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ABSTRACT: Results from a multiyear study demonstrate that a constructed stormwater wetland (CSW)
improves urban stormwater runoff quality mitigating downstream impacts. Best management practices, such
as CSWs, can comprehensively treat the various scales of stormwater runoff issues. Discrete sample analysis
was used to investigate the CSW effect for storm events and base-flow periods on water-quality parameters
fi.e., total suspended solids, total dissolved solids, total nitrogen, phosphorous (total and reactive), chloride,
heavy metals (zinc, lead, and copper), and Escherichia coli]. The primary finding was that stormwater sedi-
ment load was removed through the CSW for all flow conditions during all seasons. The mechanisms responsi-
ble for the removal of suspended solids, including slower flow velocity, longer retention times, and vegetative
contact, also reduced the mass of nutrients discharged downstream throughout the year. Exceedance probabili-
ties were used to evaluate the expected pollutant reductions of nutrients and to incorporate the effect of natu-
ral flow variation on quality. Other findings included the observation that there was no significant difference
in the performance of the CSW over two-year-long periods four years apart, indicating that a CSW is effective
for an extended period.
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INTRODUCTION AND BACKGROUND bacteria, and metals} (Brown efal, 1999). Sus-
pended solids are perhaps the most critical poliu-
tant in urban stormwater runoff (Mulhern and

Stormwater runcoff is a leading cause of water- Steele, 1989; Sansalone and Cristina, 2004), as
quality degradation in receiving waters in the Uni- other pollutants adhere to the solids. Therefore, if

ted States (USEPA, 1990; Lee et al., 2002; NRC, solids are removed, then the pollutants that adhere

2008). Urbanization and added impervious surfaces
increase runoff rates and wvolumes with higher
pollutants loads (e.g., suspended solids, nutrients,

to the solids will alse be removed, such as phospho-
rous. Aside from solids, nutrients and metals are
pollutants of concern, as nutrients in recelving
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waters can lead to algal blooms, fish kills, and
human health impacts, and metals may accumulate
in sediment and bio-accumulate in the food chain
(NRC, 2008).

Beginning in the 1970s, runoff from large events
was managed by detention basins, without regards
to smaller rainfall events or water gquality (Emerson
ef al., 2005, USEPA, 2005). Small events
(<25.4 mm) comprise the majority of annual events
{e.g., in southeastern Pennsylvania} (Prokop, 2003)
and current stormwater best management practices
(BMPs) are designed to treat small events for
quantity and quality (NRC, 2008). One stormwater
management tool, constructed stormwater wetlands
(CSWs), treats polluted stormwater through biologi-
cal, chemical, and physical interactions between
plants and water flow (USEPA, 1977; Coleman et al.,
2001). Unlike other stormwater BMPs, C8Ws have
continuous flow as base flow and storm flows, while
most other BMPs only treat stormwater.

Nutrients, suspended solids, and bacteria tend to
be removed as water passes through the CSW, and
dissolved constituents, such as chloride, pass
through the system unaltered (Carlisle and Mula-
moottil, 1991). Several studies have attempted to
characterize CSWs by removal efficiency and there
tends to be a large range in reported pollutant
removal efficiencies (e.g., suspended solids range
from 70 to 97% removal; Brown, 1984; Yousef et al.,
1986; Hvitved-Jacobsen et al., 1989; Mashauri ef al.,
2000). The range in removal efficiencies may be
due to a seasonal effect, treatment time (Yousef
et ol., 1986; Hvitved-Jacobsen et al, 1988), and
when in the CSW’s operational life the study was
conducted. In the present study, a combination of
effluent quality, mass load removal, the Li and
Davis’ (2009) method of exceedance probability,
and statistical significance was used to report and
analyze CSW performance (Strecker et al., 2001).
Many past studies on CSW performance report on
overall performance and only storm events. The
present study evaluated CSW performance over sea-
sons for two different study periods and all flow
conditions.

The main objective of the present study was to
investigate a C8W’s ability to treat flows during
storm events and base flow consistently over time.
The present work uses discrete sample analysis fo
evaluate CSW performance for storm events and
base-flow periods for total suspended solids, total dis-
solved solids, total nitrogen, phosphorous (total and
reactive), chloride, lead, copper, and Escherichic coli.
The sampling periods were 2003-2004 and 2007-2008;
sampling occurred over this extended time period to
evaluate the CSWs performance and longevity
through its life cycle.
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METHODS

Water samples were taken from a C8W located on

the Villanova University campus at the headwaters of
a tributary to a high-priority stream ouiside of Phila-
delphia, Pennsylvania. The Villanova CSW (Figure 1)
treats an 18.2-ha suburban watershed, with 9.7 ha of
impervious surfaces and predominantly turfed pervi-
ous areas. The 0.4-ha CSW is completely vegetated
with the exception of a 0.02-ha open water sediment
forebay. Twenty species of wetland vegetation were
originally planted in 1999. There was no maintenance
done and, by 2003, approximately 85% of the vegeta-
tion was Phragmites australis (Type M), a salt-toler-
ant opportunistic species (Weisner and Ekstam,
1993). A control plan of a harvest and continued
glyphosate sprays was started in 2006. As the control
plan was implemented, P. australis growth and den-
sity are less around the CSW perimeter; however,
there is still dense P. aqustralis growth in the interior.
A vegetation survey was conducted in 2008 and P.
australis accounts for 83% of the CSW vegetation and
was located mostly in the interior. During base- and
low-flow events, most Sow is through the CSW inte-
rior, whereas larger events inundate the perimeter.

Data Collection |

There were two sampling periods where bage flow
and storm events were measured: 2003-2004
represented the early part of the CSW's design life
and 2007-2008 represented the middle part of the
CSW’s design life. Sampling occurred in all sea-
sons (herein, winter = December-February, spring =

utlet Structure

{.’! Qutiet sampling

FIGURE 1. Schematic of Villanova Censtructed
Stormwater Wetland, Contour interval is 0.6 m. The
sampling locations are noted by the gray circles.
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March-May, summer = June-August, fall = Septem-
ber-November). Flow in the CSW was assumed to be
base flow after at least 48 hours with no rainfall. A
storm event was defined when there was 1 mm of
rain in 25 min. At least three base-flow samples and
three storm event samples were taken each season.
Influent samples were taken as a composite of the
two inlet pipes just downstream of their junction and
effluent samples were taken at the outlet (Figure 1).
Flow was recorded at 5-min infervals with an Ameri-
can Sigma 950 Flow Meter (American Sigma-Hach
Company, Loveland, Colorado). An American Sigma
Model 2149 tipping bucket rain gauge recorded rain-
fall in B5-min intervals. For each base-flow water-qual-
ity sampling event, three 250-ml grab samples were
taken at the inlet and at the outlet. The samples
were collected simultaneously and assumed to be rep-
resentative of the average base-flow condition. Storm
event samples were automatically taken at prescribed
intervals throughout a storm event with an American
Sigma 900 Automated Sampler. Each sample interval
was a composite sample for that interval. For the
2003-2004 events, samples were taken at the start of
precipitation and then at 5, 10, 20, 30, 50, and
80 min, and then every 60 min thereafter at each
sampling location; for the 2007-2008 samples, the
sampling interval lasted 36 hours after the beginning
of the storm at the inlet and 87 hours after the begin-
ning of the storm at the outlet. The storm sampling
intervals were short early in the storm and increased
later in the storm, so the peak and entire recession
limb of the storm hydrograph were captured.
Pollutants [i.e., total suspended solids (TSS), total
dissolved solids (TDS), chloride, total phosphorous
(TP), reactive phosphorus (RP), total nitrogen (TN),
lead (Ph), copper (Cu), and Escherichic coli (K. coli)
(metals and bacteria for base-flow conditions only)]
were analyzed using standard methods and suggested
methods by equipment manufacturers. Analysis of
TN, TP, and RP used a Hach DR 4000 spectrophotom-
eter (Hach Company, Loveland, Colorado) to measure
light absorbance, which is related to concentrations.
Chloride was tested using a High Pressure Liquid
Chromatograph/Ion Chromatograph, which measures
the conductivity of the ions to determine concentra-
tion. The TDS and TSS analysis sample was filtered
{1.5-pm pore size filter) and APHA Standard Methods
2540C and 2540D were followed to measure the con-
centration, respectively (Clesceri et al., 1998). Metals
were collected, preserved by acidification with nitric
acid to pH of <2 (following USEPA Method 7010)
(USEPA, 2007), and tested with a PerkinElmer 2380
Atomic Absorption Spectrophotometer (PerkinElmer,
Waltham, Massachusetts) plus graphite furnace. Coli-
form bacteria sampling was performed once a week for
the 2003-2004 sampling year and followed USEPA-
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approved Method 10029 for Membrane Filtration of
Coliforms, Enterococci, and Pseudomonas. Filtered
samples in Hach’s m-Coli Blue broth were incubated
and counted for colony forming units. Because metals
and bacteria were generally below water-quality stan-
dards during the 2003-2004 portion of the study, they
were not measured during the 2007-2008 portion.
More details on methods and analysis are presented
in Rea {2004), Woodruff (2005), and Flynn (2008).

Data Analysis

The water-quality results are presented by mass
and concentration. A pollutant’s mass inlet and outlet
loading for a storm event (M) was calculated by

cnc

My= Y CiQir, (1

i=hegin

where C; is the concentration of a sample for an
interval (i), @, is the volumetric flow rate for an inter-
val, and At is the time interval. The time interval is
5 min, which matches the sampling interval and was
selected to capture the flow’s fluctuations. The C; was
linearly interpolated at 5-min intervals between mea-
sured sample concentrations. The mass loading of a
pollutant under base flow (M},) was calculated by

M, = WCM'MQ_AI, (2)

where C is the average concentration of all observed
base flow samples taken in a season, O is the average
base flow rate for a season, and Atr is a season (three
months).

The traditional percentage removal method tends to
bias the perceived performance of a CSW if the inlet
pollutant concentration is extremely high or extremely
low (Strecker ef al., 2001) and it does not account for
the system’s hydrology (Davis, 2007). Exceedance
probability (Li and Davis, 2009) was used here fo ana-
lyze inlet and outlet pollutant concentrations, on the
recommendation of Strecker ef al. (2001). Using the ex-
ceedance probability clearly shows how often it is
expected for a specific effluent quality to be achieved or
exceeded. This method provides a direct comparison
between flow from varying sized storm events, as well
as a comparison between storm and base flows, with a
focus on the treatment outcome (i.e., effluent quality).
Additionally, it clearly shows how the pollutant con-
centration is changing from inlet to outlet, is sensitive
i0 a system’s hydrology and design, and is not biased
to large storm flows. The exceedance probability was
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calculated for this study using the Gumbel method,
which ranks each pollutant’s observed concentration
and assigns a probability to each concentration based
on the total number of observations made. The event
mean concentration (EMC) was used for the analysis
of storm events. The EMC is the total pollutant mass
(M) divided by the total volume passing through the
CSW for a storm event. The average concentration of
base-flow samples within a season (C) was used for
base-flow analysis. The Mann-Whitney U-test was
used to calculate the statistical significance between
mean inlet and outlet pollutant concentrations.

The annual mass load (M,nua) for each pollutant
ig the sum of the mass load under base-flow and
storm-flow conditions. The average annual base-flow
mass load for each pollutant was calculated from the
median base-flow concentration corresponding to 50%
exceedance (Chogeso%; Figures 2 and 3), the yearly
average hase-flow rate (@average base), and the number
of days with base flow (fyse days)-

Mannual,basa:,in = Cbas&:in,s(}% X querage base X 1basedays (3)

ey
P

The annual storm-flow mass load for each poliu-
tant was calculated from the EMC corresponding to
50% exceedance (EMCqtorm 509, Figure 2) for each pol-
lutant and the annual volume of storm Aow (Vippm).

Mﬂnmwl,slorm,in = EMcszorm,in,SG% X Vstorm (4)

The Ve was calculated by multiplying the drain-
age area by the average annual rainfall in southeast-
ern Pennsylvania (1,143 mm; Prokop, 2003). The
Mannuai is the sum OfMarmua},base and Mannuai,shm‘m-

STORM EVENTS

A total of 19 storm events were sampled and ana-
Iyzed; these storm events represented a wide range of
depth, duration, and intensity. The hydrology of the
watershed and within the CS8W varies based on the
depth, duration, and intensity of the storm event;
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generally during a storm, the retention time within
the CSW is on the order of 1-8 hours. Generally, the
mass (Figures 4a-4d) and concentration (Figures 2a-
2d) of TP, RP, TN, and TSS decreased from inlet to
outlet. The inlet and outlet EMCs were statistically
different (p = 0.05) for TP, TN, and TSS, but not for
RP. The inlet and outlet mass load of TDS and chlo-
ride on average decreased between inlet and outlet,
except in fall 2003-2004 (Figures 4e and 4f). On a
storm by storm basis, the inlet and outlet EMCs were
statistically similar (Figures 2e and 2f),

The storms were assessed for a seasonal influence
and over the monitoring yvears. The greatest removal
of each pollutant varied by season and year. Overall,
there was no seasonal trend with regards to concen-
tration, but there were some interesting patterns in
terms of mass. Although the mass removal was
accompanied by a reduction in EMC from inlet to out-
let for RP, TP, TN, and TSS, the TDS and chloride
mass removal were not necessarily associated with a
decrease in EMC, as the inflow and outflow EMC was
nearly the same (Figures 2e and 2f), but had different
flow rates (). The 2007-2008 sampling period had
higher TP, TDS, and chloride mass loads than the
2008-2004 period. The inlet and outlet mass loads of
TN were relatively consistent over all seasons in both
study periods. There were no consistent trends in
mass loading over seasons or study periods for RP or
chloride. Chloride concentrations were the greatest in
the winter, followed by the summer and fall, with the
lowest concentrations in the spring; the largest mass
removal was in the winter.

Journal OF THE AMERICAN WateR ReSOuUrCES ASSOCIATION

BASE FLOW

Thirty base-flow samples were collected and ana-
lyzed over the study periods. The base-flow travel
time through the CSW is approximately 58 hours,
depending on the actual flow rate (Wadzuk et al.,
2006). In all seasons, there was a statistically signifi-
cant (p = 0.05) decrease in concentration from inlet
to outlet for TP, RP, TN, TSS, Cu, and E. coli, but
not for TDS, chloride, or Pb. There was mass
removal of TP, RP, TN, TSS, and Cu for all seasons,
except spring 2007-2008 (Figure 4). The mass addi-
tion in spring 2007-2008 iz due to uncharacteristi-
cally low inflows during this period, most likely due
to construction at the CSW’s inlet. Similar to the
storm samples, the greatest concentration reduction
and mass removal of each pollutant varied per
Season.

For the three sampling seasons in which metals
were analyzed (analysis was not carried out in sum-
mer 2004 or 2007-2008), copper concentration and
mass were reduced, with the greatest reduction in
the fall (Figures 3a and 4g). [All metal concentrations
were below the Pennsylvania water-quality human
health standard (Table 1, Figures 3a and 3b).] The
overall effect on metals treatment through the CSW
is negligible due to the small input loading. There did
not appear to be any leaching of metals from the
CSW soil.

There was a reduction in E. coli in all seasons
except summer (Figure 3¢). The Pennsylvania water-
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quality standard for Fecal coliform (200100 ml for
summer) (PA Code, 2009) may be used for compari-
son of E. coli. The summer sampling season had an
outlet E. coli count greater than the Pennsylvania
Fecal coliform standard, but winter observations were
below the Pennsylvania water-quality standard for
Fegal coliform (Table 1). The summer net input of E.
coli _couid be because of the ideal environmental
growing conditions and abundance of wildlife activity

JAWRA ;

and waste. Warmer daily temperatures foster near
24-hour reproductive capability for E. coli colonies
already present in the water column. The night tem-
peratures of the fall, winter, and spring would
repress, if not stop, E. coli reproduction and meta-
bolic activities (Pote ef ol., 2009). This observation
wox_ﬂd indicate that, in terms of the abundance of E,
coli, temperature is the driving force in removal
rather than CSW design characteristics.
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TABLE 1. Pennsylvania Water-Quality Standards (PA Code, 2009} and the Percent That the Storm
Event Mean Concentration (EMC) and Base-Flow Concentration Exceeded the Stendard.

PA Code Inlet EMIC Outlet EMC Inlet Base C Qutlet Base

Poliutant (mg/L} % Exceed % Exceed Sig % Exceed C % Exceed Big
T88 25 7% 30 Sig 5 ¢ Sig
DS 754 7 12 NSig 19 20 NSig
™ 4.9 0 0 Sig 0 0 Sig
TP 0.14 100 11 Sig 73 29 Sig
RP NS - - NSig - - Sig
Chleride 250 G 9 NS3ig 32 10 NSig
Cu 1.0 - - - 0 0 Sig
Pb 0.05 - . . 0 0 NSig
E. coli (summer) 200/100 mi - - - 70 30 Sig
E. coli (winter) 2,000/100 ml - - - 20 3 Sig

Notes: Cu, copper; E. coli, Escherichia coli; N8, no standard or reference value given; N Sig, no significant difference between inlet and cutlet
concentration; Ph, lead; RP, reactive phosphorus; Sig, significant difference between inlet and outlet coneentration; TDS, total dissolved
solids; TN, total nitrogen; TSS, total suspended solids; TP, total phosphorous.

COMPARING STORM EVENTS AND
BASE-FLOW PERIODS

Total phosphorous includes both particulate and dis-
solved phosphorous. Total phosphorous concentrations
were greater for storm events than base-flow periods
(Figure 2a), as the flow entering the CSW during a
storm may be nutrient enriched due to accumulation of
surface contaminants. The probability of exceedance for
the inlet and outlet concentrations under both flow
conditions is depicted in Figure 2a and Table 1. The
base-flow outlet concentration had a 29% probability of
exceeding the Pennsylvania water-quality standard;
this was the highest base-flow outlet exceedance proba-
bility for all pollutants except E. coli for the summer
standard. The annual transport of phosphorous through
the CSW during base-flow conditions was calculated
according to Equation (3) and was 90% of the annual
total load (Table 2). Reactive phosphorus is a dissolved

TABLE 2. Average Base, Storm, and Annual Load of Pollutants,

Base Storm Annual
Pollutant Load (kg) Load (kg) Load (kg)
TN 2360.9 6.0 236.9
TP 128 1.3 14.1
RP 4.6 0.7 5.3
188 100.4 120.1 220.5
DS -9,890.8 363.2 ~9527.8
Chloride 953.1 73.5 1,026.7
Pb 0.2 - 0.2
Cu ¢.3 - 0.3

Notes: A positive value indicates load retained within the con-
structed stormwater wetland {CSW), a negative value indicates
load that is discharged from the CSW. Cu, copper; Ph, lead; RP,
reactive phosphorus; TDS, total dissolved solids; TN, total nitro-
gen; TP, total phosphorous; T8S, total suspended solids.

JounrnaL oF THE AMERICAN WATER RESOURCES ASSOCIATION

form of phosphorus and is the form that is available for
use by plants. Interestingly, there was significant
RP reduction under base flow in the fall and winter
when there is plant decay, so there must be other mech-
anisms besides plant uptake that capture or degrade
RP. The concentration of RP was greater during storm
events than base fiow about 70% of the time (Figure 2b).
The mass load of RP was greater under base-flow
conditions than storm events (80% of the total load).

Although phosphorous and nitrogen are often
grouped together as nutrients of concerns, their fate
through a CSW does differ. The CSW’s watershed
was fertilized and assumed to be the major nitrogen
gource to the CSW, but the CSW was effective at
reducing TN loads. All observed concentrations of TN
were below the Pennsylvania standard (Table 1). The
total nitrogen inlet concentration was significantly
reduced and mass was removed through the CSW
during storm events and base-flow periods, except
spring 2007-2008 (Figure 4c). Inlet TN concentrations
under base-flow and storm conditions were similar,
hut the outlet concentrations for base flow were gen-
erally less than outlet concentration for storm events.
The annual mass load of TN was due mostly (97% of
the load) to load under base-fiow conditions.

The conceniration of TSS was greater for storm
events than for base flow (Figure 2d). The TSS storm
outlet concentration had the highest probability of
exceeding the water-quality standard at 30%, but met
the standard under base-flow conditions 100% of the
time (Table 1). The annual mass load of TSS during
base flow and storms was about the same. Total
dissolved solids concentrations were virtualy
unchanged as flow passes through the C8W, which is
consistent with literature. The TDS concentrations
were lower for storm events than base flow (Figure 2e).
Despite little treatment of flow through the CSW, the
water-quality standard was exceeded 12% of the time
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for storms and 20% for base flow (Table 1). Mass of
TDS was added through the CSW over the year under
base flow, but removed during storms; however, the
net effect was an addition (Table 2).

Chloride moved through the CSW as a dissolved
substance and did not significantly interact with the
CSW vegetation. Base-flow chloride concentrations
were greater than storm concentrations. Storm event
chloride concentrations had no significant difference
from inlet to outlet (Figure 2f) and were greater than
the standard 9% of the time (Table 1). The base flow
chloride concentration had a slight decrease from
inlet to outlet and the outlet concentration exceeded
the standard 10% of the time. There was overall
annual mass removal,

EVALUATION OF PERFORMANCE

The CSW is effective at reducing loads and concen-
trations of nutrients, TSS, and Cu under all flow con-
ditions and over time. This was true despite the
construction tmmediately adjacent to and within the
CSW, variable pollutant loading to the CSW, and a
Phraogmites australis control plan during the 2007-
2008 study period. Pollutant removal did vary
depending on flow condition. The major difference
between the CSW’s performance during storm events
and base flow is the residence time. Inflow storm-
water can pass through the system in a few hours,
whereas the residence time under base-flow condi-
tions is two to three days (Wadzuk ef al., 2006). The
increased residence time allows for additional settling
and contact with the CSW vegetation, which
increases the potential for pollutant removal.

There were several interesting observations made
regarding the fate of the pollutants studied. The por-
tion of TP that adsorbs to suspended solids was
removed as the CSW flow slows and TSS settles,
demonstrated by a statistically similar removal of TP
and TSS. The end product for nitrogen removal is the
gaseous state via nitrifying bacteria activity, which
has more time to occur under base-flow conditions.
High loads of TN out of the CSW were expected in
the fall and winter seasons as plants decay and
return nearly 80% of the nitrogen taken up (Peter-
john and Correll, 1984); this was not observed. There
was significant reduction in all seasons. This leaves
the question as to how much TN gets released info
the C8W by decaying matter and are there other
mechanisms to remove TN? Like TP, there was a cor-
relation between TN and TSS removal. Although the
primary mechanism for TN removal is not adsorption
to solid particles, as the flow velocity slows, solids set-

JAWRA :

tle and the water has increased contact time with the
plants for biological and chemical reactions. Thus,
there was correlation without causation between TN

and TSS. Additionally, there were low TN levels :

entering the CSW, yet high reduction was stil]
achieved (i.e., only 10% of the time outlet base-flow
concentrations were >1.5 mg/l). Thus, a lower limit
on TN removal was not apparent.

Many pollutants adsorb to solid particles, so
removing suspended solids from the fHow is benefi-
cial for water-quality improvement, There was TSS
concentration reduction for storm-flow and base-flow
periods, even though the TSS in base flow was com-
posed of fine material that does not easily settle.
Plant density may be a factor for TSS removal as
the greatest removal was in the summer when plant
density was the highest. High plant density blocks
and slows flow to allow for settling to occur (Nepf,
1999; Burke and Wadzuk, 2009). Additionally, the
elongated path from inlet to outlet allows particles
to settle. Throughout the 2007-2008 study period,
there was construction adjacent to and within the
CSW that caused high TSS measurements at the
inlet, yet overall the CSW was able to significantly
remove TSS before the flow exited the CSW.

The observation that base-flow levels of chloride
were greater than storm event levels for all seasons
was unexpected as the authors thought the chloride
levels would be high during winter and spring storm
events when de-icing salts washed into the CSW. If
chloride moved into the CSW during a storm event
when de-icing activity was prevalent and then
released during storm events, then most chloride
would be gone by late summer. As this was not the
case, it was hypothesized that: (1) chlorides move into
the CSW during the winter and spring through sur-
face runoff, (2) chlorides move into the ground and
enter the CSW via groundwater flow, (3) chlorides
accumulate within the storm pipes and get washed
into the C8W during storms throughout the year,
and (4) chlorides stored within the CSW become con-
centrated with lower flow volumes in the summer
(Kaushal et al., 2005; Kelly et al., 2008).

Although no consistent seasonal trends were
observed over the course of this study, there were
definite water-quality differences between base-flow
or storm-flow conditions. This finding can guide
designers and evaluators when interpreting data on
any CSW site. In addition to the seasonal observa-
tions, the CSW was analyzed at different points
within its life cycle. There were some differences
between study periods, however, the CSW’s perfor-
mance did not significantly change from 2003-2004 to
2007-2008 proving that the treatment longevity of
CSWs is not a concern. In addition, although there
were some seasonal variations, there was removal of
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nutrients and TSS nearly year-round, indicating that
CSW facilities can perform effectively at all times.

SUMMARY AND CONCLUSIONS

The Villanova CSW, due to its large area and
high plant density, removes suspended solids and
nutrients during storm events and base-flow condi-
tions throughout the year. Effluent guality was used
as an analytical tool to compare storm event and
base-flow periods, which is important as pollutant
removal during base-flow periods can be substantial.
Unlike other stormwater BMPs that solely treat
storm flows, the CSW treats influent and improves
the quality of flow entering the receiving body every
day under all flow conditions.

A gignificant {(p = 0.05) reduction in the load and
concentration of total phosphorus, which is correlated
to the removal of suspended solids, reactive phospho-
rous, total niirogen, and copper was observed.
Regardless of inlet concentration, the nutrients all
had removal indicating that the volume, flow path,
and nature of the vegetation within a C8SW drives the
removal capacity, Chlorides and dissolved solids are
not significantly removed as flow passes through the
CS8W. Generally, storm events had about an order of
magnitude lower concentration and loading than base
flows for chlorides and dissolved solids. Part of the
chloride loading throughout the year could be from
the groundwater, storage within the watershed,
or the concentrated effect due to lower CSW volumes
in the summer. With regards to metals, the increased
retention time under base flow does not appear to
lead to any significant leaching of metals from the
underlying soil complex to the water column. The
necessary microbiclogical conditions are established
within the CSW to remove E. coli bacteria during the
fall, winter, and spring; however, the high summer
temperatures override the C8W's ability fo process
E. coli bacteria.

The observations from this study indicate that
CSW design and hydrodynamic conditions contribute
to the pollutant reductions and the ability to achieve
degign standards, although the physical design may
be the key in pollutant removal. By altering CSW
design, flow may be slowed and retained longer,
which would allow for more base-flow-like conditions
to aid in pollutant removal. The broader impact of
this study is a demonstration of the variations in pol-
lutant fate through a CSW in different seasons and
flow conditions and that a CSW maintains its water-
guality benefit over a decade of operation. The
research presented here can be used to further

JournaL OF THE AMERICAN WATER RESOURCES ASSCCIATION

the state-of-the-art of stormwater BMPs and their
application hy water resources engineers, planners,
and managers in designing a hclistic approach to
stormwater management.
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