek into the creek bank during
the water wave arrival, and seeping back into to the creek after
the water wave passed. This process is not accounted for by
the Saint—Venant equations.

3.3. Conservative tracer (DFBA) transport

Fig. 2 presents comparison between observed and simulated
BTCs of DFBA tracer. In 2009 the tracer was added to the creek
with first water load, while in 2010 the tracer was added with
first and third water loads (Table S1). As a result, two con-
centration peaks appear in 2010 (Fig. 2b). The observed BTCs
exhibit long tails which means that TS could be an important
mixing mechanism (Bencala and Walters, 1983). A fairly good
agreement was obtained between observed and simulated
BTCs of DFBA where the DFBA recovery was between 85% and
100% of that applied. For most BTCs calculated NSE and MIA
indexes indicate that the model can be considered as a “good”
predictor (Table 2). Most deviations between observation and
model simulations occurred at station 4 for both 2009 and
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Table 1 — Estimated flow model parameters and goodness of fit indexes for the Beaver Dam Creek Tributary.

Year 2008 2009 2010

Reach 12 23 34 12 23 34 12 23 34
Groundwater flux, ggw x 10°m?s™* 4.60 18.0 -0.05 15.7 6.37 1.15 2.62 16.2 0.88
Manning’s roughness, n 0.15 0.13 0.10 0.14 0.06 0.08 0.13 0.12 0.08
Nash-Satcliffe efficiency, NSE 0.812 0.576 0.838 0.625 0.774 0.599 0.171 0.513 0.828
Modified index of agreement, MIA 0.910 0.817 0.924 0.823 0.887 0.805 0.699 0.772 0.926

2010. The MIA value of these BTCs are slightly below accepted
critical value of 0.75 (Table 2, reach 34), yet according to NSE
index the model performs well in simulations. The disagree-
ment between observed and simulated tracer concentrations
could be due to several issues. First, reach 34 is longest
(~340 m) in the Beaver Dam Creek Tributary, and there is a
possibility that the representative parameters values in the
reach do not fall between representative values of its sub-
reaches (Ge and Boufadel, 2006). This is important because
TS and mixing processes depends on hyporheic exchange and
groundwater inflows which are heterogeneous in both time
and space (Gooseff et al., 2008). Second, we applied a TS model
which represents exchanges between the main channel and a
single storage zone, essentially lumping together different

Station 2 Year:

P 0.03

E

- 0,02
>
=2

" 001

0 M
0.04
(b) Station 3

Flux, m3/s

Flux, m3/s

0 30 60 90 120 150 180
Time, min

Fig. 1 — Flow rates during an artificial high-flow event in
2008 (red), 2009 (green) and 2010 (blue) at three monitoring
stations 2, 3, and 4, respectively (a), (b) and (c). Open circles
— observed, lines-simulated. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)

exchange processes. Briggs et al. (2009) developed a model
that accounts for two storage zones: the surface transient
storage (STS) and the hyporheic exchange transient storage
(HTS). This approach sounds more physically based, yet their
method to discriminate between two storage zones requires
the determination of cross-sectional stream velocity distri-
butions and stream tracer concentration time series data from
several main channel locations adjacent to the representative
STS zones. Finally, discrepancies between observed and
model simulations may also be due to the trial-and error
parameter estimates method that were used, while solving
the inverse problem with optimization algorithms results in
an improved simulation (Scott et al., 2003).

Parameters for the DFBA transport simulations found by
trial-and-error for three reaches are presented in Table 2. It
should be understood that we adopted a linear approach for
relating the dispersion coefficient to the flow velocity. Ob-
tained values of dispersivity are in the range of 0.5-0.9 m,
which means that in the simulated experiment the dispersion
parameter varied from 0.013 to 0.12 m? s~ for the base flow
and then increased to 0.35 m? s~* for the high-flow event. For
the same creek, Cho et al. (2010) using E. coli accumulated
mass BTCs found D = 0.56 m? s, however their model did not
account for TS exchange, which explains the larger D values.
Our D values are consistent with those found in the literature.
For example, in tracer experiments in Uvas Creek, Santa Clara
County, California, Bencala and Walters (1983) determined
D = 0.1-0.4 m? s ' Scott et al. (2003) using same data and
automated calibration adjusted D values to 0.01-0.2 m? s~?
Harvey et al. (1996) applied the Transient Storage Model
(Bencala and Walters, 1983) to experimental results at St.
Kevin Gulch, Colorado and estimated D values of 0.25 and
0.35 m? s~! for low and high base flow, respectively.

Similar values of TS ratio parameter, fs;, were found in 2009
and 2010 (Table 2): 0.2 for reaches 12 and 23, and 0.1 for reach
34, which indicates a relative decrease in importance of the
storage exchange along the creek. The exchange rate param-
eter, a, varies in a range from10~*s ' to 6 x 10~*s~* while the
inter-annual variations of DFBA transport parameters were
not substantial.

The TS slows down the movement of solutes relative to
that expected from advection and dispersion processes alone
(Runkel, 2002). A wide range in the distribution of transient-
storage times within any given stream reach should be ex-
pected, ranging from small pools or eddies, that retain water
and solutes for only a few seconds, to off-channel wetlands or
long hyporheic flowpaths where stream water may be
retained for days or weeks (Gooseff et al., 2008). Values of
transient storage parameters found for tracer experiments in
different locations vary in wide ranges of fi = 0-3.0,
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Fig. 2 — Observed and simulated BTCs of DFBA tracer at three stations in the Beaver Dam Creek Tributary in (a) 2009 and (b)

2010.

a (1-4.5)10 s ' (Bencala and Walters, 1983),
fst=0.16-0.92, « = (2.5-7.8)- 107> s~* for the same creek (Scott
et al., 2003), for = 1.82 and 0.07, « = 0.82-10"* and 4.0-10~* s*
for low and high base flow (Harvey et al., 1996).

3.4. E. coli transport

Fig. 3 shows turbidity, and observed and simulated E. coli
concentrations at three creek stations during the high-flow
events in 2008—2010. Turbidity and E. coli concentration
BTCs at all stations were typical for the advective-dispersive
type transport, having the bell shape and long tails indica-
tive for the coupled TS effect and low rates of settling caused

Table 2 — Estimated parameters of DFBA tracer transport

and goodness of fit indexes for the Beaver Dam Creek
Tributary.

Year 2009 2010

Reach 12 23 34 12 23 34

Dispersivity, a, m 0.9 0.7 0.5 0.6 0.9 0.7

Transient storage 0.2 0.2 0.1 0.2 0.2 0.1
ratio, fsr = As/A

Exchange rate, 4.0 2.0 1.0 6.0 3.0 2.0
o x 10% st

Nash-Satcliffe 0.813 0.839 0477 0.663 0.412 0.447
efficiency, NSE

Modified index of ~ 0.905 0.915 0.730 0.841 0.752 0.728

agreement, MIA

by re-entrainment of the sediment and associated E. coli. The
tail concentrations were far above the regulatory threshold for
E. coli concentrations signifying microbial impairment. E. coli
BTCs had relatively narrow peaks, generally thinner than the
peaks of hydrograph (Fig. 1) and turbidity (Fig. 3). This in-
dicates that most significant bacteria resuspension occurred
during first two water loads, while sediment resuspension
continued. Most often turbidity peaked prior to E. coli con-
centrations and returned to lower levels more rapidly than E.
coli. Turbidity and E. coli were only weakly correlated. Both
strong and weak correlations between bacterial concentra-
tions and turbidity have been reported in the literature.
Muirhead et al. (2004) during artificial flood experiments
observed that E. coli concentrations peaked ahead of the water
flow peak, consistent with the entrainment of FC into the
water column from underlying contaminated sediments and
that E. coli concentrations were highly correlated with
turbidity over the flood event (R* = 0.92). However, while the
turbidity returned to base levels between each flood event, the
E. coli concentrations remained somewhat elevated. On the
other hand, McDonald et al. (1982) and Goyal et al. (1977)
observed only a weak relation between E. coli concentration
and turbidity.

Bacterial peak concentrations in 2009 were more than
twice that of 2008 and around five times higher than in 2010.
Spatially, the largest microbial concentrations were from
reaches 12 and 23 while relatively small E. coli amounts were
released from the sediments in reach 34. The differences in
resuspension could be explained by the stronger association
of bacteria with silt and clay sediment particles as compared
with sandy particles. Sediment was predominantly sandy
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Fig. 3 — Observed turbidity, E. coli and simulated BTCs of E. coli at three stations in the Beaver Dam Creek Tributary in (a)

2008, (b) 2009 and (c) 2010.

upstream from station 1, and between stations 1 and 2, while
the amount of silt and clay gradually increased from station 2
to 4. The percentage of clay and silt particles was large in 2008
and 2009 and fairly small in 2010 (Figure S2).

Model parameters estimated by fitting simulated and
observed concentrations are presented in Table 3. In these
simulations, a constant value of the settling velocity
Us=2.2-10"°m s~ was accepted for clay particles (Russo et al.,
2011), taking into account that the model sensitivity to this
parameter was very low due to the observation time being
relatively short (Cho et al., 2010). The bulk density and thick-
ness of the bed layer where E. coli is subject to resuspension
were respectively p, = 1500 kg m~3 and H,, = 0.01 m. The zero
rate of bacteria die-off/production was assumed, again due to
the relatively short observation time (Cho et al., 2010).

SimulatingE. coli transport with TS parameters determined
for DFBA data did not provide a satisfactory fit to experimental

E. coli BTCs, specifically at their tailings when the entrainment
rate and critical share stress were varied in realistic ranges
from 107> to 10 2 kg m 2 s~* and from 0.01 to 0.5 N m2,
respectively (results not shown). The transient storage volume
computed from tracer concentration data simply was not
large enough to store E. coli amounts sufficient to support long
tails at E. coli BTCs. Therefore we had to either assume that TS
volumes were different for E. coli and tracer or assume that TS
volumes are the same but there is an additional mechanism
supplying E. coli to the stream. We chose the former
assumption. To implement it, the entrainment rate (R.) and
critical share stress (i) were estimated the using the rising
portion of BTCs, then the initial TS parameters (estimated
using DFBA) were changed to fit the BTC tails. Several itera-
tions by changing resuspension and TS parameters were
repeated until reasonable agreement was achieved. Addi-
tionally, model parameters for the thickness of bed layer

Table 3 — Estimated E. coli transport parameters and goodness of fit indexes for the Beaver Dam Creek Tributary.

Year 2008 2009 2010

Reach 12 23 34 12 23 34 12 23 34
Transient storage ratio, fs: = As//A 0.5 0.15 0.2 0.3 0.5 0.4 0.2 0.2 0.1
Exchange rate, a x 10% s* 4.0 1.0 0.3 7.0 5.0 3.0 1.5 1.0 0.5
Critical shear stress, t;, N m 2 0.02 0.06 0.06 0.02 0.03 0.02 0.01 0.06 0.05
Entrainment rate, R, x10% kg m=2 s~* 6.0 2.0 0.6 65.0 23.0 4.0 2.8 0.1 0.8
Nash-Satcliffe efficiency, NSE 0.019 0.346 0.484 0.594 0.327 0.443 0.554 0.412 0.798
Modified index of agreement, MIA 0.590 0.726 0.760 0.817 0.667 0.722 0.804 0.752 0.903
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subject to resuspension for reaches 12 and 23 in 2009 was
increased from 1 to 2 cm. This increase in bed thickness was
necessary to satisfy E. coli mass balance considerations. The
estimated critical shear stress values vary from 0.02 to
0.08 N m ™2 (Table 3), which is close to the values assessed by
Cho et al. (2010) with experimental data from 2008. Differ-
ences in sediment properties can cause large differences in
parameters that are important for predicting resuspension
of E. coli from streambeds. For example, considerable differ-
ences have been found in the values of the critical shear
stress defining the onset of resuspension in the modeling
work on E. coli transport. Jamieson et al. (2005) reported
the value of 1.7 N m~?; Bai and Lung (2005) have used the
value of 0.4 N m~2, whereas significantly lower values of
0.02-0.1 N m~2 reported in the work of Steets and Holden
(2003), 0.02 N m~? (Lee et al., 1994), 0.031-0.132 N m 2 (Lau
and Droppo, 2000) and 0.06—0.1 N m~2 (Droppo et al., 2007).
The entrainment rate coefficient varied in a range from
107* to 65 x 10 ° kg m 2 s (Table 3) with highest values for
reaches 12 and 23 in 2009. This parameter is sensitive to the
peak concentration value that was very different among the
three years of the study (Fig. 3). The inter-annual differences
among E. coli concentrations in sediment (Fig. 2 in supple-
mentary material) were not as pronounced as the peak con-
centrations (Fig. 3). Sediment and bacteria resuspension
parameters can be affected by a biofilm developing in stream
sediments. Gerbersdorf et al. (2008) found strong correlation of
the colloidal and bound EPS moieties with the critical shear
stress for erosion over sediment depth. Biostabilization and
consolidation time act as a mechanisms for increasing the bed

1 Reach 12 I

Reach23 |

sediment stability and influencing erosion characteristics
(Droppo et al., 2007; Stone et al., 2011).

In most simulations both NSE and MIA indexes indicate
god model fit (Table 3). The worst agreement is observed for
station 2 in 2008, yet the NSE index is positive indicating that
at least qualitative behavior of released E. coli transport is
described correctly by the model, as seen in Fig. 3a. Lower
values of goodness of fit indexes for bacterial transport sim-
ulations can be attributed to more significant scattering of
measured E. coli concentration compared to that of DFBA.

Fig. 4 shows calculated spatio-temporal variations of E. coli
resuspension rate (R,Cp). The resuspension rate depends on
the water velocity because shear stress is a function of flow
velocity, and on the distribution of bacteria concentrations in
bed sediments. The non-uniform distribution of the flow ve-
locity and initial bacteria concentrations in sediment resulted
in patchy patterns of E. coli resuspension. The flow velocity
was highest at distances 110—250 m from station 1 because of
the larger stream bed slopes. Consequently, the E. coli resus-
pension rate was the largest in 2008 and 2009. Relatively low E.
coli resuspension was estimated at the reach 34 in 2008 and
the reach 23 in 2010 because of smaller mean concentrations
in the initial bed sediments.

Fig. 4 shows that, in general, E. coli resuspension occurred
at times between wave rising and falling limbs. A steep-
frontal wave can effectively suck organisms from the bot-
tom sediment and hold them in the turbulent wave front,
while less steep front or falling wave can lift organisms but
not draw them in the wave overrun (Wilkinson et al., 2006).
After the water wave has passed and flow returned to steady

Reach 34 I

Time, min

Time, min

0 100 200 300

X, m

400 500 600

Fig. 4 — Spatio-temporal patterns of calculated E. coli resuspension rate due to mechanical disruption under artificial high-
flow event in a) 2008, b) 2009, and c) 2010. Horizontal axis is the distance from monitoring station 1.


http://dx.doi.org/10.1016/j.watres.2013.02.011
http://dx.doi.org/10.1016/j.watres.2013.02.011

2686

WATER RESEARCH 47 (2013) 2676—2688

levels, the calculated shear stress was smaller than the critical
one and the calculated rate of E. coli release from sediment
was zero. Yet, observed E. coli BTCs exhibit elevated concen-
tration of bacteria in the water column (Fig. 3).

The improved model fit was obtained by increasing values
of the TS ratio compared to values of this parameter initially
estimated using the DFBA tracer data. If one assumes that TS
volumes are not related to the nature of the dissolved or
suspended substance, then the TS volumes should be the
same for the DFBA and E. coli, and some additional mecha-
nisms exist that create elevated E. coli concentrations long
after the water pulse passage. The mechanisms of E. coli
release that were not accounted for in this work include: 1) the
steady-flow stochastic erosion of bed and bank sources,
resulting from high-flow turbulence (Wilkinson et al., 2006;
Grant et al., 2011); 2) boundary layer exchange of bacteria
trapped in streambed pore spaces by diffusion and/or quasi-
periodic sweep and eject motions associated with coherent
turbulence; and 3) hyporheic exchange which involves the
release of bacteria trapped in streambed pore spaces by the
advective flux of water across the sediment—water interface
(Grantetal., 2011). Grant et al. (2011) measured the flux of fecal
bacteria across the sediment—water interface in a turbulent
stream (Riverside Wastewater Treatment Plant stream in
southern California) at steady flow conditions. They found
that bacteria release from sediment due to the first two
mechanisms mentioned above were minor compare to that
induced by hyporheic exchange which controls the transport
of bacteria. The hyporheic exchange is accounted for in sim-
ulations by exchange bacteria in stream water with TS. Yet, E.
coli release due to the steady-flow stochastic erosion of bed
can be enhanced due to changes in macro-scale viscoelastic
and other constitutive properties influencing biomass struc-
ture (Alpkvist and Klapper, 2007). Once the critical bed shear
stress is surpassed sloughing of biofilms and further transport
of bacteria occurs (Droppo et al., 2007, 2009). Thus, the term
responsible for bacteria resuspension (R,) during and after
high-flow can be modified as follows

Rb = Rbe + keprbH(t - tcr) (12)

where k, is the mass transfer rate due to enhanced erosive
exchange (m s™%), H(t) is the Heaviside step-function and t., is
time when the critical bed shear stress is surpassed. Appli-
cation of Equation (12) for modeling E. coli release and trans-
portin a creek is the subject of future research. We speculated
that this hypothesis might help in resolving discrepancies
between TS volumes estimated for conservative tracer and
bacteria transport to the same extent or better than hypoth-
esis about different TS volumes for E. coli and DFBA. However,
we did not implement Equation (12) since we felt that addi-
tional experimental data should be collected to distinguish
between the two hypotheses.

4, Conclusion

1. A mathematical model of bacteria release from bed sedi-
ment and subsequent transport in a stream under non-
steady flow condition was developed and applied for

simulation and analysis of DFBA tracer and E. coli transport
during artificial high-flow experiments performed in
2008—-2010 at the Beaver Dam Creek Tributary located on
the mid-Atlantic coastal plain of Maryland.

2. The observed DFBA and E. coli BTC exhibited long tails after
the water pulse and tracer peaks had passed indicating that
TS might be an important element of the in-stream trans-
port process. Fairly good agreement was obtained between
simulated and observed water fluxes, and DFBA and E. coli
concentrations at three sampling stations. Improved fit for
E. coli BTCs can be obtained by prescribing its TS ratio
parameter different from that found for DFBA conservative
tracer.

3. The mass of the initially resuspended bacteria is not suffi-
cient to support the concentrations found in water on later
stages. Comparison of simulated and measured E. coli
concentrations indicated that significant resuspension of E.
coli continued when water flow returned to the base level
after the water pulse passed and bottom shear stress was
small.

4. Assuming that TS volumes are not related to the nature of
the dissolved or suspended substance, then the TS volumes
should be the same for the DFBA and E. coli, and some
additional mechanisms exist that create elevated E. coli
concentrations long after the water pulse passage. The
mechanism of continued bacterial release from sediment
could be due to an erosive boundary layer exchange
enhanced by changes in biofilm properties via erosion and
sloughing detachment. We speculated that this hypothesis
might help in resolving discrepancies between TS volumes
estimated for conservative tracer and bacteria transport.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.watres.2013.02.011.
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