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ABSTRACT

Fecal indicator bacteria, such as total coliforms and E. coli, are a challenge to control in urban and rural stormwater
runoff. To assess the challenges of improving bacterial water quality standards in surface waters, microcosm experi-
ments were conducted to assess how decay rates of total coliforms and E. coli are affected by sediments and associated
organic matter. Samples were collected at a lake embayment to create laboratory microcosms consisting of different
combinations of unsterilized and sterilized water and sediment. Calculated first-order decay rate constants ranged from
0.021 to 0.047 h™" for total coliforms and 0.017 and 0.037 h™" for E. coli, depending on how each microcosm was pre-
pared. It is evident that sediment in contact with the water column decreases bacteria decay rate, showing that care
should be taken when designing stormwater treatment measures. In addition, high organic carbon content in the sedi-
ment temporarily increased bacteria concentrations in the water column. The results demonstrate that stormwater treat-
ment measures, such as extended detention basins and constructed wetlands, must hold water for several days to allow
for reduction of bacterial concentrations to acceptable levels. In addition, to troubleshoot detention basins and con-
structed wetlands for causes of high effluent bacterial concentrations, analyses of sediment, organic carbon, and water
column depth should be conducted.
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1. Introduction known as Stormwater Control Measures (SCMs), and
include a range of strategies from educating the public to
cleaning animal feces from paved surfaces to construct-
ing stormwater treatment detention basins and wetlands.
However, current efforts to reduce concentrations of FIB
using stormwater BMPs have yielded inconsistent results.
Monitoring efforts of BMP inlet and outlet points during
storms generally report minor decreases or even in-
creases of FIB at the outlets [6]. Some monitoring efforts
of the same type of BMP but in different locations yield
opposite results [7], and some BMPs perform well in all
seasons except summer [8].

Reasons for inconsistent results in treating FIB with
BMPs are the complexities associated with this type of
pollutant. The experiments reported in this paper give
insight on what may be necessary for structural BMPs,
such as extended detention basins and constructed wet-
lands, to effectively reduce FIB. An extended detention
basin is a constructed pond used to detain excess storm-
water runoff as well as promote settling of various pol-
*Corresponding author. lutants found in runoff. As the stormwater runoff is de-

The presence of fecal indicator bacteria (FIB) in surface
waters can have detrimental consequences to human and
economic health. For example, exceedingly high occur-
rences of these bacteria in recreational beaches can put
bathers at risk of contracting illnesses. As a prevention to
illnesses, beaches are closed, resulting in economic
losses in municipalities that depend on tourism [1,2]. To
protect recreation and ecosystems in water bodies, the
United States’ Clean Water Act 303(d) impaired waters
list includes thousands of creeks, rivers, and coastal
zones classified as impaired for pathogens [3]. The de-
notation of “pathogens” includes known pathogenic or-
ganisms but, more commonly, FIB, such as total coli-
forms, fecal coliforms, Escherichia coli (E. coli), and
enterococci bacteria. A large contributor to FIB in sur-
face waters is stormwater runoff [4,5]. Solutions to con-
trolling pollution to surface waters from stormwater run-
off are called Best Management Practices (BMPs), also
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tained in the basin, sedimentation promotes the reduction
of total suspended solids (TSS) and other pollutants at-
tached to suspended solids. A constructed wetland is used
in a similar manner to the extended detention basin, but it
uses plants to aid in the reduction of TSS, FIB, organic
materials, and nutrients in the water.

Bed sediments have the potential to increase FIB con-
centrations in the water column by furnishing nutrients
and additional FIB but may decrease water column FIB
by providing a source of predator organisms. In this
study we examined how FIB concentrations behave in
the water column when bed sediments are present. We
hypothesized that the decay rate of FIB in the water
column, and therefore in structural BMPs, decreases with
the presence of bottom sediments. We used microcosm
studies to experimentally determine FIB decay rates for
five treatments that provided input into reasons for FIB
decay in the water column and the effect of sediments.
Further, we estimated the hydraulic residence time nec-
essary in an extended detention basin and constructed
wetland to reduce total coliform concentrations to an
acceptable level, based on the decay rates from the ex-
periments.

This research builds on literature that considers the
impact of sediments and associated organic matter and
nutrients on water quality. Organic matter and nutrients
in the water column can impact the occurrence of FIB,
whether the nutrients come from sediment or another
source. For example, Smith and Prairie [9] studied the
effect of dissolved organic carbon (DOC) and nutrients
on the behavior of bacteria in different types of lakes.
They found that bacteria growth rates were positively
correlated with total phosphorus concentrations and that
DOC usage by lake bacteria depends strongly on the
availability of phosphorus; the combination of carbon
and phosphorus produced significantly greater bacteria
concentrations than phosphorus alone. Similar results
were found by Surbeck et al. [10], but the bacteria were
FIB in a concrete-lined urban river where the source of
phosphorus and organic carbon was not sediment, but the
discharge from a wastewater treatment plant. Addition-
ally, Jeng et al. [11] found that indicator organisms en-
tered an estuary through stormwater runoff and settled to
the bottom sediments, experiencing prolonged survival.
Bolster et al. [12] were able to increase concentrations of
E. coli in laboratory experiments of estuarine waters with
high nutrient content.

Microcosm studies on FIB have been used by Craig et
al. [13] and consisted of intact sediment cores taken from
coastal areas with distinct sediment characteristics to
determine the decay rates of E. coli in water and sedi-
ment. It was found that E. coli persisted in sediment,
compared with overlying water. Small particle size and
high organic carbon content were found to enhance sur-
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vival; that is, sediments containing high proportions of
clay and nutrients are more conducive to survival than
sandy sediments.

2. Materials and Methods
2.1. Sample Collection

Water and sediment samples were collected during four
events from an embayment (the flooded mouth of a
tributary stream) contiguous with a manmade lake in
northern Mississippi, USA. Water and sediment were
collected from this water body and used in laboratory
microcosms to simulate performance of BMPs with high
FIB loadings.

The water and sediment samples were collected in
Nalgene bottles (Nalgene Company, Rochester, NY) pre-
viously autoclaved at 121°C in an EZ 9 autoclave
(2340EA, Tuttnauer, Hauppauge, NY). Sediment samples
were collected with 2-inch by 4-inch aluminum sediment
core sleeves previously autoclaved at 134°C. The sleeve
was filled approximately halfway so that the sediment
would represent the top 5 cm, which contains the most
recent nutrient influx [14]. A sediment particle size
analysis [15] was performed on the sediment and yielded
size fractions of 71% sand and 29% silt.

Water samples were collected from the embayment
surface, and sediment samples were collected from a
submerged portion of the bank on four dates following
precipitation events (Table 1). All samples were trans-
ported on ice, and microcosm set-up began once the
samples were brought to the laboratory at the University
of Mississippi.

2.2. Pre-Microcosm Preparation and
Microbiological Analyses

The sediment was mixed to make a homogeneous soil
matrix in order to provide each microcosm with similar
sediment characteristics. This was accomplished by put-
ting the sediment from the Nalgene bottles in an alumi-
num pan and manually mixing. Afterwards, sediment for
two of the microcosms was sterilized by autoclaving at
121°C.

Next, bacteria were extracted from the unsterilized
sediment within three hours of collection. This was done
following a procedure adapted from Craig et al. [16] and
Jeong et al. [17]. Once the supernatant of the extraction
procedure was retrieved, it was processed for analysis of
total coliform and E. coli, in duplicate, using the de-
fined-substrate method Colilert (IDEXX Laboratories,
Inc., Westbrook, ME), in units of most probable number
(MPN) per kg, and recorded. FIB analysis was performed
on water samples using the Colilert method, but with
concentration results in units of MPN per 100 ml (or 1
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Table 1. Summary of initial concentrations of constituents in embayment water and sediment used for microcosm studies.

Event 1 Event 2 Event 3 Event 4
Parameter
July 11, 2008 August 9, 2008 January 7, 2009 April 10, 2009
Precipitation in Previous 24 Hours
Precipitation Depth (cm) 0.8 0.2 2 1

Embayment Water Constituents

Total coliforms (MPN/dl) 15651 4104 8177 33,718
E. coli (MPN/dl) 381 <10 878 913
DOC* (mg/l) 2.95 NM® 7.64 6.16
Nitrate-N (mg/l) 0.191 NM 0.29 0.34
Phosphate (mg/1) 1.29 NM 0.332 0.531
DO° (mg/1) 9.66 6.73 10.7 12.1
Phenols (mg/1) 1.29 NM 0.594 1.02
Temperature ("C) 26 NM 4 15
Sediment Constituents
Total coliforms (MPN/kg) 6.2E+07 NM 4.1E+08 2.6E+08
E. coli (MPN/kg) 1.1E+06 NM 6.6E+06 2.1E+05
TOC! (%) 1.15 NM <0.05 <0.05

*DOC = Dissolved organic carbon; "NM = Not measured; ‘DO = Dissolved oxygen; “TOC = Total organic carbon.

deciliter, dl). Colilert is known as Standard Method 9223
[18].

2.3. Microcosm Preparation

Following the sediment preparation and FIB quantifica-
tion described above, seven microcosms were set up in
500-ml glass Erlenmeyer flasks. When necessary, water
was filter-sterilized with a 0.22-micron filter (Model
number 8532, Corning, Corning, NY). Sediments were
sterilized by autoclaving. The microcosms were incubated
in a shaker incubator (Classic C24, New Brunswick Sci-
entific, Edison, NJ) rotating at 60 rpm to prevent settling
of FIB, while mimicking the slow movement of water in a
detention basin or constructed wetland. The shaker incu-
bator was stopped for sample collection, but bacterial
settling would not have occurred in the few minutes in
which the shaker was stopped. An incubation temperature
0f 30°C was used for all experiments as a representation of
a summertime (i.e., recreation) water temperature. The
incubator had a glass cover and was located near a win-
dow, exposing the microcosms to sunlight during the
daytime.

Figure 1 is an illustration of Microcosms 1 through 5,
which are described next. Microcosm 1 was composed of
embayment water alone and was used to monitor FIB

Copyright © 2012 SciRes.

die-off free from the influence of bed sediment. Micro-
cosm 2 was composed of embayment water and bottom
sediment. This combination simulated natural conditions
and was used to monitor FIB in the water as affected by
nutrients associated with the water and nutrients and FIB

V

RANARY

o o ) OO
Microcosm 1 Microcosm 2
o
o o A
Microcosm 3 Microcosm 4
Legend

V

/7N

Microcosm 5

BV Water level

2 Sediment

< Fecal indicator bacteria
Bacterial resuspension

Figure 1. Schematics demonstrating initial location of FIB
in microcosms. Two control microcosms are excluded from
the figure.
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associated with the sediment. Microcosm 3 was composed
of embayment water and autoclaved sediment and was
used to monitor FIB in water under the effect of nutrients
in the water and the sediment, but not FIB from the
sediment. Microcosm 4 was composed of sediment and
filter-sterilized embayment water. It was used to monitor
FIB in water that resuspended from sediments and that
was affected by nutrients in water and sediment. Micro-
cosm 5 was composed of sediment and sterilized deion-
ized (DI) water and was used to monitor FIB in water
associated with FIB resuspension from sediment without
the effect of FIB and nutrients from the water. Microcosm
6 was composed of sterilized embayment water and was
used as a control to monitor whether filter-sterilizing the
water was successful in removing FIB. Microcosm 7 was
composed of sterilized DI water and sterilized sediment
and was used as a control to monitor whether autoclaving
the sediment and filter sterilizing the DI water were suc-
cessful in removing FIB.

Each sediment-water microcosm consisted of ap-
proximately 200 g of sediment and 300 to 500 ml of water.
The volumes of microcosms of water alone were between
230 to 500 ml.

2.4. Microcosm Monitoring

Data were collected for four events, each consisting of
seven unique microcosms. During the microcosm study
events, aliquots of 1 mL of water in the microcosms were
collected at twelve-hour intervals in the first two days, and
aliquots of 10 mL of water were collected at 24-hour
intervals in the subsequent five days. Each aliquot of
water was analyzed for FIB following the procedures
described previously.

2.5. Chemical Analyses

Water samples, sediment samples, and microcosm sam-
ples were also analyzed for chemical water quality pa-
rameters. Those analyses and the times during which they
were conducted are described below.

Organic Carbon. At the beginning of each study, a grab
sample of water and soil were collected and kept refrig-
erated until the study was completed. At the time of col-
lection, water samples were filtered through a 0.45-mi-
cron filter (Millipore, Billerica, MA) in a 500-ml capacity
filtration kit (Nalgene Company, Rochester, NY). Sam-
ples of water and sediment taken from the end of the mi-
crocosm studies were shipped on ice overnight to Envi-
ronmental Testing and Consulting, Inc. (ETC) in Mem-
phis, TN, who analyzed water samples for total organic
carbon (TOC) using Standard Method SM-5310B [18].
Sediment samples were analyzed for organic carbon using
the Walkley-Black method [19]. Because the water sam-
ples were filtered prior to the laboratory analysis, the
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results are reported as DOC.

Dissolved Oxygen, Phenols, Nitrate, and Phosphate.
The water samples were tested before and after the mi-
crocosm studies for dissolved oxygen, phenols, nitrate,
and phosphate using a V-2000 Multi-Analyte Photometer
and vacu-vial kits (CHEMetrics, Calverton, VA).

2.6. Data Analysis

Monitoring of the seven microcosms over four events
yielded concentrations of total coliform and E. coli in the
water column over 7 days. For Microcosms 2, 3, 4, and 5,
FIB concentrations were adjusted to compensate for the
changing ratio of sediment to water. That is, during the
monitoring of microcosms, as aliquots of water were
removed for analysis of FIB, the volume of water inside
the microcosms decreased, increasing the sediment-to-
water volume and mass ratios. Because this study was
driven by the hypothesis that sediment influenced the
concentrations of FIB in water, and because experimen-
tally the sediment became more influential due to the
decreasing volume of water as aliquots were removed
during the seven days, it was necessary to perform an
adjustment calculation for the concentration of FIB in the
water column (Cy). The following assumptions were used
to determine the adjustment calculations for the changing
sediment-to-water ratio: 1) the FIB concentrations in the
water column are affected in direct proportion to the
sediment; 2) the partitioning properties were not affected
with the changing ratios; 3) FIB in the water did not set-
tle into the sediment because of the turbulence in the
water due to the mechanical shaking; and 4) FIB and/or
nutrients could resuspend from the sediment into the wa-
ter column. To conduct the adjustment, the concentration
of FIB measured in each aliquot at time t (Caliquots) Was
multiplied by the volume of water existing at the time of
the aliquot collection (V) and then divided by the initial
volume of water in the microcosm (V,), as shown in
Equation (1).

aliquot,t X\\;_t (1)

0o

Cc =C

ViV, ranged from 1.0 att = 0 to 0.72 at t = 7 days.
Following this adjustment calculation for the microcosms
containing sediment and water, the concentrations were
normalized for Microcosms 1 through 5 by dividing each
C, by the initial concentration, C,, as per Equation (2).

. . . C
Normalized concentration at time t = C—t>< 100 2)

This normalization allowed all of the initial concentra-
tions to be equal to 100 and allowed all four events to be

analyzed together. Further, the natural logarithms of the
normalized concentrations were plotted against time to
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establish first-order decay rate constants in base € using
the slope value of a best-fit line. This is described by
Equation (3),
ac _
dt
where C is concentration, t is time, and K is the first-order
decay rate constant. If C = C, at t = 0, then this equation

can be integrated by separation of variables to yield the
linear equation

—kC 3)

InC, = —kt+1InC, (4)

where InC; is the dependent variable, t is the independent
variable, K is the slope of the line, and InC, is the y-in-
tercept. Best-fit line calculations with slope, y-intercept,
standard deviations, and the Pearson correlation coeffi-
cient were calculated using the software Igor Pro 5.01
(WaveMetrics, Inc., Lake Oswego, OR). The signifi-
cance of the correlations was calculated using the SPSS
Statistics 15 (SPSS, Inc., Chicago, IL). For this analysis,
where FIB concentrations were lower than the detection
limit, the value of half of the detection limit was used.
FIB concentrations above quantification limits occurred
only in Microcosm 3, and this microcosm was excluded
from this analysis.

2.7. Applications to Stormwater Best
Management Practices

The calculated total coliform decay rates for the different
microcosms were used to evaluate the time and the sur-
face area necessary for stormwater BMPs, such as ex-
tended detention ponds and constructed wetlands, to de-
tain stormwater until coliform concentrations decreased
to an acceptable level.

In order to calculate the detention times necessary for
a BMP to reduce concentrations of total coliforms, the
decay rate constant calculated for Microcosms 1 and 2
were used based on certain assumptions. For the ex-
tended detention pond, the total coliform decay rate for
Microcosm 1 was used because the depth of a detention
pond would be large enough that the bottom sediments
have little effect on the decay rates of total coliform in
the water detained. To calculate the detention times for a
constructed wetland to decrease FIB concentrations, the
total coliform decay rate constant for Microcosm 2 was
utilized because this microcosm set up was similar to a
wetlands BMP in that the water levels in wetlands are
shallow. Then it can be assumed that sediment will have
an effect on the water by becoming a source of resus-
pended coliforms and/or nutrients, providing a decreased
decay rate of coliforms. By varying the initial concentra-
tion of FIB from 10,000 MPN/dl to 1000 MPN/dl, Equa-
tion 4 was rearranged to calculate the time, t, needed to
reach a final FIB concentration of 330 MPN/dl. While

Copyright © 2012 SciRes.

there is no ambient water quality criteria for total coli-
forms, this concentration was used as an example stan-
dard from a total maximum daily load (TMDL) calcula-
tion from New York State [20].

Following the calculation of the detention times, the
necessary area to be occupied by an extended detention
pond and constructed wetland was calculated with the
assumption of a known BMP depth of 3 m for a detention
pond and 0.20 m for a constructed wetland and a first
flush depth of 1 inch (2.54 cm) of runoff from the drain-
age area. A first flush volume was then calculated, equal
to 2.54 cm multiplied by drainage areas ranging from
16,200 to 80,900 m>. The drainage areas were varied in
order to visualize the consequent first flush volumes and
the necessary required area of the detention pond. The
surface area occupied by the BMP then was the first
flush volume divided by the assumed water depth of the
BMP. Note that this is not a design procedure for deten-
tion ponds and constructed wetlands, but rather a simple
calculation to estimate dimensions, especially when the
first flush occurs in a small interval of time, say, 1 hour.

3. Results

As a recreational water body, the sampling station does
not meet standards for E. coli, exceeding the limit of 126
MPN/dI [21] in three events, of which two are during
swimming months. The concentrations of the water qual-
ity parameters collected are shown in Table 1. This table
also shows that some precipitation occurred within 24
hours prior to each sampling event, but water quality
parameters were not correlated with antecedent precipita-
tion depth. Concentrations of FIB and TOC in sediment
samples varied among events and are further discussed
below.

3.1. Evaluation of Fecal Indicator Bacteria
Decay Rates in the Microcosms

Results of the first-order decay best-fit lines combining
all four events for Microcosms 1, 2, 4, and 5 are shown
in Figure 2. The axis range for each plot is the same, so
the best-fit lines (solid for total coliform and dashed for
E. coli) can be compared for steepness. The best-fit line
for Microcosm 1, composed of embayment water alone,
had the steepest slope k, showing that FIB decay is faster
when sediment is not present. A comparison of the decay
constants of these four microcosms, combining all four
events, is shown in Table 2. It is evident that FIB decay
was faster in Microcosms 1 (embayment water alone)
and 2 (embayment water and sediment) than in 4 (sedi-
ment and sterilized embayment water) and 5 (sediment
and sterilized DI water). Calculated standard deviations
for k varied from 1 to 48 percent of the calculated k. The
Pearson correlation coefficients R ranged from —0.41 to
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Figure 2. Plots of normalized FIB concentrations versus time for Microcosms 1, 2, 4, and 5, with data from all four micro-
cosm sampling events. The solid line is the best-fit line for total coliforms; the dashed line is the best-fit line for E. coli.

Table 2. Decay rate constants and statistics for Microcosms 1, 2, 4, and 5, calculated from the four microcosm events com-

bined.

Fecal Indicator K Standard Deviation
Bacteria Group ™ (h™ R’ pe n
Microcosm 1 E. coli 0.037 0.0037 -0.90 0.00 25
(embayment water alone) Total coliform 0.047 0.00045 —0.88 0.00 33
Microcosm 2 E. coli 0.034 0.0056 —0.74 0.00 33
(embayment water and sediment) Total coliform 0.032 0.0054 -0.77 0.00 26
Microcosm 4 E. coli 0.023 0.0063 —0.63 0.00 23
(sterilized embayment water and sediment) Total coliform 0.021 0.010 -0.41 0.02 23
Microcosm 5 E. coli 0.017 0.0070 -0.41 0.01 32
(sterilized DI water and sediment) Total coliform 0.029 0.011 -0.49 0.01 24

% = decay rate constant; "R = Pearson correlation coefficient; °P = significance; “n = number of data points.

—0.88 and were highest for Microcosms 1 and 2. All cor-
relations were significant at P <0.02 . Microcosms 6
and 7 were negative control microcosms, and all FIB
concentrations were below detection limits, demonstrat-
ing that the sterilization methods were effective.
Microcosm 3, composed of embayment water and
sterilized sediment, was to be evaluated in the same
manner as Microcosms 1, 2, 4, and 5. However, data
from this microcosm were excluded from the evaluation

Copyright © 2012 SciRes.

because FIB concentrations increased rather than de-
cayed (Table 3). Plots are not shown for this microcosm
because several concentrations were above upper quanti-
fication limits. Microcosm 3 was created to demonstrate
how FIB would behave in water affected by nutrients
suspending from the sediment when FIB were not pre-
sent in sediment. To set up Microcosm 3, the sediment
was autoclaved at 121°C for 1 hour and then added to the
flask, followed by the addition of water. This microcosm
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Table 3. Fecal indicator bacteria concentrations in Microcosm 3 during the four events.

Concentration (MPN/dl)

Adjusted Concentration® (MPN/dl)

Time elapsed (hours)

Total coliform E. coli Total coliform E. coli
Event 1
0 10,824 425 10,824 425
17 >24,196 1620 >24,196 1555
29 >24,196 178 >24,196 164
42 >24,196 583 >24,196 513
67 >24,196 78 >24,196 65
92 9090 52 7272 41
118 3933 71 2989 54
142 2765 54 1991 39
Event 2
0 3286 5 3286 5
14 >24,196 1004 >24,196 937
25 >24,196 1757 >24,196 1522
38 >24,196 880 >24,196 704
63 >24,196 1718 >24,196 1260
87 >24,196 762 >24,196 508
109 >24,196 333 >24,196 200
133 >24,196 14 >24,196 8
Event 3
0 15,286 905 15,286 905
17 >241,960 >241,960 >241,960 >241,960
41 >241,960 >241,960 >241,960 >241,960
66 >241,960 >241,960 >241,960 >241,960
89 >241,960 173,289 >241,960 168,338
113 241,957 39,910 233,661 38,542
137 47,412 9755 45,516 9364
162 14,402 3966 13,743 3785
Event 4
0 30,759 771 30,759 771
7 173,289 663 160,056 612
20 >241,960 734 >241,960 648
30 >241,960 464 >241,960 407
55 18,695 71 16,248 61
79 5121 <100 4414 <100
102 1672 <100 1428 <100
126 1351 7 1145 6
149 2253 5 1745 4

*Adjusted concentrations are calculated as explained by Equation (1).

Copyright © 2012 SciRes.
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was then monitored with the others. However, the FIB
concentrations increased exponentially for up to four
days and then decreased towards the end of the monitor-
ing period. Because there was a temporary growth of FIB
in this microcosm, decay rate constants were not calcu-
lated.

To further assess the phenomenon observed in Micro-
cosm 3, DOC results were analyzed. DOC measurements
were conducted on the embayment water at the time of
sample collection and also on the water of most micro-
cosms at the end of the monitoring periods. Water from
Microcosm 3 at the end of the monitoring periods con-
tained a higher concentration of DOC than the other mi-
crocosms and the initial embayment water sample col-
lected 7 days earlier, as shown in Table 4. In addition, it
is possible that autoclaving the sediment released other
nutrients (nitrogen and phosphorus), causing FIB to mul-
tiply. Further, autoclaving sediments may have killed
predators in the sediment, allowing FIB to further multi-
ply in the water column.

3.2. Application to Stormwater Best
Management Practices

Calculations were made to determine the detention times
necessary for extended detention ponds and constructed
wetlands to hold stormwater long enough to decrease
FIB to 330 MPN/dl. With initial concentrations ranging
from 1000 to 10,000 MPN/dL, the time needed to de-
crease FIB in a detention pond ranged from 24 to 73

hours, and for a constructed wetland from 35 to 107
hours. Following these calculations, the areas occupied
by each BMP to hold the first flush of stormwater are
shown in Table 5. These areas ranged from 137 to 687
m?’ for a detention pond and 2060 to 10,300 m? for a con-
structed wetland. These areas constitute 8% and 13% of
the drainage area, when using a detention pond and con-
structed wetland, respectively.

4. Conclusions

The microcosms were created according to assumptions
that sediment and its associated nutrients, together with
nutrients in water, would prolong the survival of FIB in
the water column. These assumptions and how they re-
late to each microcosm are explained in the microcosm
descriptions in Materials and Methods and also in Table
6. This table also describes the actual outcomes of the
study for each microcosm and a likely explanation. In
summary, because Microcosms | and 2 differed only in
that there was sediment in Microcosm 2, then this sedi-
ment would be the cause of the lower FIB decay rate
between the two microcosms. This is because resuspen-
sion of FIB from the sediment and/or nutrients and or-
ganic matter from the sediment would cause FIB to per-
sist. Microcosms 4 and 5 differed only in that there were
nutrients in the water of Microcosm 4 but not in that of
Microcosm 5. It was expected that nutrients in the water
of Microcosm 4 would promote survival of FIB and be a
cause of lower FIB decay rates compared to Microcosm

Table 4. Dissolved organic carbon in embayment water and in microcosm samples at the end of each event.

Dissolved Organic Carbon (DOC, mg/l)

Embayment water Microcosm 1

Microcosm 2

Microcosm 3 Microcosm 4 Microcosm 5

Event 1 2.95 2.82 2.61
Event 2 NM 7.14 5.03
Event 3 7.64 5.14 7.94
Event 4 6.16 NM 5.03

6.57 NM NM
9.06 3.98 1.78
20.9 9.48 6.92
12.9 2.39 3.33

Table 5. Expected BMP surface areas required based on a first flush stormwater volume from a drainage area.

BMP Surface Area (m?)

Drainage Area First Flush Volume
Extended Detention Basin Constructed Wetland
(m?) (m?) depth=3m depth=0.2m
16,200 411 137 2060
32,400 822 274 4110
48,500 1230 410 6160
80,900 2060 687 10,300

Copyright © 2012 SciRes.
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Table 6. Expected and observed outcomes of microcosm events.

Components Expected Outcome Observed Outcome and
Microcosm
Water Sediment and Reason Potential Reason
Fastest FIB decay; sediment and Fastest FIB decay; sediment and
1 Embayment water None . . . .
associated nutrients not present associated nutrients not present
Second-fastest FIB decay;
Slowest FIB decay; resuspension of resuspenston of FIB from ‘sedlment;
. . . nutrients in water and sediment
. FIB from sediment, and nutrients in . .
2 Embayment water Embayment sediment . potentially promote increase of FIB;
water and sediment promote . .
. predators potentially present in water
increase of FIB .
column may increase rate of FIB
decay
FIB decay rate between that of Initial high FIB growth followed by
Autoclaved embayment ~ Microcosms 1 and 2; FIB do not FIB decay; autoclaving of sediment
3 Embayment water

sediment

4 Filter-sterilized Embayment sediment
embayment water

5 Filter-sterilized Embayment sediment
deionized water

resuspend from sediment; FIB in
water benefit from nutrients

FIB decay rate between that of
Microcosms 1 and 2; no FIB in the
initial water column; FIB resuspend
from sediment and benefit from
nutrients

FIB decay faster than that of
Microcosm 4; no FIB in initial water
column; FIB resuspend from
sediment and benefit from nutrients
in sediment; no nutrients in water

released organic carbon into the
water column

FIB decay slower than that of Mi-
crocosms 1 and 2; no FIB nor
predator microorganisms in water
column; FIB from sediment
resuspend and benefit from nutrients

FIB decay similar to that of
Microcosm 4; no FIB nor predator
microorganisms in water; FIB from
sediment resuspend; benefit from
nutrients in sediment; no nutrients in
water

5. This was true for total coliforms but not E. coli (see
Table 2). Microcosms 2 and 4 differed only in the pres-
ence of organisms in the water of Microcosm 2. It was
expected that the difference between decay rates of FIB
would be due to the presence of FIB in the water column
of Microcosm 2. Following the same logic, the decay rate
differences between Microcosms 2 and 5 could be attrib-
uted to organisms and nutrients in the water column of
Microcosm 2. It was originally expected that FIB would
have the lowest decay rates in Microcosm 2, in which no
sterilization occurred. However, the microcosms in
which sterilized water was in contact with sediment (Mi-
crocosms 4 and 5) exhibited the slowest decay rates of
FIB in the water column, albeit with lower correlation
coefficients. One possible explanation for this outcome is
that FIB occurrence may not depend only on natural
die-off, availability of nutrients, and resuspension from
sediment; it can also be affected by predatory microor-
ganisms [22], though these experiments were not de-
signed to determine this factor. Because FIB in Micro-
cosms 4 and 5 were able to survive longer than in the
others, then predators potentially present in the unsteril-
ized embayment water could have caused the noticeable
effect on FIB decay. Further research would then be
necessary to determine which organisms are predators of
FIB and where and when they are likely to occur.

Copyright © 2012 SciRes.

The results of the FIB decay rates in the microcosms
relate to stormwater BMPs in that the assumptions in this
study were in agreement with the conclusions from the
International Stormwater BMP Database [23] as well as
the US Environmental Protection Agency (USEPA) re-
port on retention ponds and constructed wetlands [24].
Detention ponds and constructed wetlands have consis-
tently lacked effectiveness in reducing FIB in stormwater
runoff. As the calculations of this study have shown, the
time required to reduce the FIB in the waters can be as
much as 107 hours, which is not a reasonable amount of
time to contain stormwater runoff. For example, Davis
and McCuen [25] report residence times of less than 24
hours for extended detention basins and constructed wet-
lands. According to USEPA [24], the presence of sedi-
ments is likely the cause of BMP failure to lower FIB
levels. The results from the controlled laboratory ex-
periments, and specifically Microcosms 1 and 2, are con-
sistent with this conclusion as well, especially with the
assumption that FIB do not settle to the bottom because

of turbulence in the water.

While it is no surprise that FIB persist longer in the
water column when sediments are present [26,27], we
can conclude that nutrients originating from sediment are
significant for FIB longevity. Because nutrients in the
form of organic carbon released from sediment did in-
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crease survival of FIB (in the case of Microcosm 3), it
can be concluded that sediment-associated nutrients
cannot be ignored, though further studies would be nec-
essary to determine what form of organic carbon was
released in autoclaving. This finding is consistent with
microbiology literature. For example, one study reports
that E. coli in lake water considerably increased within
24 hours of inoculation into sterile, autoclaved sand and
mud, followed by a 2 to 3 day stationary period, then a
decrease [28]. Although autoclaving of sediment is not
field-applicable, there is a confirmation of the literature
[29] that high levels of assimilable organic carbon (AOC)
in the water column can significantly alter the decay rate
constant for FIB, showing that organic carbon content
should be considered in determining modeling parame-
ters and in the effectiveness of stormwater BMPs. An
example of the latter is a stormwater treatment wetland
with plants in various states of decay. Decaying material
can release dissolved organic carbon into the water col-
umn, potentially reducing the treatment effectiveness of
the wetland for FIB. These results demonstrate that, to
fully troubleshoot water quality exceedances for FIB in
BMPs, analyses of sediment, organic carbon, and water
column depth should be conducted. Finally, the net decay
rates calculated are key parameters for determining the
required detention time for FIB-laden stormwater in de-
tention basins, constructed wetlands, and other structural
BMPs requiring storage of water.
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